SLAC-PUB-16943

Understanding trends in electrochemical CO; reduction rates

Xinyan Liu™", Jianping Xiao™', Hongjie Peng"™, Xin Hong™ , Karen Chan'*, Jens K. Norskov*,"*

'SUNCAT Center for Interface Science and Catalysis, Department of Chemical Engineering, Stanford
University, Stanford, California 94305, United States

'SUNCAT Center for Interface Science and Catalysis, SLAC National Accelerator Laboratory, 2575 Sand
Hill Road, Menlo Park, California 94025, United States

YDepartment of Chemical Engineering, Tsinghua University, Beijing 100084, China
*Department of Chemistry, Zhejiang University, Hangzhou 310027, China
“These authors contributed equally

*corresponding author: norskov@stanford.edu

We present an understanding of trends in electrocatalytic activity for CO; reduction over
different metal catalysts that rationalize a number of experimental observations including the
selectivity with respect to the competing hydrogen evolution reaction. We also identify two
design criteria for new catalysts. The understanding is based on density functional theory
calculations of activation energies for electrochemical CO reduction as a basis for an
electrochemical kinetic model of the process. We develop scaling relations relating transition
state energies to the CO adsorption energy and determine the optimal value of this descriptor to
be very close to that of Cu.

Electrochemical CO; reduction to hydrocarbons and alcohols presents one of the great challenges
in chemistry. There are known electrode catalysts that can facilitate the process, but they are
generally very inefficient — large overpotentials are needed to produce significant reaction rates
and the selectivity towards the desired products are often low, with hydrogen evolution being the
major competing process' . If we could find materials that are able to catalyze this reaction
efficiently, we would have a pathway to making fuels and base chemicals in a sustainable way,
thus allowing for a zero-emission energy conversion cycle’™.

Recent experimental reports have focused on the detection of the wide range of carbon-based
products on transition metal catalysts®, effects of alloying™*'’, meso- and nano-structuring™'">
and electrolyte engineering'*'® on activity and selectivity, as well as in situ spectroscopic
detection of reaction intermediates'"'®. Theoretical works employing density functional theory
and various descriptions of the electrochemical interface have usually focused on the mechanism
on copper, which is the only pure transition metal capable of reducing CO, to alcohols and
hydrocarbons at reasonable faradaic efficiencies'’. Computational screening for new catalysts
has also been attempted based on scaling relations between reaction intermediates identified
using a thermodynamic analysis of the reaction pathway”*2*.

The fact that no catalyst has been found so far that can efficiently catalyze CO; electro-reduction
to hydrocarbons or alcohols points to a fundamental problem in our current understanding. In
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this letter, we present the first ab initio kinetic model of CO reduction on transition and noble
metals that describes trends in catalytic activity and the selectivity of CO reduction over
hydrogen evolution. We are primarily interested in CO; reduction to more reduced products than
CO, and we therefore focus on CO as the reactant. CO, reduction to CO requires considerably
lower overpotentials®’, and thermodynamic descriptors have been able to accurately predict
active catalysts’>'.We use density functional theory (DFT) calculations and an explicit solvent
model of the electrochemical interface to determine potential-dependent activation energies for
electrochemical CO reduction. We show that the transition state energy for the H-CO complex
scales linearly with the CO adsorption energy for metal surface catalysts, and identify the H-CO
vs. CO scaling as a crucial determinant of catalytic activity. Model turnover frequencies,
polarization curves, and selectivity show reasonable agreement with existing experimental data,
and suggest stepped sites to dominate the overall activity. On the basis of the kinetic model, we
present two design strategies for more active CO,R catalysts.

We note that direct CO hydrogenation is only one possible pathway. Under the influence of
electric fields induced by ions at the interface, CO molecules may also couple directly with each
other before hydrogenation leading to C, products '*~**. This pathway, which is only likely to
contribute to the total rate at fairly low overpotentials, is not included here, and our calculated
rates can be viewed as a lower bound on the actual rate at these potentials.
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Figure 1 Free energy diagram for the reduction of CO, to CH4 on Cu(211) at 0 V and the thermodynamic limiting potential, —0.6

V vs. RHE. a-c: charge density difference isosurfaces for the rate determining, proton-electron transfer to *CO to form *CHO.

*CO, the *H-CO complex, and *CHO have been highlighted with dashed lines. Blue and magenta isosurfaces correspond to

charge densities of of —0.001 eBohr™ and +0.001 eBohr™, respectively. The isosurfaces illustrate the transfer of positive charge

to the negatively charged slab along the reaction pathway.

Figure 1d shows our calculated free energy diagram including activation free energies for a
complete series of elementary steps leading from CO; to CH4 (as an example of a possible
product) for a stepped Cu(211) surface. We have also included the alternative pathway, CO
hydrogenation to COH, which is found to be higher in energy, in contrast to results from



simulations using more approximate estimates of electrochemical barriers®*'. The calculation
has five components, which are discussed in more detail in the supplementary information (SI):

1) We consider coupled electron-proton reaction steps, assuming that the electron transfer
happens on a time-scale much faster than the proton transfer. This is a good
approximation since the transition state complexes are tightly coupled to the surface, as
illustrated by the projected density of states at the transition state, see SI, Figure S6.

2) Reaction energies of all elementary steps are calculated using the computational
hydrogen electrode including an explicit solvent layer. All interaction energies are
calculated using error estimation ensembles within the BEEF-vdW functional®*.

3) Activation energies are calculated using an explicit description of the solvent (see
Figure 1a-b for the associated charge density difference isosurfaces). All systems consist
of a single layer of hydrogen-bonded water and a 3-4 layer transition metal slab. Excess
hydrogens in the water layer charge separate into solvated protons in the Helmholtz plane
with countercharge in the slab. Barriers were determined using the climbing-image
nudged elastic band method®”.

4) Free energies G=E+Ezpp—TS are estimated by including zero point energies and entropy
contributions calculated in the harmonic approximation®®. Transition state energies are
corrected by the zero point energies of transition state complexes, but no configurational
entropies are included in accordance with transition state theory. All corrections are
included in the supplementary info in Tables S1.

5) The potential dependence of the activation energies are calculated as described in Refs.
3738 Assuming a SHE work function of 4.4 eV, activation energies are extrapolated to a
work function of 4.0 eV, which corresponds to 0 V vs. RHE at pH 7. All activation
energies are referenced to the aqueous protons in bulk solution using the computational
hydrogen electrode®”.

Figure 1d shows that on Cu(211) the elementary reaction step involving *CO hydrogenation to
*CHO has the highest free energy barrier; the corresponding charge density isosurfaces along the
reaction pathway are shown in Figure la-c. We therefore focus on trends in the rate of CO
hydrogenation on other metals and surface structures, in order to understand trends in CO,
reduction activity. Catalysts far from Cu in the periodic table may have larger activation energies
for other elementary steps, in which case CO hydrogenation rate will not be the limiting step and
will be an upper bound to the rate. We will show, in agreement with experiment, that the
optimum catalyst is close to Cu, which suggests that we describe the region around the optimum
well by concentrating on the CO reduction step.
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Figure 2 Scaling relations of CO reduction transition state energies on (111) and (211) transition metal facets: a) Gy.co* vs. Geox
b) Gy.co* vs. Geyor- ©) Potential Energy curves for CO adsorbed Cu(111) and Cu(211) as a function of the angle of rotation. For
Cu(111) a rotation of adsorbed CO is more energetically costly from initial state to transition state with respect to the stepped
Cu(211) surface, which rationalizes the lower transition state energies for stepped surface. All energies are referenced to solvated
protons far from the surface at pH=7, electrons at 0 V vs. RHE and gas phase CO at 7=300 K, P=1 bar.

In Figure 2, we show the CO reduction transition state free energies at 0 V vs. RHE for several
metals and coverages, and for two different surface orientations with fcc(111) surfaces
representing close-packed facets, and fcc(211) surfaces representing low-coordinated, step-like
sites. The transition state energies are plotted as a function of the CO adsorption energy, and
there is a clear scaling relation between the two. This is the first identification of a transition state
scaling relation for electrochemical CO reduction. The scaling relations are surface structure-
dependent, like in thermal surface processes™.

We then develop a mean field kinetic model to describe the potential-dependent rate of CO
reduction to more reduced products. The model includes adsorbate-adsorbate interactions in a
self-consistent way*' (details in the SI). The model is devised to describe trends in catalytic
activity. Even if absolute rates are not always quantitatively described by DFT calculations,
variations in activity amongst a group of catalysts, such as transition metals, are described
considerably better”. The reason is that the intrinsic error in DFT calculations tends to be
systematic in the sense that if one metal over-binds intermediates or transition states, so do the
other metals. Having said that, the model describes the variation of current density and
selectivity with potential for Cu quite well. Figure 3 shows the theoretical polarization curves for
CO reduction for Cu(100), (111) and (211), as well as the experimental CO, reduction curve
from Ref. ¥ for all products further reduced from CO. A CO backpressure of 1 mbar was
estimated* based on the molar efficiencies determined in Ref. ***° | which was used as input for
the theoretical model. We include results where the number of step-like sites are in the range
observed on single crystal surfaces, 1-5%°, showing that within the uncertainly of our model
(DFT, mean field kinetics, and the number of active sites) and of the experiments (active site
area, diffusion limitations) our description is quite good, both in terms of the Tafel slope and the
absolute rates.
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Figure 3 Polarization curves for Cu(100), (111) and (211) facets at pH=7, 1 mbar CO(g) for CO reduction to CH4. Experimental
data is from Ref. >*'“* for CO, reduction for all post-CO products, pH=7, where a backpressure of CO of 1 mbar was estimated’.

Since the CO adsorption energy defines the activation energies through the scaling relation
(Figure 2a), we can derive the rate of electrochemical CO reduction as a function of the CO
adsorption energy for two different surface structures, as shown in Error! Reference source not
found. for potentials —0.5 and —1.0 V vs. RHE. All CO adsorption energies for the various
metals indicated correspond to that calculated at low-coverage, with 1 *CO per 3x3 sized unit
cell. The fact that the low coverage CO adsorption energies are used in the volcano plots is
merely a convention to determine which energy we use to characterize a given metal. The error
bars on the relative rates, derived from BEEF-vdW ensembles®®, are shown in the SI in Figure
S4.



CO reduction rate (-0.5 V vs. RHE) CO reduction rate (-1.0 V vs. RHE)

o
e
(&)
<
£ Rh
) i Pd
S -18¢Ni Ag Au
— (211) surface
24 __ (211) surface | — (111) surface
— (111) surface Pcog) = 1 mbar v CO,RR experiment Pcogg) = 1 mbar

30 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

C 0.5V vs. RHE d -1.0V vs. RHE

=
=
©
o9
0]
(2]
x
(@)
2
o)
2 r
— (211) surface — (211) surface
sl= (111) surface Pcog) = 1 mbar —_ (111) surface Pco(g) = 1 mbar
15 . . . . ; . . .
-1.5 -1.0 -0.5 0.0 0.5 -1.5 -1.0 -0.5 0.0 0.5
Gcor (eV) Gcor (eV)

Figure 4 Activity volcanoes for flat (111) and stepped (211) transition metal surfaces as a function of CO binding energy, at a) —
0.5 V vs RHE, b) -1.0 V vs RHE, as determined through microkinetic modeling. CO, reduction experimental data from Ref.
24345, CO pressure estimated?’ to be 1 mbar under CO, reduction conditions, pH=7. Selectivity towards CO reduction at ¢) —0.5
V vs RHE, d) —1.0V vs RHE, defined as the rate of CO reduction relative to the sum of the rate of CO reduction and hydrogen

evolution.

Error! Reference source not found.Figure 4 shows that according to the model, the stepped
(211) surfaces always have a considerably higher activity than the close-packed (111) surfaces
for a given CO adsorption energy. The larger catalytic activity of the step-like sites can be traced
back to generally lower activation energies (Figure 2a), and can be rationalized by the
accessibility of the C end of *CO to the incoming proton (Figure 2¢), and the ease with which
the *CO rotates towards the transition state. Figure 2c shows the potential energy curves for CO
adsorbed on Cu(111) and (211) as a function of the angle of rotation from the initial to transition
state. On the (211) surface, the overall angle of rotation between the IS and TS is smaller, and
the overall energy change from this rotation is also considerably smaller.

The finding that step-like structures are much more reactive than more close-packed surfaces
appears not to be in agreement with experiments on CO reduction on single crystal data'***.
The question is what the state of the surface is under reaction conditions. Recent electrochemical
STM imaging show transition metal surfaces to be highly dynamic under electrochemical
conditions®””', which complicates the direct comparison with experimental single crystal data.
We note that recent experiments on polycrystalline copper show oxidation-reduction cycles to
give rise to stepped surfaces active for the low-overpotential production of ethanol.”



In Figure 4 (and S4), we include experimental CO, reduction data from Ref. % Our model
rationalizes a number of experimentally observed trends in CO reduction rates: Cu is the best
elemental metal catalyst, and for the weaker binding metals, the lack of CO coverage limits the
rate. On the stronger binding side of the maximum, the variation in rate is smaller, in particular
for the step sites. The reason is that the slope of the transition state scaling line (slope 0.73) is
close to one, meaning that the activation energy E, = Ep.cox — Ecox varies only weakly (slope —
0.27) with the CO adsorption energy (and hence the metal).

Apart from the rate of CO() reduction, the selectivity over the hydrogen evolution reaction
(HER) is crucial to the efficiency of CO() reduction catalysts. Figure 4c-d shows the selectivity
towards COR vs. the total current at —0.5 and —1.0V vs. RHE. On stepped sites, which should
dominate the overall activity, our model suggests that only around Cu in terms of CO adsorption
energy is there any substantial selectivity towards CO reduction products, consistent with
experimental observations®.

Figure 4 suggests that Cu is close to the optimum both in terms of rate and selectivity. This
hypothesis has not been contradicted by experiments so far. The results suggest two strategies for
catalyst design. The first option is to increase the number of step-like sites. We suggest that the
high activity forms of nano-structured transition metals that have been reported®”*>* may in fact
result from a larger fraction of steps and edges in these high surface area samples. The
importance of special strong-binding sites has been suggested by temperature-programmed
desorption of oxide-derived copper.’® Stabilizing a large fraction of edge and step sites is an
important design criterion. As noted above, the dynamic nature of metal surfaces under
electrochemical conditions makes it hard to know which sites are on a given surface and even
harder to control them.
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Figure 5 Two dimensional map of the rate of CO reduction as a function of the H-CO transition state energy and the CO binding
energy at a potential of 0.5 V vs. RHE.



The other option is to find exceptions to the scaling relation between the H-CO complex and CO
in Figure 2a. As indicated in Error! Reference source not found., the rate could be
substantially larger if we could find catalysts where the transition state is stabilized for a given
CO adsorption energy.

Previously, a purely thermochemical analysis had suggested that the free energy of adsorbed
CHO could be used as a simple measure of the activity”. On pure transition metal surfaces the
H-CO complex does scale with *CHO binding energy (Figure 2b). However, while (doped)
MoS; stabilizes the CHO binding energies relative to the transition metal scaling relation”®, their
corresponding transition states are not stabilized, as shown in Figure 2b. CHO binds to a
different site than CO on the sulfides, which decouples the scaling between the two energies.
Unfortunately, as shown in Figure S7, the transition state is initial-state like, and therefore this
effect cannot be exploited for the transition state energy. We therefore suggest that the CHO
adsorption energy can only be used as a descriptor for situations where there is no site change
during the process, and that any screening study should begin with the evaluation of the energy
of the H-CO transition state complex. This then poses a considerably more stringent design
criterion for active catalysts than can be derived from a simple thermodynamic analysis.

In conclusion, we have presented the first kinetic model for electrochemical CO reduction, based
on ab initio, explicit solvent calculations of the energetics of the elementary steps. This kinetic
model gave the first theoretical polarization curves, kinetic activity volcano, and selectivities on
a range of transition and noble metals. We showed that the CO reduction activity is dominated
by step sites, and that the activity is limited by the scaling relation between the transition state
for CO hydrogenation and CO binding energies. The latter insight points to a considerably more
stringent design criterion for more active catalysts for CO() electroreduction than a simple
thermochemical analysis. Future work will focus on refinements of the model to investigate
effects of C-C coupling, CO dissociation in the case of strongly binding metals, pH and mass
transport, and solvation and electrolyte structures.
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