The importance of a charge transfer descriptor for screening potential CO, reduction
electrocatalysts

Stefan Ringe*
Department of Chemistry, Korea University, Seoul 02841, Republic of Korea

* sringe@korea.ac.kr



075 i -sF/e-4.92 \Y
m
T 0.501
: Pifcclll
‘g ° CC
> 0.25-
(@] Pd-fccl1ll
N Rh-feclll
o [ ]
5 0.00 -
C
Q
£ -0.25]
Q
o 5
X
W _0.50 /
-0.75{ ¢

425 450 475 500 525 550 5.75
Theoretical PZC —¢&g/e (V vs. "e =6")

FIG. S1: Linear correlation of experimentally measured PZC vs. SHE in NaF electrolyte from ref. [13] with theoretical

PZC vs. €” = 6 implicit solvent. The two properties are by a constant shift of 4.92 V. Source data are provided as a
Source Data file.



adsorbate metal facet supercell A;b Aa A Ey
(10* eV em*/uC?) (102 eV ecm?/uC) (eV)

CO Ag (100) 4x4 -0.18 -0.47 -0.19
CcO Ag (111) 4x4 -1.47 -0.68 -0.04
CcO Al (111)  4x4 -1.62 0.59 -0.33
CcO Au (100) 4x4 0.15 -1.23 -0.32
CO  Au (111) 4x4 -1.75 -1.46 -0.08
CcO Au (211) 3x4 -2.37 -1.11 -0.38
cO Cu (100) 4x4 0.56 -0.18 -0.66
CcO Cu (211) 3x4 -1.13 0.06 -0.75
cO Pd (100) 4x4 0.12 0.29 -1.22
CO Pd (111) 4x4 -0.31 0.03 -1.17
CO PdsAu (111) 4x4 -5.2 -0.43 -1.01
CcO Pt (100) 4x4 -0.47 -0.19 -1.66
(6{0) Pt (111) 4x4 -0.41 -0.61 -1.5
CcO Rh (100) 4x4 -0.66 0.86 -1.65
cO Rh (111) 4x4 -0.39 0.58 -1.65
CO Rh (211) 3x4 -1.38 1.41 -1.75
COq Ag (111) 4x4 -2.97 3.69 0.85
COq Ag (211) 3x4 -4.06 3.32 0.68
CO, Al (111)  4x4 -11.64 3.63 0.38
COq Au  (211) 3x4 -5.44 3.18 0.85
COq Cu (111) 4x4 -1.06 3.59 0.92
CO, Cu (211) 3x4 -1.81 3.46 0.48
COq Pd (111) 4x4 -1.96 2.45 0.26
COq Pd (211) 3x4 -2.52 2.79 0.03
COy PdsAu (111) 4x4 -0.52 2.65 0.42
COq Pt (100) 4x4 -2.92 2.26 0.37
COs Pt (211) 3x4 -3.51 2.59 0.01
COq Rh (100) 4x4 5.34 3.07 -0.07
COq Rh (111) 4x4 0.19 3.24 0.1
COq Rh (211) 3x4 -3.21 3 -0.25
COOH Ag (100) 4x4 -0.91 1.39 0.68
COOH Ag (111) 4x4 -3.13 0.95 0.87
COOH Al (111) 4x4 -0.21 1.86 0.16
COOH Au (100) 4x4 0.07 0.07 0.54
COOH Au (111) 4x4 -3.7 -0.81 0.68
COOH Au (211) 3x4 -2.8 0.18 0.52
COOH Cu (100) 4x4 0.42 0.51 0.41
COOH Cu (211) 3x4 -0.19 0.95 0.28
COOH Pd (100) 4x4 -1.24 -0.2 0.01
COOH Pd (111) 4x4 -4.02 -0.78 0.01
COOH PdszAu (111) 4x4 -2.37 -0.66 0.14
COOH Pt (100) 4x4 -0.18 -0.3 -0.31
COOH Pt (111) 4x4 -1.99 -0.95 -0.29
COOH Rh (100) 4x4 -1.25 0.16 -0.19
COOH Rh (111) 4x4 -2.56 0.32 -0.11
COOH Rh (211) 3x4 -1.14 0.72 -0.33

TABLE S1: Surface-charge density dependency parameters for all calculated facets and adsorbates. The parameters
were obtained from surface-charge-dependent DFT calculations and quadratic interpolation of the surface charge
dependence. The quadratic order term is ignored in this work. Only those cases are shown in the table for which the
surface charge dependence was explicitly calculated via DFT and interpolation.



property (unit) a (unit/eV) B (unit/eV) v (unit) R?

Aco,a (eV em?/uC) 0.0072 0.0015 0.0674 0.757
Acoona (eV em?/uC)  0.016 0.0016  0.0801 0.86
Acoa (eV cm?/uC) 0.0120  -0.0134  0.0504 0.96
Aco, By (eV) -0.4010 0.65  -0.9575 0.941
AcoonFo (eV) -0.0432 0.6063  0.5214 0.905
AcoFEy (eV) 0.0 1.0 0.0 1.0

TABLE S2: Multi-linear scaling relations found for all properties, according to the relation
property = a - ep(vs. e? = 6) + 8- AcoEo + v
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FIG. S2: Linear regression analysis of adsorption energies and charge sensitivity parameters. The figure shows the
R? coefficient obtained by linearly correlating the adsorption energies of *CQOs, *COOH and *CO with the adsorption
energy of *CO (a) and both the adsorption energy of *CO and the Fermi level (b, multi-linear regression). Source
data are provided in Fig. Table S1 and S2.
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FIG. S3: Missing linear correlation of charging parameters of *COOH and *CO intermediates that is one of the
reasons for the breaking of the scaling relations. Source data are provided in Table S1.
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FIG. S4: Multi-linear regression of all intermediate adsorption energies and charging parameters with the CO adsorp-

tion energy and the Fermi level. The big panels show the correlation of prediction of the property and reference value,
the small panels show the partial linear regression plots, highlighting the separate correlation of the two descriptors
with the property of interest. Source data are provided in Table S1 and S2.
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FIG. S5: Plot of the linear and quadratic contribution (absolute value) to the adsorption energy of *CO5, *COOH,
and *CO for all metal surfaces at -1 V vs. SHE. The color code of metals is the same as for the volcano plots. Source
data are provided as a Source Data file.

S1. PRACTICAL NUMERICAL EXAMPLE OF FORMATION ENERGY CALCULATION FOR
CLARIFICATION

To clarify the application of all energetic conversion, I give one example. It is searched for the free energies of all
intermediates and transition states at -1.0 V vs. SHE as well as pH = 6.8 and AcoE = —0.509 ¢V and UP%C = 0.108 V,
the values are arbitrary points in the contour plot. First, the voltage is converged to a surface charge density, using:

0 = Cgap - (U —UP?C) =20 pF /em? - (=1 V — 0.11 V) = —22.2 uC/cm? (S1)
Now, the Fermi level vs. e® = 6 is calculated from the relation in Fig. S1:
" = —e(UP%C 14,92 V) = —5.03 eV (S2)

Now, the formation energies and charge sensitivity parameter can be calculated according to the relations in Table S2,
as an example given here for *COOH:

AcoonFEo=a-e" +B8-AcoE + v =0.0432 - 5.03 eV 4 0.6063 - (—0.509 V) + 0.5214 eV = 0.43 eV
ACQOHa=a~6F+ﬁ'AcoE+’7
= —0.016 - 5.03 eV/(uC/cm?) — 0.0016 - (—0.509 eV /(uC/cm?)) + 0.0801 eV /(uC/cm?)
=4.34-107* eV/(uC/cm?) (S3)
With this, the formation energy at the applied potential can be calculated as (Eq. 11):
AcoonEY(U) = AcoonFo+Acoona-o(U) = 0.43 eV +4.34-107* eV/(uC/cm?) - (—22.2 uC/cm?) = 0.42 eV (S4)

After this, finite temperature and ZPE corrections are added to each intermediate, as well as the gas phase corrections
(0.33eV for CO4, 0.09eV for Hs). In addition, pH and potential corrections according to the CHE model. Following



Eq. 8, we get exemplarily for the formation of *COOH from COg g:

AcoonQ(U) = AcoonE(a(U)) + Acoon ETSZPEC 1 el +0.0592 eV - pH
=0.42 eV +0.87 eV — 1.0 eV + 0.0592 eV - 6.8 — 0.33 — 0.09/2 = 0.36 ¢V

The kinetic barriers are calculated by scaling the reaction energies from one to the next elementary step with the
corresponding B coefficient and adding the activation energy at the reversible potential, following Eq. 12. All energies
are plugged into a kinetic model and the TOF is determined from solving it in the steady-state approximation.

S2. MICRO-KINETIC MODELING

Micro-kinetic modeling was performed for a grid of 50x50 points that span the PZC-CO adsorption energy space.
At each point, first, the linear correlation map was used to predict all formation energies and charging coefficients. In-
ternally within CatMAP the energies were modified by voltage and charging contributions as detailed in the equations

in the methods section of the main manuscript.
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FIG. S6: Effect of *COOH to *CO barrier at the reversible potential Gf 5 at pH = 6.8 and -1.0 V vs. SHE. Source

data are provided as a Source Data file.
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FIG. S7: Comparison of experimental data for the CO partial current density from electrochemical CO; reduction in
an H-cell. References: Hori[5], Jaramillo,[12] Bell,[1] and Seger-Chorkendorff.[9]
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FIG. S9: pH effect on the COy to CO activity volcano and rate-limiting step landscape. Left: pH = 1, right pH =
6.8, all at -1.0 V vs. SHE. Source data are provided as a Source Data file.
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FIG. S10: Voltage effect on the CO5 to CO activity volcano and rate-limiting step landscape. Left: U = —0.4V (vs.
SHE), center: U = —0.7V (vs. SHE), right U = —1.0V (vs. SHE), all at pH = 6.8. Source data are provided as a
Source Data file.
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FIG. S11: C3;H4 vs. CH,4 product selectivity (log scale) from experimental Hori[3] data interpolated
using a Gaussian process regression. The data is shown as a function of the descriptor space determined in this
work. For the Gaussian process regression, I used the scikit-learn package[11] and a radial basis function kernel with
0.01V and 0.008eV length scales matching the span of the data, as well as a regularization @ = 0.1 to account for
possible experimental errors. Source data are provided as a Source Data file.
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FIG. S12: Potential-dependent C;H, vs. CH, product selectivity (log scale) extracted from experimen-
tal H-cell CO3;RR data from huang,[6] hori,[3] and hahn.[2] Source data are provided as a Source Data file.
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FIG. S14: CoH, vs. CH, product selectivity (log scale) extracted Fig. S13 at three potentials and
plotted vs. the descriptors determined in this work. Source data are provided as a Source Data file.
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FIG. S15: Product selectivity as a function of the conventional H and CO adsorption energy descriptors.
Main product selectivity in electrochemical CO3RR as a function of descriptor space. The main selectivity was
extracted from H-cell experiments at -1.4V vs. SHE (pH=6.8) using poly- and single-crystalline planar electrodes
from the experimental work of Hori et al.[4] and others (Cu,[3] In,[10] Au,[7, 9, 12] Ag,[1] Sn,[8, 14] Zn,[7]). Black
symbols refer to points where experimental selectivity data was available under these conditions, and red ones to
those, where selectivity data was missing. Circles refer to the data points which were actually used for training our
descriptor model and diamonds for those where only the descriptor values were evaluated. Source data are provided
as a Source Data file.

S3. EXPERIMENTAL SELECTIVITY PLOTS

The main selectivity was extracted from H-cell experiments at -1.4V vs. SHE (pH=6.8) using poly-crystalline
and single-crystalline planar electrodes from the experimental work of Hori et al.[4] and others (Cu,[2, 3, 6] In,[10]
Au,[7, 9, 12] Ag,[1] Sn,[8, 14] Zn,[7]).
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