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Supplementary Methods

Microkinetic mean field model

Our microkinetic mean field model (mkm) consists of a minimal reaction network to represent the desorption—
re-adsorption—reaction mechanism. The reaction network is based on the model intermediates A*, B*, C*, and

D* as depicted in Supplementary Figure. 1 and can be summarized via six elementary reaction steps:

Ag+ = A" (1)

* + _ «=0.5 *
A"+ H"+e” =8B (2)
B*+H" +e” LZO'E) c* (3)
¢ =0C,, (4)
C' +H +e 22 pr (5)
D* =D, +* (6)

where Supplementary Equations 1, 4, and 6 are elementary reactions with potential independent adsorp-
tion/desorption steps while 2, 3, and 5 are electrochemical steps which are here shown as reduction processes
adding a proton HT and electron e~. The selectivity is determined via the competition of step 4, where the
intermediate C* can desorb to C,q and step 5, where C* is further reduced to D*. The elementary reactions
1, 2, 3, and 6 are preceding and subsequent reaction steps embedding the selectivity determining steps (SDS).

The reaction network can be altered to include the direct reduction of B* to C,q which replaces 3 with:

x=0.5

B* +H" +e” Coq + (7)

aq

This reaction alters the SDS and has been suggested for acetate in COsRR!. Replacing 3 with 7 leads to
a quantitatively identical behavior in the showcase studies presented in the main text (disregarding numerical
imprecision). However, a qualitative difference between Supplementary Equations 3 and 7 is found for large
values of the desorption barrier AGfieS as demonstrated in Supplementary Figure 2 (tagged as model b). These
large values are, however, irrelevant for the discussed desorption—re-adsorption—reaction mechanism since they
eliminate any selectivity and lead to either the complete conversion or desorption of the volatile species Cyq
giving a selectivity for C,q of 0 % and 100 %, respectively. Note, that we included step 3 in the embedding
reactions only for the purpose to be replaced by step 7, since step 3 is otherwise redundant.

The reaction barriers of the elementary reactions 1, 2, 3, (7), and 6 are left unaltered for all simulations in
this work, while decisive barriers occurring in the SDS are varied as indicated in Supplementary Table 1 and
further discussed in the main text and below (see Parameter sensitivity analysis). All fixed reaction barriers
at Usgg = 0 are listed in Supplementary Table 1. The fixed barriers are chosen in a way to render the SDS

pivotal for selectivity in the reaction kinetics. In that, the SDS are subsequent to the rate determining step



Supplementary Figure 1: Schematic of the employed multi-scale model. Shown is the simple reaction network
used in our mkm to describe the representative surface reaction steps as well as the diffusion of C4 described
by mass transport. The key parameters influencing the selectivity of the desorption—re-adsorption—reaction
mechanism are labelled in the network and marked in red.

(RDS) in Supplementary Equation 2 which is adjusted to yield typical current densities!. Additionally, the
adsorption/desorption equilibrium for the reactant species A* is chosen to yield a coverage of 6« =~ 0.25
which is a typical value when including lateral adsorbate-adsorbate interactions?. The latter are not specifically
included here. We note, that choosing a different adsorption/desorption equilibrium for A* would lead to a lower
or higher coverage, and quantitatively affect the influence of SDS-related desorption and adsorption barriers
of species C on the selectivity (AGfies and AGids in Supplementary Table 1). This quantitative influence

follows the relation of the adsorption rate, coverage, and rate constant as r,gqs o< 6* - k_, . shifting the curves in

ads 1
Supplemental Figure 2 (a), and (b) along the x-axis and thus yield the same qualitative picture. All backwards
reaction barriers in Supplementary Equation 2, 5, 6 are chosen to render the corresponding steps irreversible.
The dependence of the electrochemical reaction barriers in Supplementary Equation 2, 3, (7), and 5 on applied
potential was determined on basis of the computational hydrogen electrode (CHE)? and a transfer coefficient «
of 1/2%.

Supplementary Table 1: Reaction barriers in [eV] at Usyg = 0 used in the mkm, labelled as forward (fwd) and
backward (bwd) for each reaction step. Parameters that affect the SDS are varied throughout this work and

are marked as AG? AGids, and AGfed

des?

1 2 7/3 4 5 6
AGL., ] 0027 145 125 AG), AGT 0.0
AGL .| 00 146 156 AGH, AGH, + 055 044

On basis of the reaction network described by the Supplementary Equations 1-6 we formulate the time-



dependent coupled differential equations making up the mkm:

dflft‘* = ka-ca, 0% - aa, — ka0 + ka-cp-(U) 05 — kp-a-(U) - 0° (8)
dfl% = kpeca-(U) -0 —kpvpe(U) - 0° + kpe ¢+ (U) - 0€ — kge e+ (U) - 07 (9)
d‘fij* = ke e (U) - 0% — kpe o (U) - 0° + ke e (U) - 0° = kpe e (U) - 6°

+ ke oy 0% - ac,, — kcugecr - 0° (10)
dzlz* = kp e (U) - 0° — ke - (U) - 0° — kpy«p+ - 0° + kp-cp, - 0" - ap, (11)

where ' is the coverage, a; is the activity of species i, and kj.; is the rate constant for the reaction i — j,

note that (U) indicates a potential dependence of the rate constant according to the procedure described above.

Supplementary Equations 8-11, are solved for the steady-state condition dd%i = (0 via a mean field approach

using an ODE solver as available in Scipy®. The rate constants kj—; for each elementary process are given
INAR
by the Arrhenius equation k;; = Ae” *sT . Here, AG, represents the activation energy, kg the Boltzmann

constant, T’ the temperature, and the prefactor is A = kgT'/h = 10713 s71.

Coupling diffusion to the microkinetic model

The one dimensional diffusion of intermediate C,q is analytically described via Fick’s first law:

(12)

where fqi is the diffusion flux, Dg;g the diffusion coefficient, Ac the concentration difference, and Lg;is the
diffusion length. This simple expression is valid at steady state® which we exclusively consider in this case study.
Dgig and Lgig are case specific parameters that are chosen as described in Supplementary Table 2 while fqig
and Ac are solved in conjunction with the flux of the mkm.

The microkinetic model and the diffusion equation are iteratively solved to align the flux f of the volatile
species Caq in both descriptions. fumim corresponds to the net outward flux (desorption minus adsorption of
Caq) in the microkinetic model and the solution to Supplementary Equation 12, respectively, which follows the

general expression:

P fkm = p - (—kcrcco, 0 ac,, + ke, ec- - 0°) (13)
D i D i
= ac,, - H - dff:CCaq(x:()). dff:fdiﬁ
Lag Laig

In practice we optimize the activity/interfacial concentration of C,q (cC2a(z = 0)) for the microkinetic model
and diffusion equation until the fluxes align. The roughness p is used to relate the fluxes of the surface reaction
and transport which are proportional to the active surface area Agcsa of the catalyst and to the geometric area

AGeo, respectively. The bulk concentration of the product or intermediate C,q, presents a boundary condition



and is set to zero thus changing the term Ac in Supplementary Equation 12 to the interfacial concentration
cCaa(x = 0). We convert the interfacial concentration ¢ (x = 0) of C,q obtained from the diffusion equation
12 to an activity for the microkinetic model used in Supplementary Equation 4 via a Henry’s law constant

(compare Supplementary Table 2).

Parameter sensitivity analysis

Six parameters are decisive for the selectivity of the “desorption—re-adsorption—reaction” mechanism which we
can individually investigate in our multi-scale model. In the microkinetic model the relevant barriers affecting

the volatile species C*/C,q include its desorption AGH adsorption AGH, | and reduction AGfed (compare

des? ads’

Supplementary Table 1). Since all products are in equilibrium at steady state, the desorption-adsorption

energetics are more illustratively described by the adsorption free energy AG,qgs (= AGids — AGﬁes) on the one
hand, and the desorption barrier AGﬁes in competition with the effective reduction barrier AGfed(U, «) on the
other. The latter depends on the applied potential Usyg and the transfer coefficient o which yield correlated

selectivity trends, in the main text we therefore only discuss the potential dependence with Usyg. For the

diffusion model, the diffusion coefficient Dg;g, the diffusion length Lgig and the roughness p are decisive.
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Supplementary Figure 2: Selectivity for the volatile product C, against all selectivity determining parameters
influencing the desorption-re-adsorption—reaction mechanism in our multi-scale model. For each parameter, a
range is screened while the other parameters are held at a default value (marked with a dot). The parameter
ranges are chosen to either capture the relevant selectivity changes in the case of reaction energies or are chosen
within physically reasonable ranges in case of the transport parameters. The dashed line labeled model b
represents the multi-scale model using an mkm with Supplementary Equation 7 which only shows diverging
behavior for large values of AG(ﬁeS.

The effective selectivity behavior of the model is depicted in Supplementary Figure 2. The surface reaction
energies which are depicted in panel a-c have an expectedly strong effect on the selectivity following their
exponential dependence’ on the reaction rate and yield a 0-100 % selectivity change within a 0.2 eV range. We
find that the effect of AGfleS depends on the assumed reaction mechanism, based on Supplementary Equation
3 or 7 as discussed in the Microkinetic mean field model section, where each reaction leads to an opposite
behavior of the selectivity for C, with an increasing desorption barrier AGECS. A diverging selectivity behavior
is, however, only seen for large desorption barriers AGECS >0.2 eV.

The influence of the diffusion related parameters are shown within physically reasonable ranges in panel



d-f in Supplementary Figure 2. It can be seen that all these parameters decisively influence the selectivity as
well, albeit to a lesser extent. Within typical parameter ranges which can be expected in experiment, only the
catalyst roughness p shows a dramatic influence. This is due to the fact that a change of p = 1 on a truly
planar surface to a tortuous surface p >> 1 is easily realized. On the other hand, the diffusion coefficient and
diffusion length can only be moderately influenced: Depending on the solute, typical ranges for the diffusion
coefficient are within 1.5-2.5 -107%m?2s~! which can affect selectivity within 20 % (see Supplementary Figure
2), exceptions are inert or small gases as well as H™ and OH~ which can undergo the Grotthuss mechanism.
Similar to the diffusion coefficient, the diffusion length is typically between 20 and 70 um, as estimated for

rotating ring-disc electrodes (RRDEs) by the Koutecky-Levich equation®

. The diffusion length can be varied
in special reactor setups and this has been demonstrated to lead to significant selectivity changes of up to e.g.
40 % towards the volatile CO product during the CO,RR on Cu®!%. To demonstrate this effect for another
system, we analyzed experimental RRDE data for ORR at Pt(111) by Markovié¢ et al.'!. We specifically used

1.12 which characterizes the selectivity towards the volatile

the analytical solution proposed by Damjanovic et a
H50; by relating the disk over ring current ratio (Igisk/Iying) to the rotation rate w. At the higher 0.2V potential,
Supplementary Figure 3 shows very little variation in Igisk/Iring as the angular velocity (w) is changed. This
suggests little effect from the desorption-re-adsorption-reaction mechanism, possibly due to a dominating ORR
mechanism that directly forms HoO without going through an HoO5 intermediate. This hypothesis is supported
by the low I.i,s values measured within the higher potential range, showing negligible HyO» reduction at the
ring'!. At more reducing potentials (< 0.2 V) where more HyO is formed, however, a linear relationship
between I4jsk/ Ling and w™ Y2 is observed. This relationship suggests that HoO, diffusion changes the ORR
selectivity, as expected from the desorption-re-adsorption-reaction mechanism. It is unclear whether the small
spread in the value of the y-axis intercept is due to noise in the experimental data or competing ORR pathways.
The complex potential dependance of the ORR mechanism over Pt has been previously reported and is in
line with our discussion in section Data sets for ORR and MOR. Regardless of this complexity, however,
the demonstrated selectivity dependence upon rotation rate within the RRDE setup directly corroborates the
desorption-re-adsorption-reaction mechanism.

In the main text we focus our discussion on how the selectivity for the volatile species C, is affected by the
potential Usgg and the roughness p. For a quantitative understanding of the selectivity dependence on these
parameters we formulate the analytical expressions 14 and 15. The dependence of the selectivity of C,q on Usug
follows the competition between the reduction and desorption flux of C* (ignoring re-adsorption contribution),

frea and fqes, respectively:
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Supplementary Figure 3: Ratio of disc over ring currents (lqisk/Iring) as a function of w2 where w is the
rotation rate in an RRDE setup. The experimental data were adapted from Markovi¢ et al.'! for the ORR on
Pt(111) at different potentials (according to the figure’s label) in 0.1M KOH and analyzed using the solution
proposed in Ref. [12].

where the p- ﬁ is the product of the roughness with the area per active site which scales the area dependence of
surface reactions. Supplementary Equation 14 illustrates a strong exponential effect of Usgg on the selectivity.
The selectivity dependence of C,q on the roughness p follows the competition between the adsorption flux fads

and the combined desorption fges and diffusion flux fqig. A selectivity expression follows as:

Joas =p- 31— 0 CHPCaa . Coa(z = 0) - exp —Akiggis
fair = % (z = 0) - Daigr/ Laiee
5(C) = fadsf(iﬁfdes N s O)R. P/ x % (15)

where ¢C2a(z = 0) is the interfacial concentration and H" e the Henry constant of the volatile species C. The

final expression in Supplementary Equation 15 reveals the % dependency in selectivity.

Model parameters for the presented showcase studies

In the main text we use our coupled microkinetic and 1D transport model to reproduce experimental data
for the selectivity of HoO5 in ORR, formaldehyde in MOR, as well as CO and acetaldehyde in COsRR. For
these test cases, we adjust the decisive parameters in the SDS and diffusion part according to literature values
and best guesses if data is not available (by fitting to experiment), all parameters are listed in Supplementary

Table 2. We note that, generally, no data was available for the adsorption/desorption thermodynamics with the



exception of CO (where we chose values of the more abundant Cu(111) facets)!®. The latter does, however, not
account for competitive adsorption'* or field effects*'>17 which may influence CO’s stability on the surface.
To describe the selectivity of acetate (Ac, H3CCOO™) in CO2RR (Fig. 4 in the main text), we adopt
our recently published model of a transport and solution reaction mediated mechanism!. For this model the
reaction pathway to the volatile species ketene (that is converted to acetate in solution) was fully explored
using elaborate ab initio methods. From these calculations all relevant surface reaction barriers are provided.
Equally, all necessary transport related parameters are availabel in literature with the exception of HSP for the

volatile species ketene, which was indirectly fit to experiment.

Supplementary Table 2: Parameters used in the coupled microkinetic and 1D transport model. Given are
the numbers for the Henry’s law solubility constant (pressure / concentration) HSP, the diffusion coefficient
Dgigr, the desorption thermodynamics AGges, the desorption barrier AG* . and the reduction barrier AGfed

des?
as described above. In all examples a diffusion length Lgig of 50 pm is used, which presents a realistic diffusion
length as estimated by the Koutecky-Levich equation®. Values in italic have been estimated since literature

values were not available.

HS [atm 1 mol™!|  Daig [m? s™'|  AGaas [eV] AGL_ [eV] AGL, [eV]
H,0, 1.20e-05% 15.6e-10"° -0.1 0.2%° 1.1
CH-20O 1.99e-4%1 17.541e-1022 0.0 0.165 1.1
CcO 110023 20.3e-10° -0.1%3 0.165 1.5*
MeCHO 0.0759% 13.75e-10%° 0.1 0.165 0.96
Ac see model details in [1]
* slightly adapted from 1.45 eV used in [1]

Supplementary Note 1

Definition of selectivity against later redox products

The discussed (and displayed) selectivity in the main text describes the SDS of the desorption—re-adsorption—
reaction. This selectivity is defined as the selectivity of the volatile product (e.g. hydrogen peroxide, formalde-
hyde, carbon monoxide, acetaldehyde, or acetate) against products which result from its further reduction or
oxidation. This definition of selectivity is inherent in our simplified model which only describes said mecha-
nism. However, experimental data can also include other products, resulting from competition of other side and
parasitic products that do not derive from the volatile product, e.g. hydrogen in COsRR.

For the shorter reaction networks like the ORR (hydrogen peroxide, HyO2) and MOR (formaldehyde, CH,O)
the selectivity S relevant to the here discussed SDS corresponds to the total reaction selectivity, following the

fraction of different product fluxes f as

fH202 fH202
St0, = - 16
Hz0 fH202 + fHQO ftOt ( )
fH.c0 fu,co
S frd 2 = 2 . 17
H200 fa.co + fucoon + fco, frot (17

For the products carbon monoxide (CO), acetate (Ac, H3CCOO™), and acetaldehyde (MeCHO) evaluated in the



significantly more complex CO3sRR reaction, the relevant selectivities are described by the following relations

_ Jco
Sco = fco + fo, + fou, - nc(Cay) (18)
Sae = JZ;A; (19)
SMeCHO = %ﬂ (20)

where the C; products include methane, and methanol, and the Coy products include ethylene, ethanol, ac-
etate, n-propanol, and the less abundant?% acetaldehyde, ethane, glycolaldehyde, ethylene-glycol, allyl-alcohol,
propionaldehyde, acetone, hydroxyacetone, if detected. In Supplementary Equation 18 the Coy flux fc,, is
normalized by the number of carbons n¢(Cay) contained in each Coy product to properly account for the mass
balance in respect to CO.

In most literature data, the molar fluxes f, for a product p are not reported. For this reason, we approximate
them from the experimental partial current densities j, or Faradaic efficiencies (FE) and the product specific

number of redox steps nfgl as

fp < Gip/nS = (FE X jior/nS). (21)

and approximate uncertainties for the estimated selectivities S in our analysis (see provided Supplementary

Data) by means of error propagation (if applicable).

Estimation of the catalyst roughness from measured current density

For some displayed experimental data sets no capacitance measurements are provided to determine the catalyst
roughness and for others these roughness values appear inconsistent, e.g. for Cu-Pd alloys (see main text and
the Data sets on Ac selectivity during CORR section). In these cases, we evaluated the roughness (or ECSA)
from the total current densities.

The roughness is estimated by fitting the experimentally measured total current densities (jio;) and the
corresponding applied potential (Usyg). We use an exponential function jiot(Uspr) = a - exp (b x Usgg), where
a, b are fitting parameters. Since compared data sets are taken at the same pH (see Data sets on Ac selectivity
during CORR Section), the use of Usyg or Urng is equivalent. In a first step each catalysts’ total current
vs potential data set is fitted individually to determine the individual parameter sets. The parameter b is
related to the Tafel slope which we assume constant at comparable electrochemical conditions?”?8. Following
this argument, we subsequently re-fit all data sets with all the different parameters b which yields a range of
intercepts a for each data set. From this range of a we determine a mean and standard deviation (e.g. see
Supplementary Table 3). The determined intercept a compares the activity at the same potential Usggy = 0
and is therefore a reliable, relative measure of the roughness. A script for the described roughness estimation

routine is available via the link provided in the Code availability statement.



Supplementary Note 2

Data sets for ORR and MOR

For the ORR measurements presented in the main text, we do not discuss the potential dependence of the
H50O- selectivity. In general the potential dependence of this selectivity is highly complex and differs strongly
between catalysts and facets??. This is also true for the data collected by Behm et al.2?, which does not reflect
the potential dependent selectivity generalized in this work for the desorption—re-adsorption—reaction. It is
likely that this is due to competing reaction pathways which not all involve HoO4 as a volatile intermediate.
We note, however, that the roughness dependence can be found at the different potentials investigated in the
experiments as shown in Supplementary Figure 4a, which demonstrates that HoOs is always subject to the
desorption-diffusion-re-adsorption mechanism. These ORR data are obtained from a flow cell setup during
potentiodynamic measurements in the potential range of 0.06 to 1.16 V vs. RHE at a sweep rate of 10 mV/s

and in 0.5 M sulfuric acid (pH 0.13) with dynamic product detection.
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Supplementary Figure 4: Selectivity for (a) HoOy during ORR and (b) CH30 during MOR against roughness
p of Pt, adapted from [29] and [30], respectively and analog to the main text. In comparison to the main text,
we added selectivity data taken at different potentials for the ORR and added the CH5O selectivity resulting
from the negative going scan.

The MOR data is obtained from potentiodynamic measurements, hence through product collection after
positive or negative going potential scans®’. These scans were conducted at a range of 0.16 to 1.16 V vs. RHE
at a sweep rate of 10 mV /s and in 0.5 M sulfuric acid (pH 0.13). The transient mode of product collection which
makes any potential dependency analysis impossible. The resulting selectivity to roughness trends, shown in
Supplementary Figure 4b, reveal an almost quantitative agreement when comparing to the positive going scan
but deviate in the case of the negative scan (not shown in the main text). This deviation may be attributed
to the surface oxidation of the Pt catalyst after the positive going scan (evidenced by a hysteresis of associated

CVs3%) which may affect surface reactivity during the negative scan.

Data sets on CO & MeCHO selectivity during CO;RR

The data sets in Figure 3a in the main text, showing the selectivity of CO, are all based on comparable

experiments in an H-cell setup in an 0.1 M KHCO3 electrolyte?6:31:32, The similar setup of these experiments

10



likely enables their direct comparison. Catalyst roughness values for the data from [32] are estimated via the
total current density (see section on Estimation of the catalyst roughness from measured current density) since
no values by capacitance measurements are available. The fitting procedure was limited to current densities
< 10mA /cm? due to underlying transport limitations at high current densities in the H-cell setup. We exclude
the Cu(100) and Cu(110) single crystal data from [32] which appear rougher by a factor of 1.4 compared to the
Cu(111) single crystal and remark the OD-Cu roughness was detemined with a comparably high uncertainty as
p = 16.3 £ 7.4. The roughness value for OD-Cu from [31] is taken based on the authors and our total current
density estimates of p = 30 instead of the authors measured p = 475 via capacitance measurements. In Fig. 1
in [31], it can be seen that the OD-Cu catalyst is heavily evolving during the first hours of electrolysis and the
average reported current densities rather fit to the long term estimate than to the as-prepared catalyst which
most likely was used for the capacitance measurements.

The data sets adapted from [33-35] in Figure 3b in the main text, which we use to show the selectivity
of acetaldehyde, are all based on experiments conducted for direct CO reduction in a CO sparged H-cell in a
highly alkaline electrolyte 0.1M KOH (pH=13). The roughness values are directly adapted from the authors
reported capacitance measurements for OD-Cu (p = 87), and a Cu nanoflower (p = 390), while polycrystalline

Cu foil in [26] is assumed as p =~ 1.

Data sets on Ac selectivity during CORR

The data sets shown in Figure 4 in the main text for acetate selectivity are adapted from [36, 37] and are both
taken in comparable acetate promoting! conditions: Direct CO reduction in a gas-diffusion electrode/flow-cell
setup in a highly alkaline electrolyte of 1.0 M KOH (pH=14).

In [36], Ji et al. compared nanoparticle (NP) shaped Cu, Pd, and Cu-Pd intermetallic and alloyed catalysts.
The particles were synthesized following a uniform recipe (comparable shape and size) with different bulk (and
thus surface) compositions. As shown in Fig. 4 in the main text and Supplementary figure 5, the Cu-Pd
alloys show higher acetate selectivities as compared to the Cu-NP while Pd-NP (not shown) only exhibits HER
activity rendering it inactive for COsRR. For all catalysts, roughness values were determined via capacitance
measurements® which include the CORR-inactive Pd surface area that is not responsible for the re-adsorption
and reduction of ketene. Therefore, we estimated the relative roughness based on the total current densities.
This value is proportional to the electrocatalytically instead of the electrochemically active surface area (ECSA)
and relevant for the catalytic selectivity. Both roughness values are depicted in Supplementary Table 3, labelled
as pc and p; for capacitance and current density based estimates, respectively. Since no current densities for
a planar catalyst (e.g. polycrystalline Cu) are available as a reference we need to scale the relative roughness
values. We chose a factor of m = 30 which yields roughness dependent selectivity values that align with our
model predictions as illustrated in Supplementary Figure 5. We note that this alignment does not reconcile
pc of Cu-NP with Cu foil from capacitance measurements in [36] (see Supplementary Table 3). This is due to

the fact, that the Ac selectivity is, as a special case, not sensitive to catalyst loading but only to a micro- and
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nanoscopic roughness due to an extremely short diffusion length!. The catalyst loading is, however, reflected in
the current density leading to this inconsistency with capacitance based values.

The experiments by Sargent et al.?”

include Cu-Ag alloys to increase acetate selectivity. Using galvanic
replacement, CuQO, particles are only alloyed on their surface which explains the low but highly active alloying
concentrations as compared to the Cu-Pd bulk alloys. No capacitance measurements to determine catalyst
roughness were conducted or a reference planar catalyst was measured in this study. As shown in Supplementary
Table 3, we therefore estimate relative roughness values from the total current densities as described in the
Estimation of the catalyst roughness from measured current density Section. We scale the relative roughness
values by a factor m = 80 to align the data with our model predictions in Supplementary Figure 5 and 4 in the

main text.

Supplementary Table 3: Roughness values for the CuPd intermetallic (o-CuPd), the Cu-Pd alloys (CuPdsgy,
CuPdy3y, and CuPdyg), derived from Cu Nanoparticles (Cu-NP)3¢ as well as Cu-Ag alloys (CuAgg.o5_1%)
derived from CuyO NP?7. The roughness values are estimated by capacitance measurements (pS!!) which are
proportional to the electrochemically active surface area and estimated by the total current density ( pgd) which
is proportional to the electrocatalytically active surface area. The relative pgd are scaled by a factor m = 30
for Cu-Pd alloys and m = 80 for Cu-Ag alloys to match on the selectivity roughness curves in Supplementary
Figure 5.

foil rel rel
[ Ze] Pj pj—Xm

o-CuPd | 89.3 1.6 +0.2 470 £4.7
CuPdspy, | 353.1 1.6 +0.1  46.9 + 2.0
CuPdyse, | 3579 2.1+00 618405
CuPds7, | 419.3 1.0+ 0.0  30.0 0.0
Cu-NP | 305.1 4.5+05 1356+ 15.5

CuAg0425% - 10 :t 00 800 Zl: 00
CuAgo. 5% - 1.1+£00 916 £ 2.7
CuAg - 1.1 £ 0.0 88.3 £ 2.2

Cu20 - 1.5 £ 0.1 117.8 £ 9.9

Visible in Supplementary Figure 5b and Figure 4 in the main text is a surprisingly close agreement between
the model predictions and the alloy data, corroborating the facilitation of the desorption—re-adsorption-reaction
mechanism through. A somewhat more prominent outlier is the CuAg; g data point, which could indicate
an additional electronic effect though alloying. Uncertainties in the total current density could, however, also

explain deviation and further experimental characterization may be necessary to consolidate this finding.
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Supplementary Figure 5: Selectivity of Acetate among all Coy products against potential vs. (a) Usug, (b)
roughness p at -1.7 Usyg including different estimates for p. The simulated data following a transport and
solution reaction mediated mechanism! is shown for the roughness (p) ranges of 10-50 in light blue and 100-200
in red shades in (a) or as a solid red line in (b). The two p regimes in (a) serve as a guide to the eye, highlighting
catalysts with high and low acetate selectivity, respectively. Note, that the complex potential dependence of
the acetate selectivity is based on a more complex reaction mechanism of acetate formation that involves a
solution reaction of ketene (the volatile product) with OH™ (generally also introducing a pH-dependence in
addition to the here discussed p dependence)’. Shown are the experimentally measured selectivities for the
CuPd intermetallic 0-CuPd, the Cu-Pd alloys (CuPds5ge;, CuPdasy, and CuPdyre,) which are derived from Cu
Nanoparticles (Cu-NP) as adapted from [36] (dashed lines and crosses) and Cu-Ag alloys (CuAg;g, CuAg 59,
CuAgg.a59) derived from CusO particles as adapted from [37] (dashed lines and circles). Different roughness
estimates shown in (b) are based on the total current density (p°°') and on capacitance measurements® (pS,
faded coloring). These roughness values correspond to the electrocatalytically active surface area and to the
electrochemically active surface area, since the total current density is dominated by the CO3RR activity of
exposed Cu and the capacitive charging includes both Cu and the alloying metal. For p;-el values, a reference to
planar Cu foil does not exists and it is therefore scaled by a relative factor m as shown in Supplementary Table
3.
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Supplementary Note 3

Time-dependent Cu catalyst roughness during CO;RR

Supplementary Figures 6 and 7 show time-dependent changes of relative catalyst roughness and CO selectivity
against further reduced products of Cu-NP from the study by Huang et al.?®. The data exemplifies the selectivity
changes in CO3RR due to catalyst aging. Overall, we find a decrease of roughness with time which correlates
with an increasing CO selectivity against further reduced products in line with the desorption—re-adsorption-

reaction mechanism.
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Supplementary Figure 6: (a) Selectivity for CO against further reduced products and (b) estimated relative
roughness over the course of operation time for Cu-NP catalysts of different particle size. The experimental data
is adapted from Huang et al.3®. The relative roughness is estimated via the time dependent ethylene partial
current density since total current densities are not available for all applied potentials. The ethylene current
density is proportional to the COsRR relevant ECSA and we assume it comparable to the total current density
(c.f. Supplementary Note 2).

For the sake of completeness, we note that CO selectivity in Supplementary Figure 6 does not always follow
the trend that is expected from the changing catalyst morphology. This is, for example, the case during the
first 2-4 hours of operation where an initial increase in p was attributed to particles’ clustering (before their
coalescence sets in). This is not accompanied, however, by a concomitant drop in CO selectivity (see arrows
in Supplementary Figure 7). Many reasons could be responsible for this, including the creation of new active
sites (such as e.g. steps and kinks) which may be inactive for the re-adsorption or further conversion of CO.
Another inconsistency is the cross-over of the estimated roughness of 16 nm and 65 nm particles (blue and
orange in Supplementary Figures 6 and 7) that is also not reflected in the selectivity, but which we attribute to

an inaccuracy of our relative roughness estimation.

Time-dependent Pd catalyst roughness during ORR

The catalyst degradation related selectivity change due to the desorption—re-adsorption-reaction mechanism is

not unique to CO3RR on Cu. A similar phenomenon has been suggested as the origin of selectivity variations
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Supplementary Figure 7: Selectivity for CO against relative roughness for different Cu-NP. The data correspond
to the time dependent data in Supplementary Figure 6 as adapted from Huang et al.*®. The time dependence
of the data is indicated by the arrows. The relative roughness is estimated via the time dependent ethylene
partial current density which is proportional to the CO3RR relevant ECSA (see Section on Estimation of the
catalyst roughness from measured current density).

for ORR on Pd nanoparticles, where HoO5 yield was influenced by ECSA, which exhibited quantitative changes
during voltage cycling®®. Supplementary Figure 8a shows the ECSA decrease with increasing voltage cycles for
Pd catalysts of different loadings. The influence of this ECSA decrease is illustrated in Supplementary Figure
8b, where a lower HyOs yield is observed with higher ECSA. The values for ECSA and yields were taken from
figures 6 and 7 as reported by Mittermeier et al.? where the ECSA had to be renormalized and yields were taken
at the lowest potential (~ 0.1 Ugrpg). Following this generality, we argue that the desorption-re-adsorption-

reaction mechanism is highly instrumental in understanding the catalyst (de)activation with operation time for

many applications.
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Supplementary Figure 8: (a) Roughness for Pd catalysts as a function of the number of voltage cycles at
different catalyst loadings. (b) The HyOs yield as a function of the palladium roughness at ~ 0.1 Ugpyg. The
experimental data is adapted from Mittermeier et al.3°.
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