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Stam, d Jan Rossmeisl, a Maŕıa Escudero-Escribano *aef and Paula Sebastián-
Pascual *a

Electrocatalytic reactions are sensitive to the catalyst surface structure. Therefore, finding methods to

determine active surface sites with different geometry is essential to address the structure–

electrocatalytic performance relationships. In this work, we propose a simple methodology to tune and

quantify the surface structure on copper catalysts. We tailor the distribution and ratio of facets on

copper by electrochemically oxidizing and reducing the surface in chloride-rich aqueous solutions. We

then address the formation of new facets with voltammetric lead (Pb) underpotential deposition (UPD).

We first record the voltammetric lead UPD on different single facets, which have intense peaks at

different potential values. We use this data to decouple each facet peak-contribution in the lead (Pb)

UPD curves of the tailored and multifaceted copper surfaces and determine the geometry of the active

sites. We combine experiments with density functional theory (DFT) calculations to assess the ligand

effect of chloride anions on the copper facet distribution during the surface oxidation/electrodeposition

treatment. Our experiments and Wulff constructions suggest that chloride preferentially adsorbs on the

(310) facet, reducing the number of (111) sites and inducing the growth of (310) or n(100) × (110)

domains. Our work provides a tool to correlate active sites with copper geometries, which is needed to

assess the structure–performance relationships in electrocatalysis. We also demonstrate an easy method

for selectively tailoring the facet distribution of copper, which is essential to design a well-defined

nanostructured catalyst.
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Introduction

Catalysis plays a key role in the transition toward a decarbon-
ized industry.1 Catalytic reactions occur at the active surface
sites via the formation of adsorbed intermediates. The binding
energies of these active sites vary with their geometric and
electronic structure. To rationally address catalytic performance
and tailor more active and selective surface structures it is
crucial to determine and quantify the active sites of the
synthesized nanocatalysts.2,3

Copper-based materials are promising catalysts for several
electrocatalytic reactions such as the conversion of carbon
dioxide (CO2) into valuable chemicals and fuels.4–6 In particular,
copper can efficiently convert CO2 into C2+ multicarbon prod-
ucts at room temperature and pressure.4,7–10 The work by Hori
and co-workers on well-dened extended single crystalline fac-
ets showed that both product selectivity and activity of the CO2

reduction depends on the geometry of the active surface sites.
The (111) sites enhance the production of methane whereas
(100) sites enhance the carbon–carbon (C–C) coupling reac-
tions, producing C2+ products.11–13 Remarkably n(100) × (110)
stepped surfaces, i.e., surfaces formed by (100) terraces with n
© 2024 The Author(s). Published by the Royal Society of Chemistry
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atomic rows separated by (110) atomic step sites, preferentially
produce ethanol, a highly valuable liquid fuel.12–14 Recent
studies, using in situ and operando techniques, have focused on
addressing which active sites at the catalyst surface promote the
conversion of CO2, under reaction conditions.15–17 Based on
these studies, researchers have applied different strategies in
order to tune and enhance the electrocatalytic performance of
copper, including surface nanostructuring and roughening,18–22

adding organic surface modiers7,23 and tuning the electrolyte–
surface interactions.24–26 Nevertheless, a recent study of the state
of the art of copper-based catalysts carried out by Christensen
et al.7 highlights that these strategies slightly change the
“intrinsic” activity of copper toward desirable products when
compared to some of the single facets from Hori and co-
workers.12 These studies show that, among other parameters,
the surface geometry could potentially control the catalytic
properties of copper.

The intrinsic performance of electrocatalysts is the current
density normalized by the number of active surface sites per
area of electrode, i.e., normalized by the electroactive surface
area (ECSA).27–29 Nanostructured catalysts, nanoparticles and
roughened surfaces typically display enhanced current densi-
ties due to their high ECSA as well as a high presence of grain
boundaries and undercoordinated sites. Reporting the intrinsic
activity of synthetized nanostructures is key because it decou-
ples the effects of having large ECSA in the measured current
densities, and gives direct information on how the active sites
structure inuence the electrocatalysis.30,31 Thus, we nd it
essential to develop quantitative methods to electrochemically
determine both the catalyst ECSA and the geometry of the
different active sites on copper, to address how the catalyst
surface structure affects performance. Traditionally, the deter-
mination of the surface structure and single facets on well-
dened nanocatalysts has been performed combining cyclic
voltammetry32,33 with scanning probe microscopy and electron
microscopy to assess the surface at the atomic or nanoscale
level.34,35 Blank cyclic voltammograms give valuable structural
information of the entire electrode surface, by measuring the
changes in interfacial charge originated from electrolyte
adsorption/desorption, surface reconstruction or electric
double layer charge/and discharge. These interfacial processes
give voltammetric features which both shape and potential
value depend on the facet orientation, thereby allowing to
decouple the different facet-contributions on polycrystalline
surfaces and providing the voltammetric ngerprint of the
catalyst.33,36–39

In our previous publication, we showed that lead (Pb)
underpotential deposition (UPD) on copper is a valuable
method to address the surface structure of multifaceted copper
surfaces.40 With the Pb UPD method, we measure with cyclic
voltammetry (CV) the reversible deposition/oxidation of a sub-
monolayer of lead on copper, at potentials prior to the ther-
modynamic bulk deposition of lead on Cu, which is ca. −0.5 V
vs. SCE for Pb2+ concentrations of 1 mM.41 Previously, Brisard
et al. characterized the lead UPD on Cu(111) and Cu(100) single
facets, which displayed sharp peaks with different potential
values.41,42More recently, Hochlzer et al. have reported the lead
© 2024 The Author(s). Published by the Royal Society of Chemistry
UPD CVs on the Cu basal planes in alkaline media, which also
displayed intense and structure sensitive features.43 The overall
reaction (Pb2+ + 2e− / Pb*) involves the transfer of two elec-
trons, with a lead coverage around 0.5 according to works from
Brisard et al.41,42 In our previous work we also showed that the
shape, intensity and peak distribution in the lead UPD curves
are highly sensitive to any change produced on the copper
surface and induced by different electrochemical treat-
ments.40,43 In other words, lead UPD allows us to estimate the
contribution of different facets or crystallographic domains by
decoupling peaks in the cyclic voltammogram.40

In this study, we propose a simple methodology to estimate
the number and geometric structure of active surface sites on
copper catalysts. We combine Pb UPD voltammetric experi-
ments on copper single facets, density functional theory (DFT)
modelling and ex situ surface-sensitive X-ray photoelectron
spectroscopy (XPS) and scanning electron microscopy (SEM)
characterization, to address the formation of facets on copper in
chloride media. Previous works have reported that chloride
adsorption induces the growth of (100) facets on copper.44–46 To
address the formation of (100) domains we have compared our
reconstructed copper surfaces in chloride media with the basal
planes Cu(111), Cu(100), and Cu(110) following a similar
strategy to the one we used in our previous work40 and in the
work described by Hochlzer et al.43 In addition, we have also
investigated the Cu(310) stepped surface for two reasons: (i)
(310) is a special facet highly selective to the production of
ethanol and ethylene. Thus, determining the presence of active
sites with this geometry is key to address the catalytic perfor-
mance on copper catalysts;12,47 (ii) The electrochemical behav-
iour of shaped nanostructures approaches more to stepped
surfaces than to the basal planes, as stepped surfaces have lowly
coordinated step sites. Cu(310) is a 2(100) × (110) surface,
meaning that it contains (100) terraces formed by two rows of
atoms separated by atomic steps with (110) geometry.22,48

To change the facet distribution on a polycrystalline
extended copper surface, we continuously oxidized and reduced
the surface in 0.1 M NaCl solution. In this treatment, we linearly
scan the applied potential from a cathodic value in which
copper remains reduced, to an anodic value in which copper is
oxidized, and to the lower potential limit (−1.0 V vs. SCE) for the
re-deposition of copper. The number of formed facets is
controlled by adjusting the anodic or oxidation potential (1.0,
1.3, 1.6 and 2.0 V vs. SCE). Then, we use the lead UPD technique
to quantitatively address the formation or elimination of facets
on copper. We use the experiments on single facets as a refer-
ence to decouple the peak contributions in the lead UPD of the
tailored polycrystalline copper surface. Finally, using DFT
calculations, we rationally explain the ligand effect of chloride
anions on the copper facet redistribution process, based on the
energetics of chloride adsorption onto the different facets and
surface stabilization energies.44,49 Our work presents a new and
simple methodology to characterize copper surface structures
and evaluate the effect of ligand and capping agents in elec-
trochemical synthesis, relevant to further establish new routes
for the preparation of well-dened nanocatalysts.
Chem. Sci., 2024, 15, 1714–1725 | 1715
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Experimental
Electrochemical measurements and surface pre-treatment

All electrochemical experiments were performed in a classical
three-electrode cell conguration using a glass cell with four
entries and a lugging capillary for the reference electrode. The
reference electrode was, in all cases, a saturated calomel elec-
trode (SCE). The counter electrode was a Cu wire. The Cu wire
was cleaned by submerging it in a 1 : 1 volumetric solution of
Milli-Q water and nitric acid, followed by rinsing with Milli-Q
water. The working electrode was either a Cu single crystal,
Cu(hkl) or a Cu polycrystalline, Cu(poly), purchased from
MaTecK Company. All experiments have been performed
keeping the working electrode in the hanging meniscus
conguration and under argon atmosphere.

Before carrying out the electrochemical experiments, the
Cu(poly) surface was mechanically polished three times, using
a suspension of alpha alumina particles with a diameter of 1
mm, 0.3 mm, and 0.05 mm, respectively. Once the Cu(poly) was
polished to a mirror-like surface, it was sonicated in Milli-Q
water ve times for 60 seconds. Aerwards, the working
electrode was electropolished in a two-electrode cell contain-
ing a 10 phosphoric acid: 3 sulphuric acid: 1 Milli-Q water
volume ratio solution. Then, we applied a constant potential
difference (DE) of 1.8 V between the Cu(poly) (anode) and
a copper wire (cathode). Finally, the electropolished Cu(poly)
was rinsed with Milli-Q water to remove the excess of acid, and
we transferred it to the electrochemical cell. The single crys-
talline electrodes, Cu(hkl), were only electropolished for 30
seconds by applying a DE of 1.6 V. All electrochemical exper-
iments have been recorded using a VSP-300 biologic
multipotentiostat.

Before all the experiments, the glassware and glass cell were
kept overnight in a 1 L saturated solution of KMnO4 plus
a few mL of H2SO4 to oxidize all organic pollutants. Then, the
glassware was rinsed with a diluted solution of H2O2 + H2SO4, to
dissolve the MnO2 waste, and was boiled two to three times in
Milli-Q water.
Modication of the facet distribution on Cu using 0.1 M NaCl
solution

The electrochemical copper re-faceting was performed in an
electrolyte of 0.1 M NaCl. We cycled the electrode at 500 mV
s−1 between −1.0 V vs. SCE, where copper remains reduced, to
different anodic or oxidation potentials (Eox = 1 V, 1.3 V, 1.6 V
or 2 V vs. SCE) where copper is oxidized. The potential cycling
was stopped at the reduction potential of −1.0 V vs. SCE. Aer
cycling the electrode in 0.1 M NaCl, the electrode was
consecutively cycled in the potential region prior to the
oxidation of copper and with a scan rate of 500 mV s−1 to
remove traces of copper chloride or copper oxide passivating
the surface (Fig. S1†). This step was performed, both in the
NaCl solution (between −0.4 V and −0.2 V vs. SCE) and in the
solution containing lead (between −0.4 V and −0.2 V vs. SCE).
Reproducible lead UPD CVs were obtained on each copper
surface (Fig. S2†).
1716 | Chem. Sci., 2024, 15, 1714–1725
Determination of the electroactive surface area and
distribution of facets by lead UPD

The CVs of the lead UPD on copper were performed at a pH of
ca. 3 using an electrolyte solution of 0.1 M of KClO4 (99.95%,
Sigma-Aldrich Merck) + 2 mM of NaCl (99.9% Sigma-Aldrich
Merck) + 2 mM of Pb(ClO4)2$(H2O) (99.995%, Sigma-Aldrich
Merck) + 1 mM HClO4 (70%, Sigma Aldrich Merck, Supra-
pur®). The cyclic voltammograms were performed between
−0.4 V and −0.2 V vs. SCE with a scan rate of 5 mV s−1.

The estimation of the electrochemically active surface area
(ECSA) and the determination of different facets on the investi-
gated surfaces relied on the integration of charge involved in the
cathodic curve of the lead UPD CVs. The curves and peaks in the
lead UPDs CVs were tted to a Gaussian mathematical function
using Origin soware, to determine the distribution of facets on
the different surfaces. We used the peak-potential values in the
lead UPD CVs recorded on Cu single facets, to assess the facet
distributionmodication on the NaCl-treated copper surfaces. We
integrated the charge under the cathodic curves of the lead UPD
CVs on Cu single facets and on the Cu(poly) at extended surfaces,
with roughness factor 1, and used the obtained value on Cu(poly)
to calculate the increase in ECSA of the NaCl-treated copper
surfaces by using the following relation: RFNaCl-Cu = Qlead UPD, NaCl-

Cu/Qlead UPD, Cu(poly), where RFNaCl-Cu is the roughness factor of the
NaCl-treated Cu sufaces, and Qlead UPD, NaCl-Cu and Qlead UPD, Cu(poly)

corresponds to the integrated cathodic charge in the lead UPDCVs
on the NaCl-treated samples and on the Cu(poly) (mC cm−2).
Morphology analysis

Before the ex situ morphological characterization using scan-
ning electron microscopy, the NaCl-treated copper samples
were cycled in 0.1 M NaCl solution several times at 500 mV s−1

in the potential region prior to the oxidation of copper (between
−0.3 V and 0.2 V vs. SCE), until a constant CV was obtained.
Then, the samples were cleaned with abundant Milli-Q water.
The morphology of the NaCl-treated samples was analysed
using a scanning electron microscope at the University of
Copenhagen JEOL 7800 F prime at a low voltage of 2 keV. The
Cu(poly) at surface was analysed using the high-resolution
Zeiss Gemini 500 eld emission scanning electron microscope
at Topse A/S. An Inlens and SE2 detector were used at low
voltage (2 keV) to take high resolution images with the FE-SEM.
X-ray photoelectron spectroscopy (XPS) analysis

All XPS measurements were conducted by a Theta Probe
instrument (Thermo Scientic) using an Al anode X-ray source
(Ka line = 1486.6 eV). The XPS chamber's base pressure was
<5.0× 10−8 mbar. The X-ray beam size was 400 mm and the pass
energy 100 eV. A depth analysis was conducted by sputtering the
samples (4 kV and 1.0 mA) with N6 Ar (1.1 × 10−7 mbar) for
a total of 30 seconds, 10 seconds per level. The spectra were
recorded on each level, being level 0 without sputtering. Aer
the survey scans, C 1s, O 1s, Cu 2p and Cl 2p peaks were
measured in steps of 0.1 eV. Thermo Avantage Soware was
used to carry out the data analysis. Shirley type background was
© 2024 The Author(s). Published by the Royal Society of Chemistry
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used for all instances. All peaks were tted with a Gaussian–
Lorentzian mix GL(100) shape with full width half maximum
(FWHM) t parameter below 3.5 eV. The survey spectra are
represented in the ESI, Fig. S4.† Additionally, broad overview
spectra surveys at 1 eV steps were obtained to identify potential
sources of contamination.
Computational modelling and Wulff constructions

Density functional theory (DFT) with the BEEF-vdW exchange
correlation functional50 was used to rst model chloride ion
adsorption on the (111), (100), (110) and (310) copper facets and
then, to calculate surface tensions of the chlorine covered
copper facets. The surface cells used to model the four copper
facets are depicted with varying coverages of adsorbed Cl* in the
ESI, Fig. S9–S12.† The simulations were done in the GPAW DFT
environment51 using a plane-wave basis with a cut-off of 600 eV,
k-point sampling of 4 × 4 × 1, and copper slabs with at least six
atomic layers. The simulated structures were relaxed to
a maximum force of under 0.03 eV Å−1.

In order to include chloride ion adsorption in the copper
surface tensions (g), we add the bare copper surface energies
(gCu) and the total Gibbs free energy stabilization from
adsorbing n Cl− ions on the surfaces (DGnCl = Gslab+nCl* − Gslab

− nGCl−) divided by the surface area (A) (eqn (1)).

g ¼ gCu þ
DGnCl

A
¼ gCu þ

GslabþnCl* � Gslab � nGCl�

A
(1)

The free energies of copper slabs (Gslab) and copper slabs
with n adsorbed Cl* atoms (Gslab+nCl*) are given by the DFT
energies adjusted by the congurational entropy, zero-point
energy, heating, and vibrational entropy of *Cl species. Ions
present unnecessary computational difficulties, so GCl− is ob-
tained by calculating 1

2Cl2(g) instead of Cl−(aq) and adjusting
the Cl2(g) Gibbs free energy (GCl2) by how far the potential is
from the 1

2Cl2(g) + e
−# Cl− equilibrium potential (eqn (2)). This

follows the computational hydrogen electrode approach.52

GCl� ¼ GCl2

2
þ eðUvs SHE � 1:36 VÞ þ kBT lnð0:1Þ (2)

The equilibrium potential of 1
2Cl2(g) + e− # Cl− is the stan-

dard electrode potential of the reaction (1.36 V vs. SHE)53 adjusted
by kBT ln(0.1) to account for the 0.1 M Cl− ion concentration used
in the experiments.GCl2 is given by the calculated DFT energy and
zero point energy of Cl2(g) and the tabulated entropy and heating
of Cl2(g).54 In themodelling, we set Uvs. SCE= Uvs. SHE− 0.248 V, to
convert between reference potentials. Solvation effects from the
electrolyte are not included in our study. Additional computa-
tional details are included in the ESI.†

The obtained surface tensions are used in Wulff construc-
tions with “WulffPack – a package for Wulff constructions”.55
Results and discussion

We start assessing the lead UPD on different copper single-
crystalline electrodes to identify the potential range at which
© 2024 The Author(s). Published by the Royal Society of Chemistry
lead adsorbs and desorbs in each single facet. Fig. 1 shows the
lead UPD on Cu(111), Cu(100), Cu(110) and Cu(310) planes. All
the lead UPD analysis in this work has been performed at 5 mV
s−1 and in 0.1 M KClO4 + 1mMNaCl + 2 mM Pb(ClO4)2 solution,
at pH 3, following our previous work.40 We added chloride to the
solution containing lead because chloride enhances the lead
UPD kinetics, which results in sharp, intense and decoupled
peak in the CV of each single facet, a phenomenon previously
reported by Brisard et al.41,42 Each single-facet in Fig. 1 has well-
dened features located at different potential values. The peaks
recorded in the cathodic or negative scan are sharper than the
counter peaks in the anodic scan which are broader and non-
symmetric. In Table S1† we have added the potential values of
the cathodic peaks in each single facet.

The cathodic scan in Fig. 1A shows that Cu(111) (red area)
has one single peak at −0.305 V vs. SCE. In contrast, Cu(110)
(green area) displays two main peaks (−0.278 V and−0.318 V vs.
SCE). The lead UPD CV on Cu(310) (orange area) only displays
a single intense feature at−0.340 V. Cu(100) (blue area) displays
one main feature at −0.362 V, and a tiny peak at −0.330 V. We
ascribe the latter peak to the presence of (310) sites, or short
(100) domains disrupted by defect sites, as it appears in the
potential region of the Cu(310). Although the electropolishing
induces defect sites,56–58 Brisard et al. showed that electro-
polished copper provide lead UPD curves that are essentially
like those recorded on Cu surfaces treated in ultrahigh vacuum
(UHV) conditions, and only causes a slight broadening of the
peaks, due to the smaller length of the terraces.37,41,42,56 This
result shows that the cyclic voltammetry is a useful method to
assess the preferential orientation of the surface. It is important
to remark that Hochlzer et al.43 have also reported the lead
UPD CVs on Cu(111), Cu(100) and Cu(110) in 0.1 M KOHmedia,
observing that the (100) cathodic peak is shied to lower
potential values than the (110) and the (111) peaks. This peak
shi was ascribed to the adsorption of OH groups on Cu which
controls the potential window at which Pb UPD occurs on each
facet. Our experiments in Fig. 1A are consistent with the results
obtained by Hochlzer et al.43 However, the shape of the CVs in
our investigation varies a little bit due to the difference in
electrolyte pH and the effect of chloride adsorption on the Pb
UPD. Our results, as well as previous works40–43 show that lead
UPD on Cu is both structure and electrolyte sensitive and
provides a distinguishable voltammetric ngerprint of each
single facet. We have integrated the charge under the lead UPD
cathodic curves, obtaining values between 316.0 ± 0.4 mC cm−2

for the Cu(310) and 375 ± 19 mC cm−2 for Cu(100) (Table S2†),
which are consistent with the charges reported in literature for
the lead UPD onto at and well-dened copper surfaces.41,42

Fig. 1B shows the lead UPD of a Cu polycrystalline electrode,
Cu(poly). The lead UPD on Cu(poly) contains several single-facet
peaks, that we decouple using mathematical Gaussian func-
tions, following a similar procedure to the one reported in
ref. 32. To do the peak decoupling, we use the peak potential of
the single facets as a reference. Table S3 and Fig. S3† contain all
the details regarding the peak deconvolution of the lead UPD on
Cu surfaces, such as peak potential, fraction area and half-
width. The integrated cathodic charge on Cu(poly) (Table S2†)
Chem. Sci., 2024, 15, 1714–1725 | 1717
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Fig. 1 Lead UPD CVs recorded on a series of Cu surfaces, at 5 mV s−1. (A) On Cu single facets. (B) On a Cu(poly) surface pretreated using
electropolishing technique. (C) On a Cu(poly) surface that was restructured in a 0.1 M NaCl solution at 2 V vs. SCE. In (B) and (C) the cathodic
curve is deconvoluted in different peak or facet contributions. The dashed lines indicate the position of the (111), (310) and (100) peaks. On the
right side, we have added atomic representations of the (111), (100), (110) basal planes as well as the (310) stepped surface.
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was 367 ± 25 mC cm−2, similar to the one on Cu single facets,
conrming that the Cu(poly) is at and has a roughness factor
near to 1. Themost prominent peak in the lead UPD on Cu(poly)
(red peak, Fig. 1B) perfectly aligns with the Cu(111) peak in
Fig. 1A (indicated by the dashed lines), showing that large (111)
domains exist on Cu(poly). The integrated charge or fraction
area of this facet-peak is 59%. Interestingly, Fig. 1B shows a tiny
1718 | Chem. Sci., 2024, 15, 1714–1725
peak at −0.330 V with a fraction area of 19%, suggesting the
presence of n(100) × (110) or (310) domains in the Cu(poly).
Additionally, there is a second (green) and fourth (blue) peak in
Fig. 1B, which are close but do not align with the Cu(100) and
Cu(110) features in Fig. 1A, a fact that we ascribe to these peaks
being related to short terrace-domains or stepped and defect
sites.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Aer assessing the voltammetric ngerprint of the Cu(poly)
surface, we brought the electrode to a cell containing 0.1 M
NaCl solution. Then, we applied two consecutive oxidation and
reduction cycles at 500 mV s−1 from −1.0 V (Cu remains
metallic), to 2.0 V (copper is oxidized), and to −1.0 V (copper is
re-deposited). The aim of this experiment is to assess the ligand
effect of the chloride anion in the copper nucleation and growth
when it is re-deposited at −1.0 V. Aer that, we performed lead
UPD on the re-faceted Cu(poly); the CV results are shown in
Fig. 1C. The lead UPD in the chloride re-faceted Cu surface
shows a different distribution and peak intensity compared to
Cu(poly). The most noticeable changes are that the fraction area
of the (111) peak (red peak) has been reduced from 59% to 13%.
In contrast, the fraction area of the orange peak in the Cu(poly),
which aligns with the Cu(310) single facet in potential, has
increased from 19% to a 59% (Fig. 1C). This result strongly
suggests that chloride induces the formation of (310) domains
on Cu, which is the dominant facet in the NaCl-treated Cu
surfaces. Fig. 1C also displays other minor peak contributions,
particularly near to the (111) region, which we ascribe to an
effect of decreasing the amount of (111) terraces by the
oxidation/reduction treatment with chloride anions. The inte-
grated charge under the cathodic curve is 435 ± 70 mC cm−2
Fig. 2 Lead UPD CVs on restructured Cu surfaces at 5 mV s−1. The Cu s
three cycles at 500mV s−1 between−1 V vs. SCE and at different oxidation
Top panels show the lead UPD CVs of each restructured Cu surface. B
curves. The arrows indicate the percentage of integrated area that corre

© 2024 The Author(s). Published by the Royal Society of Chemistry
(Table S1†), corresponding to only a slight increase of the
surface roughness factor of 1.2 compared with the Cu(poly).
This result suggests that the electrochemical treatment in 0.1 M
NaCl solution primarily induces surface reconstruction and
slightly increase the roughness of the surface.

The UPD CVs that we obtain are stable and reproducible.
Previous works have shown that lead can induce changes in the
atomic structure or form an alloy with the single facets.42,59,60

These phenomena could also explain the low symmetry of the
cathodic and anodic scans in the lead UPD CVs. We have carried
out consecutive cycles of the lead UPD on the different single
and multi-faceted surfaces (Fig. S2†) and we do not observe
signicant changes of the voltammetric shape during consec-
utive scans. The lead UPD CVs display an electrochemical
behaviour which is unique and characteristic for each orienta-
tion, suggesting that the interaction and adsorption of lead
on copper is structure sensitive or depending on the orienta-
tion. This unique behaviour for each surface allows us to use
lead to characterize the structure of the different copper
surfaces by recording its lead UPD voltammetric ngerprint
(Fig. 1 and S2†).

To better assess the capping or ligand role of chloride
anions, we have evaluated the effect of applying different
urfaces have been restructured in a solution of 0.1 M NaCl performing
s potential limits. (A) 1.0 V vs. SCE, (B) 1.3 V vs. SCE and (C) 1.6 V vs. SCE.
ottom panels show the peaks or facet deconvolution of the cathodic
sponds to (310) or (111) facets.
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oxidation potentials in the formation of new facets on Cu in
0.1 M NaCl. We apply three different oxidation potentials: 1.0 V
in Fig. 2A, 1.3 V in Fig. 2B, and 1.6 V in Fig. 2C. In all the
experiments, the applied reductive potential is the same (−1.0 V
vs. SCE). The aim of this experiment is to monitor and control
the growth and number of new facets on Cu. The top panels in
Fig. 2A–C show the lead UPD curves on the NaCl-treated Cu
surfaces at the three different oxidative potentials (1.0, 1.3 and
1.6 V vs. SCE), overlapped with the lead UPD of the original
Cu(poly) (dashed line). Fig. 2 clearly shows that the higher the
applied oxidation potential is, the higher the transformation
induced by chloride anions is on the Cu(poly). In particular, we
Fig. 3 Left side) Lead UPD CVs on Cu and Right side) Scanning electron
technique. (B) Cu(poly) restructured in a 0.1 M NaCl solution at 1.6 V vs.

1720 | Chem. Sci., 2024, 15, 1714–1725
observe a progressive decrease of the (111) peak at ca. −0.305 V
vs. SCE, whereas the (310) feature at ca. −0.340 V vs. SCE
progressively increases upon increasing the oxidation potential.
The bottom panels of Fig. 2A–C show the peak deconvolution of
the Cu(poly) reconstructed in NaCl at the three different
oxidation potentials (Eox). The fraction area of the (111) peak
(red area) decreases from 59% in Cu(poly) (Fig. 1B) to 53% at Eox
= 1.0 V, to 45% at Eox = 1.3 V and to 33% at Eox = 1.6 V. In
contrast, the fraction area of the (310) peak (orange area)
increases from 19% in Cu(poly) to 27% at Eox = 1.0 V, to 34% at
Eox = 1.3 V, to 45% at Eox = 1.6 V. This result suggests that
chloride mainly reduces the large (111) terrace-domains in the
microscopy images of: (A) a Cu(poly) pretreated using electropolishing
SCE (C) Cu(poly) restructured in a 0.1 M NaCl solution at 2 V vs. SCE.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Cu(poly) and promotes the formation of (310) or n(100) × (110)
domains. We note that there are little variations in the wideness
and potential of the peaks (Table S3†), a fact that we relate to
a modication in the terrace length induced by the aggressive
treatment in 0.1 M NaCl.32 To better estimate the (310)/(111)
domain ratio in each surface modication one could multiply
the fraction area (310)/fraction area (111) ratio by a factor of 1.1.
The value of 1.1 is obtained by dividing the cathodic charge
value of the (111) facet (350 mC cm−2, Table S2†) by the cathodic
charge value of the (310) facet (316 mC cm−2, Table S2†). In other
words, the factor of 1.1 takes into account that the (310) facet is
a more open structure than the (111) structure. Thus, we
observe a change in the (310)/(111) ratio of approximately 0.6 in
Fig. 3A, 0.8 in Fig. 2B, and 1.5 in Fig. 2C.

Aer evaluating the effect of chloride in the formation of new
(310) facets by combining voltammetric lead UPD, we have
performed ex situ surface characterization of our re-constructed
copper samples. Fig. 3 shows the lead UPD CVs as well as the
corresponding SEM image of the Cu(poly) pretreated under
different conditions. Fig. 3A shows the results on the electro-
polished Cu(poly). The SEM image does not show any features
and appears relatively at compared to the other samples (e.g.
Fig. 2B and C). Fig. S4† shows the SEM image of the same
Cu(poly) at a higher magnication (a scale bar of 300 nm), and
although no SEM surface roughness measurements were ob-
tained it does appear that that the Cu(poly) has a at surface.
Fig. 3B shows the results on the Cu(poly) that has been recon-
structed in 0.1 M NaCl by applying an oxidation potential of
1.6 V. Although at this potential the lead UPD CV shows
a prominent (310) peak, the voltammetric features in the (111)
voltammetric region have not been completely suppressed. The
SEM image in Fig. 3B and S4† shows the presence of motifs,
some of them with square shape, which suggest the presence of
(100) sites.14 Fig. 3C shows the surface reconstruction treatment
at 2.0 V in NaCl, in which the features in the voltammetric (111)
region has been almost suppressed. Interestingly, the SEM
shows that the surface morphology has evolved from the motifs
in Fig. 3B, to highly stepped features, larger than 1 mm, and with
the shape of truncated tetragonal pyramids. This morphology is
observed in large areas of the electrode, as displayed in
Fig. S4C,† and remains unchanged aer carrying out the lead
UPD. In other words, the lead UPD does not modify the
chloride-induced surface morphology on copper at the nano-
scale. The SEM analysis shows that our proposed treatment with
chloride forms a well-denedmorphology with shaped features.
This result is in line with the voltammetric lead UPD analysis
which suggests the formation of Cu surfaces with high exposure
of (310) or n(100) × (110) domains. The large size of the
features, sometimes larger than 1 mm, could explain the low
increase in roughness that we have measured with lead UPD.

The XPS spectrum of a Cu surface treated in 0.1 M NaCl
solution at 2.0 V vs. SCE was taken to assess the surface
chemical composition. Details on the XPS measurements are in
the experimental section and in the ESI of this work in Fig. S5
and S6.† Fig. S5† displays the XPS survey of the sample. No
chloride was detected before applying the sputtering treatment
and only oxygen and copper were detectable on the surface. The
© 2024 The Author(s). Published by the Royal Society of Chemistry
presence of copper oxide was ascribed to exposure of the sample
to air and cleaning with Milli-Q water. However, the atomic
percentage of oxygen rapidly decreases aer a few sputtering
cycles, while the atomic percentage of copper increases,
which suggests a core of metallic copper (see details in Fig. S7
and S8†).

To further understand the effect of chloride anions on the
copper re-faceting, we have studied chloride ion adsorption on
the (111), (100), (110) and (310) copper facets with DFT assuming
0.1M concentration of Cl− in the electrolyte. Fig. 4A showsDGnCl/
A (eqn (1)) for the four facets as a function of Cl* coverage and at
two different potentials. At a given potential, theminimum of the
DGnCl/A curve both species the preferred Cl* coverage and the
stabilization of the surface tension from Cl* adsorption. The
chloride ion adsorption energies contain an explicit dependence
on the potential (Uvs. SHE in eqn (2)), which means that both the
Cl* coverage and the surface tension stabilization increase with
potential. For instance, at −0.4 V vs. SCE the (310) facet contain
0.05 Cl* species per Å2, which stabilizes the surface tension by
−0.012 eV Å−2 whereas at 0.5 V the (310) facet contains 0.09 Cl*
species per Å2, which stabilizes the surface tension by −0.073 eV
Å−2. It has been experimentally observed that the chloride
adsorption reactivity increases for less close-packed facets in the
following order; Cu(111) < Cu(100) < Cu(110).61 We nd the same
reactivity relationship in Fig. 4A, where the (110) line is mostly
below the (100) and (111) lines. Furthermore, we nd that the
Cu(310) facet is the most reactive towards chloride adsorption at
most Cl* coverages, which ts with Cu(310) being the least close-
packed of the four facets.

The facet- and potential-dependent copper surface tensions
(including stabilization from chloride anion adsorption, i.e. g in
eqn (1)) are shown in Fig. 4B. At low potentials (below −0.6 V vs.
SCE), where the facets contain none or very little Cl* coverage,
the surface tensions have the following order (111) < (100) < (110)
< (310). The same order has been found in previous studies,62,63

however, the exact bare copper surface energies seem to depend
on DFT functional. At high potentials, the (310) facet is signi-
cantly more stabilized than the other facets resulting in (310)
becoming the most stable facet above 0.5 V vs. SCE.

The Cl* coverages that correspond to the most stable DGnCl/A
at different potentials are shown in Fig. 4C. Importantly, at high
potential, the (310) facet contain the highest Cl* coverage of the
investigated facets and will therefore experience the most
surface tension stabilization from chloride anion adsorption.
The high concentration of Cl* on (310) facets is due to (310)
having shelfs of (100) surface at an angle to the surface plane.
The simulated Cl* coverages can unfortunately only be changed
in stepwise fashion (rather than continuously), since the
computational surface cells have to contain an integer number
of Cl atoms. This is likely the reason for the pronounced step-
wise nature of the Cl* coverage increase, which should therefore
be considered an artefact of the simulations.

We are aware that copper dissolution is signicant above
∼0 V vs. SCE;64 however, as long as metallic copper remains, it
seems reasonable that the facet distribution of the copper metal
will be inuenced by the stability of the Cl* covered facets. We
have therefore used the surface tensions in Fig. 4C, to make
Chem. Sci., 2024, 15, 1714–1725 | 1721
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Fig. 4 (A) Total Gibbs free energy stabilization per area (DGnCl/A) from
chloride anion adsorption on the (111), (100), (110), and (310) facet as
a function of Cl* coverage at −0.4 V vs. SCE and at 0.5 V vs. SCE. (B)
Facet-dependent surface tensions (including stabilization from chlo-
ride anion adsorption) as a function of potential. (C) Facet-dependent
Cl* coverages corresponding to the most stable DGnCl/A as a function
of potential.
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Wulff constructions, which we believe are representative for
polycrystalline copper surfaces with bead geometry in 0.1 M
NaCl electrolyte at different applied potentials. The Wulff
constructions for−0.8, −0.33, 0.13, and 0.6 V vs. SCE are shown
1722 | Chem. Sci., 2024, 15, 1714–1725
in Fig. 5. At −0.8 V vs. SCE none of the facets contain any
adsorbed Cl* species and crystals are dominated by (111) and to
a lesser extend (100) facets. This facet distribution only changes
a little with potential, until 0.6 V vs. SCE, where the (310) facet is
most stable and now dominates the facet distribution. At high
applied potentials, the generated Wulff construction develop
tetrahexahedron nanostructures, where four (310) surfaces
meet to form a square pyramid on each side of the crystal.
Interestingly, these tetrahexaedron shapes resemble the
morphology displayed in the SEM image of Fig. 3C and S4C,†
which show that the NaCl-treated Cu surface contain multiple
stepped and truncated square pyramids.

We remark that, experimentally, we apply potentials more
positive than 0.60 V vs. SCE to change the facet distribution on
Cu due to several reasons: (i) simulations are made on a Cu(p-
oly) bead in which the equilibrium condition at a certain
potential is reached. (ii) In our experiments, we apply oxidation/
reduction potential cycles at a very fast scan rate of 500 mV s−1

and therefore this equilibrium condition is not necessarily
reached. Facet distribution is dependent on experimental
parameters such as scan rate or number of cycles. The experi-
mental conditions of this work, i.e., scan rate of 500 mV s−1 and
two potential cycles, were selected aiming to carry out
controlled tuning of the facet distribution (Fig. 2).

Previous works have conrmed that chloride induces the
formation of cubic nano features with exposed (100) facets on
the surface.44–46,65–67 In our work we go a step forward and
suggest that chloride specically induces the formation of
n(100) × (110) or (310) sites. We suggest that the formation of
n(100) × (110) sites induced by chloride during the electro-
chemical treatment may play a key role in the conversion of the
CO2 to alcohols and not only to ethylene.13 We stress that future
works should aim to address the changes in product selectivity
with the degree of surface reconstruction induced by chloride
on copper. Moreover, experiments performed with operando
scanning probe microscopy20 and operando grazing incidence X-
ray diffraction (GIXRD)68 will shed lights on the changes in
structure and defects induced by chloride and the stability of
these surfaces during the electrocatalysis. We also highlight
that future research should be performed to evaluate the effect
of other anions and halides on the facet distribution of copper.
As copper oxidizes easily, the chemical synthesis of well-dened
nanocatalysts is usually performed in organic or anhydrous
solvents.69,70 The strategies presented in this work open the
possibility of selectively tailoring copper surfaces with well-
dened distribution of facets by using electrochemical
methods and halide-rich aqueous solutions.

Although we show that lead UPD is a valuable technique to
determine preferential orientations on copper, the method still
requires further improvements, specially to capture and charac-
terize the presence of small domains and defects. Due to the
impact of defect sites in electrocatalysis,44 we encourage to
perform experiments on a wide range of stepped surfaces.
Experiments on stepped surfaces will give information on how
the lead adsorption/desorption changes when the terrace length
decreases and the density of steps increases. This study will be
crucial to elucidate the amount of defects as well as their
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Wulff constructions for copper particles in 0.1 M NaCl electrolyte at −0.8, −0.33, 0.13, and 0.6 V vs. SCE.
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geometry in nanostructured surfaces. We also believe that these
additional experiments will provide better simulations or e.g. an
electrochemical isotherm71 that describes the lead adsorption
desorption on different copper surfaces with variable complexity.
Conclusions

In this work, we have shown that voltammetric lead UPD is
a valuable tool to characterize and determine the distribution of
single facet-domains in multifaceted copper surfaces. We show
that lead UPD provides sharp, intense, and distinguishable vol-
tammetric features on copper single crystalline electrodes. The
characteristic lead UPD prole of the single facets can be used to
decouple the formation of new facets in copper surfaces that
have been electrochemically re-constructed in NaCl solution. We
experimentally show the capping effect of the chloride anion,
which induces the formation of shape stepped square pyramids
with exposed (310) facets on copper. These results are supported
by DFT calculations on modelling the chloride adsorption and
Wulff constructions. Finally, we show that we can easily tune the
(310)/(111) ratio using chloride anions, by simply adjusting
experimental parameters during the electrochemical deposition,
such as applied oxidation potential, number of cycles and scan
rate, as shown in the recorded lead UPD CVs. Our work also
opens new opportunities to selectively tailor the facet distribu-
tion on copper via electroplating techniques in halide-rich
aqueous solutions. We believe that the methods reported in
this work, which are accessible to most electrochemistry labo-
ratories, will be key to electrochemically synthesize well-dened
catalysts, and addressing the intrinsic electrocatalytic proper-
ties of a broad range of copper-based materials.
Data availability

The DFT calculations, atomic structures, and python scripts for
the Wulff constructions can be accessed online at: https://
nano.ku.dk/english/research/theoretical-electrocatalysis/
katladb/copper-with-chloride.
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B. S. Jayathilake, F. Jiao, Z. P. Jovanov, P. Karimi,
M. T. M. Koper, K. Kuhl, W. H. Lee, Z. Liang, X. Liu, S. Ma,
M. Ma, H.-S. Oh, M. Robert, B. R. Cuenya, J. Rossmeisl,
C. Roy, M. P. Ryan, E. H. Sargent, P. Sebastián-Pascual,
B. Seger, L. Steier, P. Strasser, A. S. Varela, R. E. Vos,
X. Wang, B. Xu, H. Yadegari and Y. Zhou, J. Phys. Energy,
2022, 4, 042003.

6 Y. Hori, inModern Aspects of Electrochemistry no. 42, Springer,
2017, vol. 91, pp. 399–404.

7 O. Christensen, S. Zhao, Z. Sun, A. Bagger, J. V. Lauritsen,
S. U. Pedersen, K. Daasbjerg and J. Rossmeisl, ACS Catal.,
2022, 12, 15737–15749.

8 Y. Zhou, A. J. Mart́ın, F. Dattila, S. Xi, N. López, J. Pérez-
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