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ABSTRACT: Roughened copper electrodes, including those
derived from cuprous oxide, have long been known to exhibit
an enhanced Faradaic efficiency to C2+ products during CO2
electroreduction. However, the source of this enhancement has
not been rationalized mechanistically. In this work, we present a
theoretical study of roughened copper electrodes derived from
cuprous oxide, phosphide, nitride, and sulfide. We utilize a
carefully benchmarked effective medium theory potential to
develop geometric models of the roughened electrodes on an
unprecedented scale. Using density functional theory with an
implicit electrolyte, we determine applied bias dependent
binding energy distributions for critical reaction intermediates.
We apply simple thermodynamic models to evaluate the role of
surface roughening on selectivity during CO2 electroreduction. We find that the manner of roughening (i.e., starting from
oxide, phosphide, sulfide, or nitride) does not significantly affect the binding energy distributions found, and we suggest
design rules to maximize selectivity to C2+ products on copper.

Electroreduction of CO2 (CO2RR) and CO is emerging
as a promising route to sustainably produce fuels and
important commodity chemicals such as ethylene and

ethanol and also as a path to mitigate point sources of CO2, a
potent greenhouse gas, in an economically attractive way.1

Despite decades of research efforts, Cu remains the only
catalyst capable of producing significant amounts of C2+
products, containing more than one carbon atom.2 In doing
so, however, Cu also produces a medley of other products of
varying economic value, presenting a challenge for industrial
viability in the absence of a carbon tax or credit.3,4 Several
strategies for improving the Faradaic efficiency of Cu toward
C2+ products have emerged, including engineering of the
electrode assembly5−11 and electrolyte,12−15 dynamic potential
control,16−18 and surface roughening.19−24 In this contribution,
we examine opportunities and intrinsic limitations in tuning
catalytic selectivity of copper via surface structure engineering.
CO2 reduction on Cu has long been known to be quite

sensitive to the precise surface structure, with early results from
Hori illustrating variations in activity and selectivity on single
crystal electrodes.25,26 For well-characterized surfaces, en-
hancement in selectivity to C2+ products on undercoordinated
facets has been rationalized by strengthened CO binding,27,28

and in the case of facets containing square sites, enhanced C−
C bond formation,29,30 where transient atomic C on the
surface has been proposed to play a key role.31,32 However, the
precise role of surface roughening in enhancing the Faradaic
efficiency to C2+ products remains a point of debate, in
particular for electrodes derived from cuprous oxide or
nitride.33−40 Disagreement in the literature over something
as fundamental as the oxidation state of Cu during CO2

reduction highlights the difficulty of probing the solid−liquid
interface with spectroscopic approaches.
Quantum mechanical methods provide a path for probing

the solid−liquid interface where modern experimental
methods fail.41,42 However, they suffer from exponential cost
scaling that limits systems to those with near-perfect order,
unlike the complex nanostructures found in actual electrode
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assemblies, particularly those with roughened electrode
surfaces. Most commonly, surface roughness is approximated
by investigating a small number of undercoordinated single
crystal facets with density functional theory (DFT).43−45 Such
an approach neglects the more delicate morphology found in
real electrodes, but can allow for generalized conclusions about
the reaction mechanism. Previous efforts to deliberately
incorporate surface roughness into computational models
have relied on brute-force ab initio molecular dynamics
simulations,46 or have utilized neural network methods to
predict simple intermediate binding energies24 and simulate
annealing of larger systems.39,47

Inspired by recent advancements in operando spectrosco-
py34,48 and DFT calculations,49,50 in this Letter we present a
theoretical investigation into how surface roughening from
“derived” Cu surfaces (reduced from an oxidized state) affects
catalysis toward CO2 reduction. We leverage a low-cost
classical potential, effective medium theory (EMT),51−53

efficiently implemented in the Asap3 package of the Atomic
Simulation Environment.54 We benchmarked EMT against
semilocal DFT (see SI Note 2, Figures S1−S4) and generated
structural models of roughened copper surfaces derived from
cuprous oxide (OD-Cu), nitride, phosphide, and sulfide, with
system sizes nearing the micron scale, containing between 8
and 15 million atoms. All surfaces had 80 layers of metal atoms
which we found was enough to eliminate template matching
effects on the surface (see SI Note 3, Figure S5). Our approach
to generating structural models of derived Cu surfaces is
illustrated in Figure 1. Although our structural models capture

a wide range of surface morphologies not found in single
crystal models, they lack the mesoscale structuring that is often
observed in experimental electrodes.24,55 The lack of mesoscale
structuring results in a relatively low surface roughness factor,
below 1.5.
Beginning with bulk cells for cuprous oxide, nitride,

phosphide, and sulfide optimized with semilocal (RPBE)
DFT56 implemented in VASP,57−59 we assumed facile
reduction to metallic Cu based on recent operando
spectroscopic evidence,34,48 published DFT calculations,49,50

and our own calculations (see SI Note 4, Figure S6). Although
our calculations and operando spectroscopy suggest it is
unlikely, the presence of any kinetically trapped residual
oxide may affect the analysis presented in this work. Using
EMT, we used this high energy structure, with the bottom two

layers fixed to provide support, as a starting point for a
Langevin dynamics simulation with a high friction coefficient
to quench the surface while still preserving structure. We then
optimized the geometry of the quenched surface until the
maximum force on a nonfixed atom in the surface was below
0.05 eV Å−1. Further details of the DFT employed in this study
can be found in the Computational Details section of the SI.
For each structural model produced via EMT, we computed

a distribution of Cu binding energies as a function of the
applied bias using the α parameter scheme (see below) based
on the local coordination environment,60−63 summarized in
Scheme 1. In this scheme, the constant potential copper

binding energy (ΔΩCu) is computed given only the local
coordination environment as an input, with MAE less than 0.1
eV for Cu systems relative to semilocal DFT.62,63

For an fcc metal like Cu, with a 12-fold bulk coordination,
there are 12 α parameters (αCN) each representing the average
atom-wise energy associated with the formation of a Cu−Cu
bond leading to the coordination number CN. (For technical
reasons, CN 1−3 are commonly grouped as one parameter,
α1−3.) The cohesive energy, or binding energy, of an atom is
obtained as the sum over all the new bonds formed when
placing the atom at a given environment (e.g., a surface site)
from a gas phase reference, taking both the atom itself and its
nearest neighbors into account. When considering a surface
site containing more than one atom, the binding energy is
computed from the total number of bonds formed, accounting
for all atoms of the site as well as their neighbors. A more
detailed description of the α parameters scheme is found in
references 60, 62, and 63 and in SI Note 7.
The α parameters in our model were trained by computing

ΔΩCu with DFT on several single crystal facets of varying
coordination representing the main classes of expected site
ensembles on the roughened copper surfaces, using the RPBE

Figure 1. Illustration of our approach to modeling copper surfaces
derived from cuprous oxide, nitride, phosphide, and sulfide.
Starting from bulk structures, we produce surfaces of, for example,
Cu2O and assume facile reduction to metallic Cu based on recent
operando spectroscopy34,48 and DFT calculations.49,50 Using EMT,
we then quench the high energy surface with a short Langevin
dynamics simulation before optimizing the geometry.

Scheme 1. Illustration of Our Approach to Computing
Distributions of Cu Binding Energies Given the Structural
Models Produced from EMTa

aFurther details of the α parameter scheme can be found in the SI, or
in references 60, 62, and 63.
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functional56 to describe exchange−correlation interactions. It
should be noted that the important effect of surface strain is
not captured by the α parameter scheme and is a topic of
ongoing work. We built upon the previously published α
parameter approach by incorporating the role of aqueous
electrolyte and the applied potential in the α parameter model.
The electrolyte and bias were captured by computing the
training ΔΩCu systems at constant potential using the grand
canonical potential approach described previously.64 In brief,
we compute the grand canonical potential,

Ω = − ΦE q (1)

where E is the total electronic energy from DFT, q is the net
charge of the system, and Φ is the Fermi level of the system.
The charge in each state was optimized such that the system
potential remains constant, and the effect of finite cell height
was corrected.65 We found that ΔΩCu can be approximated as
a linear function of potential, reflecting the constant
capacitance between states, thereby allowing us to incorporate
the role of potential with a simple linear model adjusting the α
parameters. Further details on the implementation of this
model can be found in SI Notes 8 and 9. With this scheme we
are able to compute ΔΩCu as a function of both the surface
geometry in aqueous environment and the applied potential,
illustrated in Figure 2.
In Figure 2 (a) and (b), we show the distribution of ΔΩCu

on OD-Cu at a potential of 0.0 V vs RHE and −1.0 V vs RHE,
respectively. Each surface site is classified according to the
coordination of the binding atom, with a 1-fold coordination
being classified as an “atop” site, 2-fold coordination being
classified as a “bridge” site, and 3- and 4-fold coordination
being classified as the respective “hollow” sites. Lowering the

applied potential from 0.0 to −1.0 V vs RHE results in a
contraction of the distribution of ΔΩCu, with strong binding
sites becoming weaker binding and weak binding sites
becoming stronger binding. This can be understood from the
perspective of a field-dipole model of adsorption: sites where
Cu binds more weakly are undercoordinated (CN < 9),
leading to a positive dipole moment between the surface and
adsorbing Cu atom, which is stabilized by the electric field
under an applied bias. Similarly, stronger binding sites are
overcoordinated, resulting in a negative dipole moment which
is destabilized by the field.
Strong peaks corresponding to (111) type sites can be seen

at both potentials, with Figure 2 (c) showing the binding
energies of common single crystal facets. The distribution of
ΔΩCu on surfaces derived from cuprous sulfide and phosphide
are very similar to the distribution found on OD-Cu, and can
be found in SI Note 11, Figure S15. Figure 2 (d) shows the
distribution for a Cu surface derived from Cu3N (ND-Cu),
which exhibits a stronger preference for (111) type sites. We
attribute this to Cu (111) being the most stable facet (lowest
surface energy; see SI Figure S4), and the initial geometry
before Langevin quenching being very open and high in
energy. Despite the higher prevalence of (111) type sites,
which are typically not as selective toward C2+ products,

66 the
distribution is otherwise comparable in width and features to
that of OD-Cu. This was found to be the case for all
heteroatom types tested, though structures in which the
heteroatom consists of a significantly higher volume fraction of
the initial structure may result in a different distribution. We
note here that the effect of potential, although important to the
relative surface energy of Cu, is by construction not
incorporated in the EMT optimization. The possibility of

Figure 2. Distributions of constant potential copper binding energies, ΔΩCu, on OD-Cu at 0.0 V vs RHE (a), ΔΩCu on OD-Cu at −1.0 V vs
RHE (b), ΔΩCu on reference single crystal surfaces at 0.0 V vs RHE (c), and ΔΩCu on nitride derived Cu at 0.0 V vs RHE (d). See Figure S17
of the Supporting Information for representative site motifs on ideal surfaces.
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training the EMT model to capture the variation of surface
energy with potential will be a topic of future study.
Importantly, we find that Cu (111) remains the most stable
surface facet at potentials less reducing than about −1.5 V vs
RHE at pH 7 (see SI Note 5 and Figure S7 for more details).
Similar binding energy distributions across a wide variety of

starting materials suggests that the manner in which the surface
is roughened does not ultimately affect the type of sites
catalytically available, though the finer details of the
distribution can be affected as evidenced by ND-Cu. We
note that the distribution of sites reaches a much wider range
of binding energies than any of the single crystal facets. The
narrow range of sites accessible from small, periodic simulation
cells highlights both the challenges associated with modeling
surfaces with little long-range order and the importance of
careful single crystal experiments for comparison to theory.
We then developed scaling relations that map ΔΩCu directly

to the binding energy, ΔΩads, of relevant intermediates for
CO2RR. We computed the constant potential binding energy
of six intermediates important in determining activity toward
CO2RR (CO*, OCCHO*, OCCOH*, CCO*, C*, OH*) on
several single crystal facets (100, 111, 211, 310, 511, 533),
using all site types available for each facet. Figure 3 shows the

scaling relations for the six intermediates binding to their
respective most stable site type (atop, bridge, or 3- or 4-fold
hollow) at an applied potential of 0.0 V vs RHE. We
deliberately chose a wide span for the x-axis in this figure to
match the x-axis of Figure 2, highlighting the lack of site types
available despite a wide variety of single crystal surfaces tested.
As we describe in more detail below, the distributions of

ΔΩC*, ΔΩCO*, and ΔΩOH* were used in conjunction with
previously published thermodynamic models of selectivity.31,32

We note that we did not include OCCO* as it spontaneously
decomposes into two adsorbed CO molecules at less reducing
conditions, though it likely plays a role in the pathway to C2+
products.30,32 Despite each scaling line consisting of points

across a variety of surface facets, we find the mean absolute
error to be smaller than 0.1 eV in all cases. Breaks occur in the
scaling lines for OH* and OCCHO* as the most stable site
type changes. In the case of OH*, the adsorbate prefers 4-fold
hollow type sites on higher coordination (more negative
ΔΩCu) sites and bridge sites on lower coordination (more
positive ΔΩCu) sites. OCCHO* prefers an on-top config-
uration on higher coordination sites, such as on Cu (100) but
prefers to lay flat across a 4-fold hollow site on lower
coordination sites, such as the step of Cu (511). We note that
at a given atom ensemble (surface site), the scaling line
associated with the given surface site is evaluated rather than
the most stable site. Further details of our analysis can be
found in SI Note 6. We also remark that similar breaks may
occur for other adsorbates outside the range of sites accessible
by the facets tested here.
The negative slope for all scaling lines is indicative of the

reversal in the trend of binding strength as a function of surface
coordination when moving from Cu to the CO2RR adsorbates.
The reversal is caused by Cu preferring a very high (12-fold)
coordination, while most adsorbates prefer much lower
coordination. Cu is therefore stronger binding on more
coordinated surfaces, while the adsorbates tested here prefer
at most 4-fold coordination (C), leading to stronger binding
on undercoordinated sites (i.e., those with more positive
ΔΩCu). The magnitude of the slope of the scaling line controls
the width of the distribution of adsorbate binding energies on
the given facet, meaning the most stable site of CO* has a
relatively narrow distribution (slope close to zero), while the
most stable site of CCO* has a wider distribution. The scaling
lines shown in Figure 3 are only for the most stable site types.
In Figure 4 (a) we show the distribution of adsorbate binding
energies for all site types, with scaling lines shown in SI Note 6,
Figures S8−S13, and Table S1. In particular, the *C binding
energies are bimodal due to the split between the 4-fold hollow
configuration and the substantially less stable 3-fold hollow
configuration.
We note that in order to determine the most favorable

adsorption site given a certain surface motif (i.e., a surface
atom ensemble) and a given adsorbate, each available site
including atop, bridge, or hollow must be tested using the
scaling lines for the site type and the ΔΩCu for the investigated
site. This is described in SI note 6.
Overall the adsorbate binding energy distributions are far

narrower than the Cu binding energy distribution, since the
scaling lines seen in Figure 3 have slopes close to zero. More
negative slopes, for instance as found with the scaling for *OH,
lead to wider distributions. A shift in the preferred site leads to
the distribution for *OCCHO being significantly wider, as the
adsorbate prefers to lie flat across a 4-fold hollow at less
coordinated sites. Among the adsorbates with two carbons
tested here, we find *CCO to be the most thermodynamically
stable intermediate, though formation barriers will ultimately
determine the most important intermediate and are not
determined in this study. Interestingly, more narrow
distributions for some adsorbates suggests that the single
crystal model typically used with computational studies is a
better approximation than the Cu binding energy distribution
alone would suggest.
Panels (c) and (d) of Figure 4 illustrate thermodynamic

selectivity maps based on recent work from Tang et al.31 at an
applied potential of −0.7 and −1.1 V vs RHE, respectively.
Here, the purple regions (denoted CH4/C1+) illustrate sites

Figure 3. Scaling relations used to map the constant potential
copper binding energy, ΔΩCu, to constant potential binding
energies for various bound intermediates important for CO2RR
activity and selectivity, ΔΩads. Lines shown are for the most stable
site type for each adsorbate. C and CCO favor the 4-fold hollow,
CO favors the on-top site, OCCOH prefers to be 2-fold
coordinated across a bridge site, OH prefers the bridge in highly
coordinated sites and the 4-fold hollow in undercoordinated sites,
and OCCHO prefers to sit on-top on highly coordinated sites but
shifts to laying flat across a 4-fold hollow on undercoordinated
sites. See SI note 6 for scaling relations for all adsorbates and all
site types.
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where it is thermodynamically favorable for adsorbed CO on
the surface to undergo further reduction either to methane or
potentially C2+ products. We note that a prerequisite for
further reduction in this model is the ability to form *C, which
precludes most 3-fold sites as seen in Figure 4 (a), and
furthermore note that our model neglects the important role
transport can play in selectivity16,68,69 and is therefore only
applicable in regions far from transport limitations.
The preference for formation of C2+ products rather than

methane is illustrated in panels (e) and (f) of Figure 4, based
on published work from Peng et al.32 Here, we see most 4-fold
hollow sites on roughened Cu prefer forming C−C bonds at
potentials near where ethylene is observed experimentally, with
data from Hori67 on polycrystalline copper reproduced in
panel (b). The model predicts the Faradaic efficiency toward

methane to dominate at higher overpotentials, and with it a
decline in preference to C2+ products, which is also supported
by the experimental data. It is likely that a more roughened
surface as found in some experiments,55 with roughness factors
more than 10 times that tested here, would exhibit a broader
distribution that remains selective toward C2+ products over a
wider potential range. We have estimated the roughness of our
surface to be approximately 1.05 by computing the total
number of surface sites and dividing the number of sites on a
comparable (111) single crystal, which represents roughly a
lower bound of the true roughness and is possibly not
comparable to experimental roughness factors measured by
capacitances relative to a reference value. A better experimental
analog may be surface roughness as measured by atomic force
microscopy, but this would be difficult to perform in an

Figure 4. Distribution of constant potential binding free energies for CO2RR intermediates at an applied potential of U = −0.7 V vs RHE
(a). Experimental67 Faradaic efficiencies toward reduced products in CO2RR on polycrystalline copper (b). C1+ product selectivity plots
defining regions of selectivity toward formate, HER and CO generation at an applied potential of U = −0.7 V vs RHE (c), and U = −1.1 V vs
RHE (d). Here the selectivity regions are defined by the ΔGCO* and ΔGOH* descriptors based on Tang et al.31 In panels (e) and (f), C2+
selectivity defined by the ΔGCO* and ΔGC* descriptors based on the work of Peng et al.32 at applied potentials of U = −0.7 and −1.1 V vs
RHE, respectively.
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electrolytic environment, and ex-situ measurements may
convolute the roughness by oxidation in the air. Indeed the
experiments on highly roughened copper show a growing
Faradaic efficiency to C2+ products as the potential becomes
more reducing than −0.7 V vs RHE, in contrast to the data
from Hori on mechanically and electropolished polycrystalline
copper. We hypothesize that a more roughened surface that
captures mesoscale features such as porosity may bridge the 3-
fold and 4-fold hollow site distributions for the binding energy
of atomic carbon, leading to a greater number of sites active
toward C2+ products in Figure 4 (e) and (f). Within our
framework, a higher roughness could be achieved by using
roughened oxide surface as our starting structure (as opposed
to a single crystal oxide), randomly removing surface atoms to
simulate ion bombardment, or randomizing the position of
surface atoms before geometry optimization. These strategies
will be a topic of future investigation. While the strategy we
present in this work results in a relatively smooth surface
compared to some experimental reports, it represents an
important step forward in understanding surface roughness.
Experimentally, it has been found that roughening inhibits

the appearance of CO in the gas phase, leading to enhanced
selectivity (but not current density) to C2+ products.

24,70 This
was explained with a simple model of a roughened surface,
which was found to on average bind CO more strongly than
single crystal Cu (100). Our results illustrate a similar but
slightly different picture. Roughening does produce sites that
bind CO stronger than low index single crystal Cu, but it also
produces sites that bind CO more weakly, with Cu (100) being
close to the arithmetic mean of the distribution of CO binding
energies. Importantly though, the 4-fold sites that bind CO
more weakly than Cu (100) also bind *OH more weakly,
preventing the pathway to formate from being more
thermodynamically feasible than the C1+ pathway. We note
here that it is unlikely that *OH actually binds to roughened
Cu under CO2RR conditions, as it would have a very strong
driving force to reduce to water; rather, ΔΩOH serves as a
descriptor for the formation of formate. Competition between
formate and the C1+ pathway highlight the success of tandem
catalysis:71−77 by utilizing a catalyst such as Ag which
selectively reduces CO2 to CO which then diffuses to Cu,
the formate pathway is partially eliminated.
Many of the sites that bind *CO more strongly than Cu

(100) are actually predicted to form formate, leading to a
potential new design principle for Cu sites that are active for
production of C2+ products. Our model suggests that while
most 4-fold hollow sites are active toward reduction beyond
CO, strongly undercoordinated 4-fold hollow sites will bind
*OH too strongly and prefer the formation of formate. Instead,
4-fold hollow sites with higher coordination than Cu (100) are
predicted to be more active to reduction beyond CO. Such a
site can be found for instance in the 4-fold hollow site on Cu
(310) below the step, though this type of site is not easily
captured by a single crystal model. Highly coordinated 4-fold
sites were also suggested to be active by a previous AIMD
investigation into OD-Cu.46 An alternative strategy to
enhancing representation of overcoordinated 4-fold hollow
sites might be by blocking the undercoordinated sites through,
e.g., Au or Pb underdeposition.78

In conclusion, we have investigated four types of roughened
Cu surfaces, each consisting of 106−107 atoms, with
approximately 10 times fewer surface sites, and at a scale of
100 nm with accuracy comparable to GGA-DFT. Each site was

categorized into one of four site types: atop, bridge, 3-fold
hollow, 4-fold hollow. We computed constant potential Cu
binding energies for each site using a local coordination
environment, benchmarked against GGA-DFT with very low
error. We then developed scaling relations to map these Cu
binding energies to adsorbates relevant for CO2RR, which
were fed into simple thermodynamic models of selectivity to
determine the role of roughening in enhancing selectivity to
C2+ products.
We find that single crystal models are insufficient to capture

the wide range of sites found on electrochemically roughened
Cu, with none of the facets tested coming close to matching
the width of the distribution of Cu binding energies found on,
e.g., OD-Cu. The distributions of individual adsorbate binding
energies were found to be much narrower but still far from the
single crystal approximation. The manner of surface rough-
ening was found to not significantly affect the width of the
distribution of Cu binding energies, though we found nitride
derived Cu to have a higher representation of (111) type sites.
Electrochemically roughened Cu surfaces such as OD-Cu
produce a diverse mix of 3-fold and 4-fold hollow sites, with
Cu (100) being near the arithmetic mean of the ΔΩCO
distribution, indicating the creation of both stronger and
weaker binding sites. In support of previous experimental and
theoretical literature, our model finds that square 4-fold sites
are the most likely to be active toward C2+ products, though
interestingly we find that the overcoordinated 4-fold hollow
sites are the most likely to be active as undercoordinated
hollows are found to prefer formation of formate. Avoiding the
competition with formate through tandem catalysis has been
demonstrated previously in the literature.
As a design principle our findings suggest enhancing the

representation of overcoordinated 4-fold hollow sites will lead
to improved selectivity to C2+ products and can be achieved in
one of two ways. First, the direct synthesis of a single crystal
facet which has overcoordinated 4-fold hollow sites as found
on Cu (511) or (310). However, likely surface reconstruction
as a result of applied bias, adsorbates, corrosion, or elevated Cu
mobility at room temperature will complicate experimental
realization of this strategy. Second, the blocking of under-
coordinated sites through, e.g., Ag or Pb underdeposition as
was done to demonstrate the activity of step sites in
dissociating N2 on Ru (0001).78 Clearly our proposed model
is an approximation, neglecting the important effects of strain,
transport, potential dependent surface energies, active site
dependent activation barriers, and mesoscale features such as
porosity and grains. Nevertheless it represents a significant step
forward in understanding how roughening enhances selectivity
to C2+ products during CO2RR on Cu.
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