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Computational electrocatalysis beyond
conventional hydrogen electrode model: CO,
reduction to C, species on copper facilitated by
dynamically formed solvent halide ions at the
solid—liquid interfacet
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The reduction of CO, into value-added chemicals and fuels has been actively studied as a promising
strategy for mitigating carbon dioxide emissions. However, the dilemma for the experimentalist in
choosing an appropriate reaction medium and neglecting the effect of solvent ions when using a simple
thermochemical model, normally leads to the disagreement between experimental observations and
theoretical calculations. In this work, by considering the effects of both the anion and cation, a more
realistic CO, reduction environment at the solid-liquid interface between copper and solvent ions has
been systematically studied by using ab initio molecular dynamics and density functional theory. We
revealed that the co-occurrence of alkali ions (K*) and halide ions (F~, CL~, Br~, and I7) in the electric
double layer (EDL) can enhance the adsorption of CO, by more than 0.45 eV compared to that in pure
water, and the calculated energy barrier for CO-CO coupling also decreases 0.32 eV in the presence of
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charge near the solid-liquid interface, which significantly promotes CO, reduction and meanwhile
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Introduction

The excessive emission of CO, into the atmosphere has given
rise to severe environmental issues, such as global warming and
ocean acidification.»” One promising way to establish a carbon-
neutral economy is to transform CO, into some value-added
chemicals and fuels via the electrochemical reduction of CO,
(CO,RR).*"* Copper is reported as the most promising catalytic
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impedes the hydrogen evolution reaction. Therefore, our work unveils the significant role of halide ions
at the electrode—electrolyte interface for promoting CO, reduction on copper electrode.

materials to achieve this process, and significant yields (70%
current efficiency) of methane, ethane, methanol, ethanol, and
even some C; products can be obtained at an applied potential
of —1.0 Vvs. RHE over a copper electrode.* The catalytic activity
for CO, reduction on copper can be significantly affected by the
exposed surface, grain boundaries, and more importantly the
reaction medium."*™"’

The reaction medium around an electrode is usually made of
several layers. The layer that is the closest to the electrode
surface and normally referred to as the inner Helmholtz or
Stern layer, contains water dipoles, and sometimes other
species, like cations, and anions, which are specifically adsor-
bed on the electrode surface, while some ions move and diffuse
in the solution at a distance from the electrode, i.e. the outer
Helmbholtz layer.’®'® The microscopic structure of this type of
solid-liquid interface will have a strong impact on CO, reduc-
tion, but how these interface solvent ions affect the activity and
selectivity of the CO, reduction process is still under debate.*®
For example, Singh et al.*® proposed that the presence of solvent
ions can buffer the interfacial pH, while Chen et al.**** sug-
gested that the ions can stabilize the hydrocarbon intermedi-
ates through electrostatic interaction. Waegele et al*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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postulated that the solvent ions can modify the local electric
field at the electrode surface. All of these explanations lead to
a dilemma for the experimentalist to select a suitable reaction
medium to catalyze the reduction of CO,.

Recently, Koper's group'® revealed that the CO, reduction
process cannot take place in the absence of solvent metal
cations in the electric double layer. Huang's group® and Hu's
group® reported that the hydrated K' near the electrode surface
of a copper electrode in strong acid media (pH < 1) can catalyze
CO, to multi carbon products with 50% conversion efficiency at
a current density of 1.20 A cm 2. There have been numerous
intriguing experimental and computational studies investi-
gating the impact of cations at the solid-liquid interface. In the
case of halide ions, several research groups have highlighted
their significant role in CO, reduction.”*** However, there has
been limited research on elucidating the potential mechanisms
originating from the presence of solvent halide ions.

To further develop novel catalysts enabling a smaller over-
potential, high catalytic activity and selectivity, an in-depth
understanding of the underlying CO, reduction mechanism at
the liquid-solid interface is urgently required to make CO,
reduction more commercially viable.**** Besides, machine-
learning accelerated catalyst screening has also becoming
another promising strategy for CO, reduction on copper based
materials in recent years.****

To date, almost all computational works have been done
using a simple thermochemical model (TCM) based on the
computational hydrogen electrode (CHE).*** The CHE model
has demonstrated success in predicting the overpotential for
some simple chemical reactions such as the hydrogen evolution
reaction (HER) as well as the oxygen evolution and reduction
reactions (OER/ORR). However, detailed reaction process
cannot be reproduced when dealing with more complex CO,
reduction process.*> Moreover, electrochemical reactions in
reality occur under constant electrode potentials, which is
normally neglected in computational studies. Therefore, a more
complex model for studying the realistic reaction processes at
the solid-liquid interface by considering the negatively charged
metal surface and electrode potential®**** is highly desirable.

In this work, by using an ab initio molecular dynamics
(AIMD) method, several consecutive simulations have been
conducted to investigate the role of the reaction medium on
CO, reduction over a negatively charged copper surface. The
simulations include studies of the initial process of getting
stable electric double layers on the copper surface; the insertion
of both halide ion and alkali ion into the system to obtain the
local charge distribution near the solid-liquid interface; and
adding CO, into the reaction medium to search for the most
probable reaction mechanism. We found that hydrated halide
and alkali shells can be formed in the electric double layer. The
hydrated ions can significantly modify the distribution of the
charge in the electric double layers and substantially enhance
the short-range electrostatic attraction compared to that in
a pure water solvent. Further DFT calculations indicate that
halide ions transfer electrons to the lowest unoccupied molec-
ular orbital (LUMO) of CO,, which facilitates the activation of
the inert C=0 double bond. The I-assisted Cu-H,O catalyst
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demonstrates the efficient reduction of CO, to CH, and C,H,
with energy barriers of 0.80 eV and 0.66 eV, respectively, which
are much lower than that of Cu-H,O in the absence of halide
ions (1.21 eV, and 0.98 eV). Therefore, in this work, by utilizing
the well-adopted methodology of work function tuning by
introducing extra electrons, with sufficiently thick explicit
copper-water interface and a water-air interfaces, the mecha-
nism of the catalytic CO, reduction in an aqueous environment
over copper electrode and the corresponding reaction kinetics
are systematically investigated by a combined AIMD and DFT
approach.

Computational methodologies

All calculations were performed by using the density functional
theory (DFT) method as implemented in the Vienna Ab initio
Simulation Package (VASP). The Perdew-Burke-Ernzerhof (PBE)
functional of the generalized gradient approximation (GGA) was
used for the calculation of electron exchange-correlation with
the projector augmented wave (PAW) method.”** Spin-
polarization was also included through the calculations, and
the cut-off energy of 500 eV for plain-wave basis sets was
adopted. The convergence threshold was set to 10> eV, and 5 x
1072 ev A™! for energy and force, respectively. For ab initio
molecular dynamics simulations (AIMD), the optimization was
considered to be converged when energy change between two
steps was smaller than 10~ eV. The Brillouin-zone integrations
were approximated by using the k-point sampling of the Mon-
khorst-Pack scheme. The weak interaction was treated by DFT +
D3 method using an empirical correction in Grimme's
scheme.” The minimum energy pathway for each elementary
step was determined by using a climbing image nudged elastic
band method (CI-NEB), and the transferred hydrogen atom was
from the surrounding water molecule.*® The electron distribu-
tion was calculated by Bader charge analysis. The total z-direc-
tion length is 40 A, including 5-layered copper slab, six explicit
water layers about 20 A, and another 15 A for the vacuum space
layer, which is thick enough to simulate the electric double layer
over copper electrode. For the calculation of work function, an
extra 10 A vacuum layer was added to the z-direction.

A six layer of water molecules that well matches the Cu(110)
surface as shown in the previous work*” was put on top of the Cu
surface with a vacuum space of 15 A. The initial water molecules
in each layer are in the shape of ice-like hexagonal configura-
tions. After introducing negative charges on the copper surface,
the water molecules are all restructured into the most stable
configuration.

Ab initio molecular dynamics simulations (AIMD) were
carried out to evaluate the thermodynamic stability and simu-
late the realistic reaction process of in total 30 ps near the solid-
liquid interface at a temperature of 300 K on a negatively
charged copper surface under a canonical ensemble (NVT) with
each time step of 1 fs. The first 10 ps is for the initial structure
relaxation, and the period of 10 ps to 20 ps is for the optimi-
zation to get the stable position for alkali and halide ions, and
the last 10 ps is for the investigation of the effect of hydrated
ions on the adsorbed CO, molecules. To verify the sufficient
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simulation time to reach the well-equilibrated model, the radial
distribution functions of O-O and O-H has been calculated as
shown in Fig. S1,t which is in good agreement with previous
work.”® We add different numbers of extra electrons and
calculate the corresponding absolute Fermi levels with respect
to the electrostatic potential in the region far from copper slab
and explicit water molecules. By interpolating the extra elec-
trons and the work function relation, we can get the exact extra
electrons for the target electrode potential of —1.0 V vs. RHE.***”

Results and discussion

To simulate CO, reduction in a reaction medium on copper
surface, we carried out ab initio molecular dynamics (AIMD) on
Cu-water interface. Six layers of explicit water molecules are
adsorbed on the top of copper surface (Cu-H,O) in electric
double layer with ice-like hexagonal initial configurations to
mimic the effect of explicit solvent.”” A vacuum space of 15 A
between two slabs is used to avoid image interaction, and the
total model length in z-direction is set to be 40 A, containing 10
A of copper-water interface, and 10 A of water-air interface.
Then, extra electrons have been introduced into the model to
tune the work function and electrode potential to better
understand each reaction process and infer what really happens
under a negatively charged copper surface. Normally, the
hydrogen bond relaxation in liquid water and copper-water
interface requires about 10 ps to reach a well-equilibrated
system, thus the first 10 ps of AIMD is conducted to get the
stable initial structure. To verify the sufficient dynamic time
scale, the radial distribution functions for O-O and O-H bonds
have been calculated as shown in Fig. S1,f which is in full
agreement with previous results.*® After 10 ps of AIMD simula-
tion, the oriented interfacial water molecules present a config-
uration of H-pointing towards surface due to the negatively
charged copper surface, and the temperature and the total
energy of the studied system also changed slightly until 10 ps as
shown in Fig. 1a.

Then another 10 ps simulation has been performed to get the
stable cation and anion position. K shows a closer distance
between copper atoms than other halide ions (Fig. 1b), and both
ions can form a hydration shell in electric double layer. For
different halide ions, a different size of hydration shell can be
formed as shown in Fig. 1d. Due to a relatively smaller radius
and higher electronegativity, F-assisted Cu-H,O produces
a strong ion-solvent interaction with surrounding water mole-
cules, and the obtained average hydration diameter is 5.2 A,
which is calculated from the first shell of the radial distribution
functions of anion-oxygen. The calculated hydration diameter
increases with the decreases of electronegativity, which are 6.4 A,
6.8 A, and 7.4 A for Cl, Br, and I on a copper electrode, respec-
tively. Moreover, the coordination number of different halide ion
with surrounding water molecules have also been calculated,
and they are 6.0, 6.4, 6.5, and 7.0 for F, Cl, Br, and I-assisted Cu-
H,O catalysts, respectively, which indicates a relatively harder
hydrated ion shell can be formed for F-assisted Cu-H,O. These
computational findings are consistent with experimental
observations, further demonstrating the reliability of our model
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and simulation approach.'® As for the alkali K' ion, it can move
to the copper surface and is partially covered with water mole-
cules as observed in experiment. And the simulated average
coordination number of the K" ion with water molecules is 6.0.%
Fig. S2t shows a plot of the charge difference between ions and
the copper surface, and demonstrates that the charge is trans-
ferred from the copper surface to the hydrated ions. Thus, the
insertion of the ions can form a local charge near the solid-
liquid interface, and the produced charge distribution is
believed to have a promotional effect on the subsequent
adsorption and activation of inert CO, molecules.

Fig. 2a presents the calculated anion-oxygen radial distance
function (RDF), which can show how halide ions form the anion
hydration shell at the solid-liquid interface. The RDF values for
halide ions increases from F (2.6 A), CI (3.0 A), Br (3.2 A) to I-
assisted Cu-H,O (3.5 A), which is in good agreement with
previous experimental results.*” Generally, the larger RDF
values suggest a softer hydration shell formed around the
halide ions, resulting in a higher ion concentration at the
copper surface and thus stronger binding of CO, molecules.
However, ions with a smaller RDF, such as F-assisted Cu-H,O,
the produced hydration shell will be hard, thus resulting in
a poorer bonding with CO, molecules.

Fig. 2b shows the AIMD simulation of Cu-H,O in the pres-
ence of different halide ions after placing CO, molecules into
the copper surface over a period of 20 ps to 30 ps simulation
scale. Initially, a linear CO, molecule was placed into the system
at a distance of 2.0 A to the copper surface. Under the constant
potential model, the O-C-O bond angle can be reduced from
180° to 120°, with significant elongation of the C=O bond
length, indicating the full capture and potential activation of
the CO, molecule on the copper surface. The final bonding
configuration of CO, on the copper surface, involves carbon and
one oxygen attaching to copper, while the second oxygen is
oriented towards neighboring water molecules. However, in the
presence of halide ions in the solvent, the adsorption binding
energy of CO, molecule is much stronger compared to the water
phase as shown in Fig. 2c. The adsorption energy is —0.42 eV for
F-assisted Cu-H,O catalyst, and the value reduces with the
decrease of electronegativity of halide ions from F~ to I".

It has been reported that the initial stage of CO, reduction
requires a voltage of about —1.90 V vs. SHE due to the high
energy needed to restructure the stable linear O=C=0 double
bonds, such as bending them into a radical anion form thereby
forming chemical bonds with the catalyst. However, the
hydrated halide ion in the electric double layer of the Cu-H,0O
catalyst is believed to have a promotional effect for this process
as shown in Fig. 3a. Unlike the conventionally accepted belief
that copper transfers fully occupied 3d electrons to the LUMO
orbital of CO,, the CO, activation process is mainly attributed to
the halide ions in the solvent.*® CO, has a linear triatomic
configuration with two equivalent C-O double bonds, and the
molecular orbital energy level of CO, is (K)(K)(K)
(364)*(204)%(40,)*(304)* (1) (17y)*(27,)°. The formation of
a CO,  radical anion needs to accept one electron from the
external system, which is then transferred into the LUMO (2t,)
of the CO, molecules. During this process, the linear CO,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Variation of temperature and total energy for I-assisted Cu—H,O catalyst, and the simulation time is 30 ps at a temperature of 300 K

under a canonical ensemble (NVT) with each time step of 1 fs. (b) The distance to copper surface for halide and cation ions in Cu—H,O catalyst. (c)
Schematic figure for the model, including Cu slab, 10 A of copper—water interface layer and 10 A of water—air interface, and vacuum layer is not
shown here in the picture. The purple and green balls refer to cation and anion ion. (d) The schematic diagram of the formed F~ hydration shell
and |~ hydration shell with their hydration diameters labeled in the picture.

molecule can be activated and bent. As shown in Fig. S3,f
electrons from the fully occupied p orbitals of halide ions can
flow to the 27, orbital of the CO, molecules, and the calculated
charge decreases from 1.0 e to 0.30 e for the I ion, which
indicates that 0.70 e is transferred to the CO, molecule.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Consequently, CO, is now negatively charged accompanied by
a structural transition from a linear to bent form.

Fig. 4 shows the reaction pathways for the reduction of CO,
to CH;OH and CH, molecules at a applied potential of —1.0 V
vs. RHE on I-assisted Cu-H,O catalyst to determine the free
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Fig.2 (a) The calculated radial distribution functions for four different halide ions in the Cu—H,O catalyst. (b) Simulated O-C-0O bond angle and
its distance to copper surface for five different catalysts, including F-assisted Cu—H,0O, Cl-assisted Cu—H,0O, Br-assisted Cu-H,O, and |-assisted
Cu—-H,O catalyst, red line indicates the O-C-0O bond angle against simulation time, and blue line indicates the distance to copper against
simulation time. (c) Formation energies and coordination numbers of different halide ions in the Cu—-H,O catalyst, and the binding energies of
CO, molecules.

energy change and reaction barriers. For comparison, free above, in the presence of I ion, the adsorption of CO, molecules
energy change diagram for pure Cu-H,O without I ion has also becomes more favorable than pure water solvent. After that, the
been calculated and shown in Fig. S4 in ESL{ As discussed first proton-electron transfer step is the activation of CO, to
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(a) The schematic diagram for CO, reduction to Cy, and C, products on the surface of Cu—H,O, with and without ions in the electric

double layer. The yellow, red, white, purple, and green balls represent Cu, O, H, K, and halide ions, respectively. (b) Binding energies of CO,
molecules on Cu—H,O catalyst in the presence and absence of halide ions. (c) The calculated bond angle for O—-C-O and charge for CO,
molecules on Cu—H,0O catalyst in the presence and absence of halide ions.
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Fig. 4 The calculated Gibbs free energy change diagrams with energy barriers for the formation of CHzOH (orange line), CH,4 (black line),
C,HsOH (green line), and CoH4 (purple line), and some important reaction pathway to produce *HCOO (red line) and *C species (blue line) on the

surface of I-assisted Cu—H,O.

form COOH or HCOO species, and the obtained energy barriers
are 0.56 eV, and 0.83 eV, respectively. Whereas these values
become much more unfavorable for Cu-H,O without I assisted,
and they are 0.68 eV, and 1.21 eV for the formation of COOH
and HCOO species, respectively. The second proton-electron
transfer step is the protonation of COOH to CO species with an
energy barrier of 0.44 eV for I-assisted Cu-H,O, and 0.56 eV for

© 2024 The Author(s). Published by the Royal Society of Chemistry

Cu-H,O0 without I ion. The third proton-electron transfer step
may either lead to *CHO or *COH by attacking *CO species
through C side or O side. The obtained energy barriers are
0.80 eV and 1.41 eV, indicative of the difficulty in producing
*COH on the surface for I-assisted Cu-H,0. Then *CHOH
species can be formed on the copper surface with an energy
barrier of only 0.09 eV, proving the fast kinetic process. For
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*COH species, the subsequent product can be *C species,
however, the calculated energy barrier is as high as 1.26 eV,
which is difficult to take place. Then, *CH species can be
formed with a low barrier of 0.49 eV. After that, three hydrogen
atoms can continue attacking *CH species until the formation
of CH, molecule. For the formation of CH;0H, the calculated
energy barrier is much higher, reaching 0.79 eV. The figure
shows that the rate-limiting step (RLS) is the formation of *CHO
species for Cu-H,O both with and without I-assisted, and the
calculated energy barriers are 0.80 eV and 1.21 eV, respectively.

In the above, we have described all the possible proton-
electron transfer steps for CO, reduction to C; products.
However, the CO-CO coupling process may also take place
along the reaction pathway. DFT-calculated results show that
the obtained energy barrier is only 0.66 eV for CO-CO coupling
for I-assisted Cu-H,O. In contrast, the calculated energy barrier
is as high as 0.98 eV for Cu-H,O in the absence of I ion. The
purple and green lines in Fig. 4 indicate the formation of C,H,
and CH;CH,OH molecules on the surface of Cu-H,O with the
presence of I ion. For comparison, the free energy landscape for
the formation of C,H, and CH;CH,OH are also given in Fig. S4
in ESL 1 After the formation of *COCO species on the active site,
then *COCOH species can be formed with energy barrier of
0.35 eV. Then another proton-electron pair can attack *OH
species with one water molecule released to the system, and the
calculated energy barrier is 0.10 eV, indicating the fast kinetic
process at the room temperature. 0.58 eV and 0.41 eV energy
barriers are calculated for the formation of *COHC and
*COHCH species. After that, *COHCH can either produce
*CHOHCH species for the produce of ethanol or *CCH for the
produce of ethylene. For the formation of *CHOHCH species,
the calculated energy barrier is 0.64 eV, which is slightly higher
than the formation of *CCH (0.60 eV). Then, *CCH species can
react with another three consecutive proton-electron pairs to
produce ethylene. Whereas, after the formation of *CHOHCH
species, another proton-electron pair can attack carbon side to
produce *CHOHCH, species with an energy barrier of 0.57 eV.
The final step for the formation of ethanol is *CHOHCH;
species reacts with another proton-electron pair with an energy
barrier of 0.60 eV. For I-assisted Cu-H,O catalyst, the RLS is the
CO-CO coupling process, and the obtained energy barrier is
only 0.66 eV, whereas this value is as high as 0.98 eV for the pure
Cu-H,O0 in the absence of I ion. Moreover, the current density
for the formation of C; and C, products on Cu-H,O with and
without I ions at the electric double layer has also been calcu-
lated by using micro-kinetic calculation according to previous
work,” and the calculation details can be found in ESL{ The
calculated results suggest that the current density of about
0.158 mA cm 2 and 35.43 mA cm™ > for methane and ethylene
production, which is much higher than pure water. Therefore,
the introduction of anion at the solid-liquid interface can
significantly reduce the reaction barrier and enhance the reac-
tion rate compared to the pure Cu-H,O catalyst.

It is worth noting that in the presence of I ion in the electric
double layer of Cu-H,0, the water dissociation barrier is 0.76 eV
to produce hydrogen proton and OH species. However, the
activation of CO, to produce *COOH is only 0.56 eV, indicating
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the consumption of H proton is faster than H production and
hydrogen evolution process can also be suppressed during this
process. Thus, high OH amount can be produced near the
solid-liquid interface over copper electrode, leading to a high
pH value in electric double layer than bulk phase. This can also
be proved by the adsorption of OH ion in six different water
layers of I-assisted Cu-H,O, and we found the calculated
adsorption energy for the OH species in the first layer is much
stronger than in the sixth layer, also proving the high pH value
near copper surface. Besides, considering the initial bulk pH in
the near-neutral KI solution is about 7.0. We can find that pH
reduces with more CO, captured in the system, however, the
more CO, capture will lower the profit of CO, reduction, and the
formation of CO,>" directly reflects the OH™ concentration in
the vicinity of the cathode which can be possibly utilized to
determine the pH value near the cathode surface. When CO,
partial pressure is 1.0 atm, the obtained pH is about 6.8 as
shown in Fig. S5,1 which is in good agreement with the exper-
imental measured pH of 6.6 for the electrolyte after operating at
—1.20 V vs. RHE for 30 min.*

Conclusions

In this work, a realistic model containing hydrated halide and
K" ions with sufficient thick explicit water solvent layer have
been employed to simulate the reaction of CO, near the solid-
liquid interface by using AIMD and DFT calculations. Due to the
smaller activation barrier for the first hydrogenation step of CO,
reduction compared to the water dissociation process, the HER
process can be suppressed on the copper surface. The calcu-
lated highest energy barrier for the formation of CH, is 0.80 eV
for I-assisted Cu-H,O, and this value significantly enhanced to
1.21 eV in the absence of I ion. Further DFT simulations indi-
cate that halide ions transfer electrons to the LUMO of CO,
which activates the inert OCO double bond, leading to high
catalytic activity for the reduction of CO, to C,H,, with an energy
barrier of 0.66 eV for I-assisted Cu-H,O catalyst, which is much
lower than that of Cu-H,O without any halide ions.
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