Physical Chemistry Chemical Physics

e

PCCP
-

Micro-Kinetic Model of Electrochemical Carbon Dioxide
Reduction over Platinum in Non-Aqueous Solvents

Journal: | Physical Chemistry Chemical Physics

Manuscript ID | CP-ART-10-2019-005751.R2

Article Type: | Paper

Date Submitted by the

Author 28-Jan-2020

Complete List of Authors: | Rohr, Brian; Stanford University, Chemical Engineering; Stanford
University

Singh, Aayush; Stanford University, Chemical Engineering

Gauthier, Joseph; Stanford University, Chemical Engineering

Statt, Michale; Stanford University, Chemical Engineering

Ngrskov, Jens; Technical University of Denmark, Chemical Engineering

SCHOLA

JONE™
Manuscripts




Page 1 0of 9

Cite this: DOI: 00.0000/XXXXXXXXXX

Physical Chemistry Chemical Physics

Micro-Kinetic Model of Electrochemical Carbon Diox-

ide Reduction over Platinum in Non-Aqueous Solvents

Brian A. Rohr,” Aayush R. Singh,” Joseph A. Gauthier”, Michael J. Statt,” and Jens K.

Ngrskov+*

Received Date
Accepted Date

The competition between the hydrogen evolution reaction and the electrochemical reduction of

DOI: 00.0000/XXXXXXXXXX

carbon dioxide to multi-carbon products is a well-known challenge. In this study, we present a

simple micro-kinetic model of these competing reactions over a platinum catalyst under a strong
reducing potential at varying proton concentrations in a non-aqueous solvent. The model provides
some insight into the mechanism of reaction and suggests that low proton concentration and a
high fraction of stepped sites is likely to improve selectivity to multi-carbon products.

1 Introduction

Many sources of renewable energy, like wind and solar, are in-
termittent in nature. Therefore, in order to reduce global carbon
dioxide emissions by utilizing such clean energy sources, we must
develop technologies for storing energy. There are many ways to
store energy, but it is difficult to match the energy density of car-
bon based fuels. Such fuels would be carbon neutral if they were
synthesized using carbon dioxide from the air instead of using
natural gas and oil. Additionally, one attractive method of de-
creasing the chemicals industry’s dependence on fossil fuels is to
create methods of producing carbon-containing chemicals from
carbon dioxide instead of from natural gas and oil. For these
reasons, there has been a great deal of effort in developing tech-
nologies for electrochemical carbon dioxide reduction.

The competition between hydrogen evolution and carbon diox-
ide reduction is a significant challenge in the field of electrochem-
ical carbon dioxide reduction. It is well-known that carbon diox-
ide can be reduced electrochemically to produce carbon monox-
ide on a gold or silver catalyst at high faradaic efficiency"3. It
is also well-known that a variety of reduced carbon products can
be produced using a copper catalyst with as little as 20% of the
current lost to hydrogen evolution*19, In electrochemical exper-
iments carried out in aqueous solutions, nickel, platinum, palla-
dium, and transition metal catalysts to the left of these metals on
the periodic table generally produce primarily hydrogen and very
little reduced carbon products.

However, there are a few experiments in the literature that
demonstrate high faradaic efficiency to reduced carbon products
on these strong-binding catalysts in non-aqueous solvents. For
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example, in a recent study, it was found that reducing the con-
centration of water in an acetonitrile solution caused the suppres-
sion of the hydrogen evolution reaction and therefore increased
the faradaic efficiency of carbon dioxide reduction!. In another
study, Hori et. al. additionally found that decreasing the wa-
ter concentration favored the production of a two-carbon product
over one-carbon products12,

In this work, we explore the interesting result presented by Hori
et. al.1? using a mircokinetic model to better understand the ef-
fect of proton donor concentration on the competition between
hydrogen evolution and carbon dioxide reduction. We have cho-
sen to model platinum is known as being a great hydrogen evo-
lution catalyst, not a good carbon dioxide reduction catalyst, es-
pecially if multi-carbon products are desired, we have chosen to
model the reaction on a platinum catalyst

2 Methods

In order to generate this micro-kinetic model, it was necessary
to determine the adsorption energies of the intermediates. The
adsorption energy of CO, was calculated using density functional
theory (DFT). We have chosen to model a platinum surface be-
cause we find it worthwhile to explain the very unusual carbon
dioxide reduction results that Hori et. al.’2 found on platinum,
which normally heavily favors hydrogen evolution over carbon
dioxide reduction. The fcc 211 stepped platinum surface was
modeled using a unit cell with dimensions 6.90 A by 8.45 A by
26.51 A containing 27 platinum atoms. The bottom two layers
were fixed, and the top layer was free to relax. The plane wave
cutoff was 600 eV, and the density wave cutoff was 6000 €V. The
ASE-Espresso DFT code'l3 with the BEEF exchange correlation
functional and the GBRV pseudopotential set were used#1316]
The k-point grid was a 4 by 4 by 1 Monkhorst-Pack k-point grid1Z.
The electronic energy was converged to le-5 eV, and the forces
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were converged to 0.05 eV/A. Because these were surface calcu-
lations, the dipole correction was used in the z-direction. Previ-
ously published values for the electronic energies for the carbon
dioxide dissociation barrier and the carbon monoxide adsorption
energy were used 1812, For the two adsorption reactions, CO2 ad-
sorption and CO adsorption, the change in entropy of the reaction
was assumed to be dominated by the loss of gas phase entropy.
The entropy of the gas phase species was calculated using DFT to
be 0.00188 eV/K. At 298 K, this amounts to a 0.56 eV addition
(destabilization) to the CO2 and CO adsorption energies. Ad-
ditionally, due to the strong dipole moment of adsorbed carbon
dioxide (since it adopts a bent geometry on the surface), this sur-
face species is stabilized at reducing potentials by interaction with
the electric field in the double layer just above the surface. An im-
plicit solvent model was used to calculate the magnitude of this
dipole-electric-field interaction, and it was determined to stabilize
adsorbed carbon dioxide by 0.2 eV per Volt versus platinum’s po-
tential of zero charge. The models have been fit to experimental
molecular solvation energies, which they predict quite accurately.
Details of these calculations can be found in the supplementary
information (SI). The simulated potential in all kinetic models
presented was -2.8 V vs the computational hydrogen electrode
because that is approximately the voltage observed in the experi-
ments carried out by Hori et. al.12 Similar to the standard hydro-
gen electrode, the potential of the computational hydrogen elec-
trode is the potential at which a proton-electron pair is in equilib-
rium with 1/2H, (g).20 The prefactor for each rate constant was
assumed to be k,T'/h, or 10'3, except for elementary steps that
involve solvent reorganization. For these steps, the prefactor was
decreased due to a solvent reorganization barrier of 0.2 €V, which
yields an estimated prefactor of 10°.2122

3 Results and Discussion

3.1 Kinetic Model

We present a simple kinetic model that intends to capture the
trends shown in the electrochemical carbon dioxide reduction ex-
periment mentioned in the introduction.'2' The assumptions in
this model are very similar to those in previously published work
on electrochemical ammonia synthesis in nonaqueous solvents.%3
We focus on the following products because they were the ones
observed in the experiment: hydrogen, carbon monoxide, for-
mate, and oxalate. Below, a formula unit immediately preceded
by a star means that it is adsorbed to the surface

Model I
HyO+e™ +x% <> *H+OH™ @))
HyO+e™ +*H « Hy(g)+OH™ +x (2)
COy(g) +* < *CO, 3)
HyO+2e™ +%CO,; +» HCOO™ (sol) + OH™ +x 4

2| Journal Name, [year], [voI.],1-E]

2e” +2°CO, ¢ C20% (sol) +2x (5)
*COp 4% ¢+ *CO+*0 (6)

*CO « CO(g)+* 7
*O+H;O+e” « *OH+OH™ (8
*OH+Hy0+4¢~ + HyO+OH +x 9

The experiment was run with a platinum catalyst at strongly re-
ducing potentials (of the order -3V vs SHE), so, all electrochem-
ical steps are assumed to be irreversible and have zero barrier
above the solvent reorganization energy, which is taken into ac-
count in the prefactor. Since the experiment used a CO, atmo-
sphere, the partial pressure of CO, was 1 bar. We assume that the
CO, atmosphere is in equilibrium with the dissolved CO,, and
therefore, regardless of the solubility of CO, in the solvent, the
dissolved CO, has the same chemical potential as 1 bar of CO,
gas. Since the only source of CO in the experiment was through
electrochemical reduction of CO,, a much smaller CO pressure
was assumed (0.01 bar). The adsorption and desorption of car-
bon monoxide (reactionabove) was assumed to be equilibrated.
Since we were interested in showing the dependence of C2 selec-
tivity on the C-C coupling rate constant and the water concen-
tration, those two parameters were independent variables in this
study.

3.2 Comparison to Experiment

The mean-field, steady-state kinetic model was solved under the
assumptions above for a range of values of water concentration
and C-C coupling barrier. The only free parameter in the model
is the C-C coupling barrier. This was done for several reasons.
First, it is difficult to determine this particular C-C coupling bar-
rier computationally because the initial state, the transition state,
and especially the final state depend heavily on the solvent for
their stability. Determining the relevant solvent structure, or more
accurately, a representative ensemble of relevant solvent struc-
tures for a variety of water-acetonitrile mixtures near a surface
with an applied potential would be a difficult study by itself, and
calculating the transition state energy as electrons are transferred
from the surface to the solvent would also be a difficult study in
and of itself. The other relevant adsorption energies and barri-
ers in this model are much easier to estimate, so they were not
treated as free variables. Second, even on a platinum surface,
there are a wide variety of factors that influence the magnitude
of this barrier. The applied potential, which ions are present in the
solvent, and which facets are present may all have an impact on
the magnitude of this barrier. By allowing the magnitude of the
C-C coupling barrier to be a free parameter, we illustrate how the
selectivity to each product changes as a function of the magnitude
of this variable. This may help future researchers understand to
what degree the C-C coupling barrier must be changed in order
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Experiment Theory

Selectivity (fraction)

Water Concentration (M)

Fig. 1 Comparison of experimental data taken from Hori et. al (Ieft)IEI
and the results of the theoretical kinetic model. The experiments were run
over a platinum catalyst in acetonitrile with varying concentrations of wa-
ter. Both plots show the selectivity to each of the four species observed
in the Hori experiment®2 as a function of the log of the water concentra-
tion. In this figure, the C-C coupling rate constant is 1.7 -10%~!, which
was chosen to fit the experimental data.

to have a meaningful impact on the selectivity. Carrying out the
study in this way is a good fit for theoretical modeling because it
provides information that is very difficult to access with physical
experiments; carrying out the same study experimentally would
be nearly impossible due to the difficulty of isolating this variable.
Using the C-C coupling barrier that best matched the experiment,
the results of the kinetic model are shown below.

At this value for the C-C coupling rate constant, there is good
agreement between the simple kinetic model and the experimen-
tal results observed. Even though one value was fit to experi-
mental data, it is only possible to show good agreement between
data and a mathematical model with one fit parameter if the
functional form of the mathematical model is correct. The fact
that there is good agreement between the experimental selectiv-
ity data and the selectivity curves generated using kinetic Model
I provides some evidence that the equations that produce the se-
lectivity curves are physically relevant. Since these equations are
derived directly from the kinetic model, this provides some evi-
dence that kinetic Model I is physically relevant. In both cases,
the selectivity to hydrogen is high when water is abundant. As
the water concentration is decreased, the major product shifts to
formate, and finally, at very low water concentration, the primary
product becomes oxalate. Carbon monoxide is only seen in small
amounts and only when the water concentration is very low.

Physical Chemistry Chemical Physics

CO Coverage

C-C Coupling Rate Constant (1/s)

le-4 le-3 0.01 0.1 1 10

Water Concentration

Fig. 2 Model I's estimate of the coverage of surface-bound carbon
monoxide as a function of water concentration and the C-C coupling rate
constant.

As shown in Figure *CO is one of the dominant surface
species under all conditions in this study (note that the color
bar in Figure [2 ranges from 40% - 70%). This is in agreement
with Hori’s experimental results, which showed the presence of
*CO using Fourier transform infrared reflection absorption spec-
troscopy (FT-IRRAS), 2. The results from the Model I are in good
agreement with experiment regarding the surface coverage as
well. Figures 1 - 5 in the supplementary information show the
coverage of each of the other surface species under a wide range
of water concentrations and C-C coupling rate constants. This
agreement between Model I and the experiment with respect to
both the selectivity of each product and the surface coverage sug-
gests that the simple kinetic model is able to qualitatively capture
the trends observed in the experiment.

3.3 Mechanistic Insights

We can draw some insights into the mechanism of the reaction by
analyzing a variant of the kinetic model presented in Equations
-0 In the previously presented kinetic model, the mechanism for
carbon monoxide evolution is modeled as the dissociation *CO,
followed by electrochemical reduction of *O to H,O via the *OH
intermediate. In contrast, in the kinetic model presented below,
the mechanism for carbon monoxide evolution is modeled as the
direct electrochemical reduction of *CO, to CO and H,O via a
*COOH intermediate. Again, below, a formula unit immediately
preceded by a star means that it is adsorbed to the surface.

Model II

H,O+e +% < *H+OH™ (10)

Journal Name, [year], [vol.], 1~|§| |3
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HyO+e™ +*H <« Hp(g)+OH™ +x (11

COy(g)+* « *CO, (12)

H,O+2e” +*CO, <+ HCOO (sol) +OH +x  (13)

2e” +2°CO, «» C20% (sol) +2x (14)
*CO,+Hy0+e~  *COOH+OH™ (15)
*COOH+H;0+e™ + CO(g)+HyO+O0H™ +x (16)

When this steady state kinetic model is solved under the same
assumptions, the expression for the ratio of the rate of carbon
monoxide production to the rate of formate production is given
by the following expression:

rco  _ Kis0c0,+ _ Kkis

T formate k138co,c+ ki3

This expression shows that, if the mechanism presented in
Equations - were correct, the rate of carbon monoxide
production would be a constant multiple of the rate of formate
production. Since equations [13]and [I5]are both proton-electron
transfers to oxygen, we do not expect the ratio of the two to have
a strong dependence on water concentration. Solving the kinetic
model at many values of water concentration yields the plot be-
low.

Experiment

Selectivity (fraction)

Water Concentration (M)

Fig. 3 Comparison of experimental data taken from Hori et. al (left)
and the results of the updated theoretical kinetic model with an all-
electrochemical mechanism for CO evolution®2. Both plots show the
selectivity to each of the four species observed in the Hori experiment
as a function of the log of the water concentration. In this figure, the rate
constant for CO production was altered so that it can be distinguished
from the formate curve.

In the experiment, as the water concentration becomes very
low, the selectivity to formate decreases while the selectivity to
carbon monoxide increases, whereas in Model II, the selectivity
to carbon monoxide is a constant multiple of the selectivity to
formate, so it is impossible for one to increase while the other
decreases. It is clear that, regardless of the values of k;3 and

4| Journal Name, [year], [vol.],1-|§|
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Fig. 4 Selectivity to each of the four products observed in the Hori ex-
perimen'['l_2| as a function of the water concentration (log scale) and the
C-C coupling rate constant.

k; 5, the experimentally observed result cannot be reproduced us-
ing this all-electrochemical carbon monoxide production model.
The fact that kinetic Model II cannot simulate the experimental
data provides evidence that the reaction does not proceed exlu-
sively through this pathway. In other words, this suggests that the
mechanism of carbon dioxide reduction to carbon monoxide on
strong-binding catalysts like platinum includes a thermochemical
step.

3.4 Effect of C-C Coupling Barrier and Water Concentration

Using Model I (Equations|[I]-[9), the selectivity of each of the four
products can be calculated over a wide range of water concen-
trations and C-C coupling barriers, as shown in Figure |4, From
these contour plots, we can see that selectivity to oxalate, the
C2 product is improved by decreasing water concentration or by
decreasing the C-C coupling barrier, and therefore increasing the
C-C coupling rate constant. We can also see that if formate were
the desired product, it would be ideal to have a catalyst with a
high C-C coupling rate constant. Furthermore, the model shows
that CO production is very difficult on platinum. The selectivity
to CO is very low throughout this wide range of water concentra-
tions and C-C coupling rate constant. This is consistent with the
well-known fact that platinum is far too strong-binding for carbon
monoxide desorption to occur at a high rate at 300K; gold is the
best known catalyst. Lastly, the model shows that, regardless of
the C-C coupling constant, the selectivity to hydrogen evolution
will be very high if protons are readily available. This suggests
that finding a catalyst with high C2 selectivity in pure water may
be very difficult.

Page 4 of 9
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3.5 Strategies for Improving C2 Selectivity

Solving the steady-state kinetic model in Equations [I] - [9] analyt-
ically for the ratio of the rate of the C2 product (oxalate) to the
rate of the C1 product (formate) further clarifies two strategies
for increasing selectivity to the C2 product. The resulting expres-
sion is below.

_ ksBco,
kyc,

Toxalate

rf ormate

In this equation, the subscripted numbers refer to the equation
number in the micro-kinetic model I. The C-C coupling rate con-
stant is ks, and the proton transfer to produce formate is k4. The
concentration of water is c; (as it is the proton donor), and the
coverage of CO; is 6¢p,. This expression suggests that there are
four ways to improve C2 selectivity, in principle: increase ks, in-
crease Ocq,, decrease ky, or decrease c,. However, our model
(see Figure 2 in the supplementary information) shows that 8¢,
never exceeds about 7% within the range of water concentra-
tions and C-C coupling barriers explored in this study. We do
not see any obvious way to increase 6¢p,. *CO is a substantially
more stable surface-bound species than *CO,, so we do not ex-
pect *CO to be the dominant surface-bound species unless the
dissociation of *CO5 were kinetically hindered, which would be
difficult to achieve. The barrier that governs the value of k4 is
electrochemical, and at the strong reducing potentials studied
here, it may be difficult to decrease k4. However, decreasing c
is straightforward in principle; this study and the experimental
data shown in section suggest that higher selectivity to C2
products can be achieved limiting access to protons at the cath-
ode. This is in agreement with several other experimental find-
ingsH2425 L astly; it is possible to change ks by changing the
catalyst structure. Previous theoretical work shows that stepped
sites have much lower C-C coupling barriers than terrace sites,
as shown in Figure 5| This suggests that catalysts with a higher
concentration of stepped sites will have higher C2 selectivity. This
is also in agreement with several experimental results2®"28, This
further suggests a promising research direction for computational
chemists; according to this model, finding a catalyst geometry
with more favorable C-C coupling transition state energies would
be a valuable addition to the effort to increase selectivity to C2
products in electrochemical carbon dioxide reduction.
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5| — CH-CO (111)
—— CH3-CO (111)
=== CH-CO (211)
» CH3-CO (211)

Jun

Activation Energy (eV)

is -1.0 -06.5 0.0 0.5
CO Binding Energy (eV)

Fig. 5 Plot of the activation electronic energy for the C-C coupling surface
reaction for two multi-carbon surface intermediates (CH-CO and CH3-
CO) vs. the CO binding electronic energy on the fcc metal steps (211
facet) and fcc metal terraces (111 facet). The dashed lines fall below
the solid lines, indicating that C-C coupling is more facile on steps than
terraces. Unlike the *CO,-*CO, coupling barrier, these C-C coupling bar-
riers are straightforward to calculate because the initial, final, and transi-
tion states do not depend on the solvent for their stability, and a vacuum
DFT model provides useful information.

4 Conclusions

We present a simple kinetic model for carbon dioxide reduc-
tion on strong-binding catalysts at strong reducing potentials that
agrees qualitatively with observed experimental data. Though
simple, the model is able to provide useful insights. First, the
model suggests that the mechanism for carbon monoxide evo-
lution includes a thermochemical step. Additionally, the model
suggests that stepped surfaces and other catalyst geometries with
favorable C-C coupling barriers should yield higher selectivity to
C, products.
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Supplementary Information for: Micro-Kinetic Model of Electrochemical
Carbon Dioxide Reduction over Platinum in Non-Aqueous Solvents

Brian A. Rohr,* Aayush R. Singh,* Joseph A. Gauthier,* Michael J. Statt,* and Jens K. Ngrskov’*

1 Details of Implicit Solvation Model for Po-
tential Dependence of CO, Adsorption

To determine the potential dependence of CO, adsorption, grand-
canonical constant potential calculations were performed. The
Vienna Ab-Initio Simulation Packagel"? was used, with the elec-
trolyte modeled by the polarizable continuum model as imple-
mented in VASPsol. 4> The counter-charge was modeled with the
linearized Poisson-Boltzmann equation with a Debye screening
length of 3, corresponding to 1.0M electrolyte. Further details of
the polarizable continuum can be found in its documentation. >
To counteract the substantial dipole moment of adsorbed CO,
(which adopts a bent configuration), charge and countercharge
is introduced to obtain constant potential energetics. The poten-
tial dependence of CO, adsorption depends proportionally to the
strength of this dipole moment, which is largely independent of
the metal it binds to and rather depends on the configuration of
the CO, molecule. On Pt (111), this potential dependence was
calculated to be 0.2 eV of stabilization per Volt of potential, with
CO; being stabilized by more reducing potentials.

@ Stanford University, Stanford, CA, USA
b Department of Physics, Technical University of Denmark
* Corresponding Author, jkno.dtu.dk
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