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Surface Nanostructuring of Copper Using Fluoride and

Chloride
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Copper is an active electrocatalyst for various energy conversion
reactions, but its performance depends on the structure of the
active surface sites. In this work, we propose a simple strategy
to tailor both the roughness and the active site's geometry of
copper. To modify the surface of copper, we oxidize and reduce
a copper polycrystalline electrode in 0.1 M solutions containing
both sodium fluoride and sodium chloride with different
chloride/fluoride molar ratios: (0.1-x) M NaF+x M NaCl. To
address the anion effect on the changes in surface geometry,
we recorded the voltammetric fingerprints of the modified
electrodes using lead underpotential deposition (UPD). The

Introduction

Copper is currently one of the most investigated surfaces due
to its unique catalytic properties for different energy conversion
reactions."™ Copper has shown promising performance for the
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voltammetric analysis suggested that while chloride induces
(n10) sites, fluoride promotes an increase in the active surface
area and the growth of low-coordinated sites with (110) or
(111) geometry. Solutions containing both fluoride and chloride
anions induced (n10) motifs covered by nanometric clusters, as
observed by scanning electron microscopy, forming a highly
defect-rich surface. Our work provides a direct link between
electrochemical response and ex-situ structural characterization,
and compares, in detail, the effect of chloride and fluoride on
the surface nanostructuring of copper.

electrochemical conversion of different molecules, such as the
reduction of carbon dioxide (CO,) to chemicals and fuels,***! or
the conversion of biomass-derived molecules to produce
valuable chemicals.” The efficiency and product distribution of
these reactions highly depend on the nature and geometry of
the copper active surface sites. For the CO, reduction reaction,
surfaces with long (100) terrace domains convert the CO, to C2
+ products such as ethylene whereas (111) sites are more
selective toward C1 products like methane.”® The introduction
of low-coordinated or (110) step sites in (100) terraces increases
the production of C2+ products and selectively form more
ethanol.”#'” Recent studies have highlighted that the presence
of defect sites!"®'? is critical to efficiently convert the CO,, with
an increase in the production of multicarbon products as the
surface roughness increases.''* Defect sites are low coordi-
nated sites such as steps and kinks, but also edges and corners
on nanoparticulated and rough surfaces. How rough and
nanostructured surfaces promote electrocatalytic reactions or
which products specifically form is currently under discussion
due to the difficulty in experimentally addressing the number
and identity of defect sites on copper.'*"*'¥ To understand the
structure-performance relations on copper, it is necessary to
find electrochemical methods to quantitatively address the
electroactive surface area (ECSA) and the geometry of the
different active surface sites."”®'” Using methods that correlate
an electrochemical response with ex-situ or in-situ structural
characterization of the surface will help to establish the
synthesis conditions to prepare catalysts with tailored distribu-
tion of geometric sites and tuneable catalytic properties.?'5%"
Understanding the electrochemical behaviour of well-
defined copper single crystalline electrodes is key to determin-
ing the structure of more complex surfaces such as nano-
particles, nanostructured, or multifaceted copper.'®*'** Tradi-
tionally, the electrochemical characterization of catalyst surfaces
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has been performed by recording the blank cyclic voltammo-
gram (CV) or voltammetric fingerprint of the surface electrode
in contact with an electrolyte."®* The blank CVs measure the
changes in current density or transferred charge with applied
potential. These changes are due to interactions between
electrode surface, electrolyte species and solvent. These inter-
facial processes provide voltammetric features that are charac-
teristic for each crystallographic orientation and, therefore, the
blank CVs allow the estimation of the facet-distribution in
multifaceted surfaces.****” Unlike other surfaces from the
platinum-group metals such as Pt or Pd,**?" blank CVs on
copper surfaces have adsorption/desorption peaks with low
intensity in single facets. Consequently, the determination of
multiple domains on polycrystalline and nanostructured copper
with blank cyclic voltammograms is challenging.!'®*”

Alternatively, the voltammetric lead (Pb) underpotential
deposition (UPD) on copper is a valuable tool to address copper
surface geometries, as we showed in our previous reports.'*>
During the lead UPD process, a submonolayer of lead is
reversibly adsorbed and desorbed on copper at higher potential
values than those of bulk lead deposition. The lead UPD induces
intense and sharp features in the voltammetric response whose
potential values and shapes are different for each single
facet.”'”? Using this method, we evaluated the facet distribu-
tion on copper surfaces that were subjected to different
electrochemical treatments. We showed that the electrochem-
ical surface modification of a copper polycrystalline electrode
with chloride induces the elimination of (111) sites and the
growth of micrometric motifs with n(100)x(110) or (n10)
sites.?®334 (n10) surfaces are stepped surfaces composed by
(100) terraces of n length separated by (110) steps. The
electrochemical surface modification treatment consisted of
applying very fast oxidation/reduction voltammetric cycles in
0.1 M NaCl, to oxidize/dissolve copper at a high anodic
potential limit. Then, the dissolved copper is reduced and
redeposited on the surface at the applied cathodic potential
limit. Further DFT calculations and Wulff constructions sup-
ported that chloride acts as a ligand agent that strongly adsorbs
on (n10) domains, stabilizing their surface energies and
favouring their growth over other facets.”®* By simply
modulating the electrochemical parameters during the oxida-
tion/reduction of copper with chloride, such us anodic
oxidation limit, number of cycles or scan rate, we could tune
the (n10)/(111) sites ratio on copper.

Although chloride induces surface refaceting on copper, it
does not significantly change its electroactive surface area and
instead forms large micrometric (n10) motifs nearly 1 pum in
size. Increasing the electroactive surface area relative to the
geometric area of the electrode, as well as changing the surface
structure, are crucial parameters to achieve high conversion
rates. In this work, we present a new strategy to induce surface
nanostructuring and increase the electroactive surface area of
copper electrodes with (n10) or (100)x(110) motifs. Our method
consists of carrying out the electrochemical surface modifica-
tion treatment of copper with 0.1 M solutions containing both
fluoride and chloride anions: (0.1-x) M NaCl+x M NaF. Previous
reports investigated the effect of different halides such as
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chloride, bromide or iodide, on the change in surface structure
of copper®3 or other model catalysts, such as palladium.®”
These works showed that the nature of the anion induces
different surface morphologies, allowing the tuning of the
active site’'s geometry and the catalytic properties of the
electrode surface. Unlike chloride or the larger halides, fluoride
adsorption on metallic surfaces and in aqueous electrolytes is
typically weak.®** Density functional theory (DFT) calculations
performed by LT. McCrum etal”” illustrated that fluoride
adsorption on Cu(100), Cu(111) and Cu(211) surfaces is less
favourable compared to other halides, a fact that was ascribed
to the largest solvation energy of fluoride in aqueous solution.
Based on these findings, we have hypothesized that fluoride
will primarily induce surface roughness or disorder on copper
due to the weak adsorption of fluoride on copper. We started
carrying out a comparative study in which we have addressed,
in separated experiments, the effect of both chloride and
fluoride anions on the surface reconstruction of copper. To do
that, we performed the surface modification of copper in either
0.1 M NaCl or 0.1 M NaF solutions. Later, we evaluated the
combined effect of fluoride and chloride on the surface
modification of copper by using (0.1-x) M NaCl+x M NaF
solutions, and we varied the (0.1-x) NaCl/ x NaF molar ratio to
tune the active sites distribution and the surface roughness on
copper. To address the change in surface structure and electro-
active surface area, we recorded the lead UPD CVs on the
prepared surfaces. Then, we compared the voltammetric
response of the modified surfaces with the lead UPD CVs of
several model single facets to address the geometry of the
surface sites of the modified copper electrodes. Our work has a
double purpose: 1) to establish new strategies to rationally tune
the surface structure and increase the electroactive area of
copper by using electrodeposition methods, 2) find a direct link
that correlates with an electrochemical response or voltammet-
ric fingerprint of copper with nanoscale structural character-
ization of the surface morphology, which is key to prepare well-
defined nanostructured catalysts.

Experimental Methods

Electrochemical Methods

All electrochemical experiments were carried out in a classical
three-electrode glass cell with four entries and a luggin capillary for
the reference electrode. The reference electrode was a saturated
calomel electrode (SCE). This reference electrode has been
previously used in the original works by Brisard and co-workers®'*?
in which the lead UPD on Cu single facets was addressed in
perchlorate solutions. Stable and reproducible values of the
potential were obtained for the UPD deposition of lead on copper.
For these reasons and to better compare our results with the
previous reports on the lead UPD on copper and in perchlorate
solutions, we have referred the potentials of the voltammetric
analysis of this work to the SCE reference electrode. Figure S1
contains the CVs of several copper facets vs SCE (Figure S1A) and vs
the reference hydrogen electrode (RHE) (Figure S1B) as the RHE is
commonly used in electrocatalysis. We have calibrated the SCE by
measuring the potential difference between the SCE and a
reversible hydrogen electrode (RHE) at different pH values. To
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prepare the RHE electrode, we immersed a platinum wire in
different solutions containing 1.0 M (pH 0), 0.1 M (pH 1) and 0.01 M
(pH 3) of hydrochloric acid (HCl 37%, Fisher Chemical) and
saturated by hydrogen (H,). The theoretical potential difference
between the SCE and the RHE is: Escg-Egpe = 0.244 + 0.059-pH, where
the E¢e=0.244 V*" whereas the Egye =Ege—0.59-pH = —0.59-pH. As
a counter electrode we used a Cu wire. The working electrodes
used in this work were: a Cu polycrystalline electrode (Cu(poly)),
and several single facets: Cu(111), Cu(100), Cu(110) and Cu(310)
with 99.999% purity and purchased from Mateck company. The
electrodes were disks with 5 to 6 mm diameter and had a thickness
of 5 mm or more. All experiments have been performed with the
working electrode in the hanging meniscus configuration under
argon atmosphere to ensure that only the analysed single facet or
Cu(poly) surface was in contact with the electrolyte.

Prior to the electrochemical experiments, the Cu(poly) surface was
manually polished to mirror-like surface using a suspension of alpha
alumina particles (Struers) with diameter of 1 um, 0.3 pm and
0.05 um, respectively. Afterwards, it was sonicated five times for
60 seconds in ultrapure water (18.2 MQ-cm, Milli-Q®). The counter
electrode was cleaned by submerging it in a 1:1 volumetric
solution of ultrapure water and nitric acid (70%, Fisher Chemical),
followed by rinsing it with ultrapure water.*>*®! Afterwards, the
working electrode was electropolished in a two-electrode cell
containing a 70% phosphoric acid solution (prepared from H;PO,,
85%, VMR Chemicals, Prolabo®). Then, we applied a constant
potential difference (AE) of 2.0 V between the Cu(poly) (anode) and
a copper wire (cathode) for 30 seconds. We also pretreated the Cu
single facets by electropolishing them in the phosphoric acid
solution and by applying a potential difference of 1.8V between
the Cu single facet and the counter electrode. Finally, the electro-
polished surfaces were rinsed with ultrapure water to remove the
excess of acid and were transferred to the electrochemical cell. All
the electrochemical experiments have been done using a VSP-300
biologic multipotentiostat (BioLogic).

Before running the experiments, the glassware and the glass cells
were kept in a saturated solution of KMnO, (Sigma Aldrich,
Emplura®) overnight to oxidize all organic pollutants. Afterwards,
the glassware was rinsed with a diluted solution of H,0, (33%, VMR
Chemicals, Prolabo®)+H,SO, (96 %, Sigma Aldrich, Suprapur®), to
remove the MnO, waste, and was boiled three times in ultrapure
water.

Surface Modification of Copper by NaCl and NaF

At first, we performed the electrochemical roughening of copper in
either 0.1 M NaCl or 0.1 M NaF solutions aiming to assess,
separately, the effect of these two different anions on the copper
surface reconstruction. After that, we carried out the electro-
chemical roughening treatment in solutions containing (0.1-x) M
NaCl+x M NaF with different ClI":F:molar ratios to address the
combined effect of chloride and fluoride on the copper surface
reconstruction. Additionally, we have also performed the electro-
chemical roughening of the Cu(poly) in 0.02 M NaCl+0.08 M KCIO,
solutions. To induce the surface modification of copper with CI~
and F~ halides, we applied and oxidation/reduction treatment that
consisted in cycling the copper electrode from —1.0V vs SCE to
different anodic or oxidation potentials (1.0 V and 2.0 V vs SCE) and
to —1.0 V for the redeposition of copper. The cyclic voltammetry of
the oxidation/redeposition of copper in 0.1 M halide solution was
carried out at a high scan rate of 200 mV-cm™ (Figure S2) to tailor
the degree of surface reconstruction on copper by changing the
anodic potential limit.?® After performing this oxidation/reduction
treatment, the electrode was consecutively cycled at 500 mV-s ™' in
the same solution but in the double layer potential region between
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—1.0V and —0.40 V vs SCE to remove the traces of copper chloride,
copper fluoride or copper oxide on the surface as we reported in
our previous publication.”® This cleaning step was necessary to
perform the lead UPD on a metallic copper surface, as the lead UPD
does not display features, or the features are broad and highly
irreversible if the surface remains covered by a cooper oxide or
copper halide layer.

Determination of the Electroactive Surface Area and Facet
Distribution by Lead Underpotential Deposition (UPD)

The cyclic voltammograms (CVs) of the lead (Pb) underpotential
deposition (UPD) on the reconstructed Cu(poly) and the electro-
polished Cu(poly), as well as on the different copper single facets
were performed in an electrolyte solution containing: 0.1 M KCIO,
(99.95%, Sigma-Aldrich Merck)+2 mM of NaCl (99.9% Sigma-
Aldrich Merck)+2 mM of Pb(ClO,),-H,O (99.995%, Sigma-Aldrich
Merck) + 1 mM HCIO, (70%, Sigma Aldrich Merck, Suprapur®), and
the pH of the solution was kept at 3. We added chloride to the
solution containing lead because chloride enhances the lead UPD
kinetics. Chloride induces sharp voltammetric peaks in the CV of
each single facet, allowing to decouple the different facet
contributions on the polyoriented and on the reconstructed copper
surfaces.”'? All the lead UPD cyclic voltammograms of this work
were performed between —0.4V and —0.2V vs SCE with a slow
scan rate of 5 mV-s~" as metal UPD is a process with slow kinetics.*¥
In addition to that, we have also recorded the blank CVs of the Cu
single facets in contact with 0.1 M KCIO,+2mM NaCl+1 mM
HCIO,, i.e., in the absence of lead (Figure S1A and B, insets). These
blank CVs were recorded at 5mVs™' in the potential region
between —0.15V and —0.45V vs SCE. Moreover, we have also
registered the electrochemical windows of the Cu single facets, in
the same electrolyte and with no Pb in solution to corroborate that
the lead UPD features do not overlap with the oxidation of the
copper surface (Figure S1C). The electrochemical windows were
recorded at 50 mV-s".

We calculated the ECSA of the different copper electrodes by
integrating the charge involved in the cathodic curve of the lead
UPD CVs.'**1 The roughness factor (RF) determines the variation of
the ECSA on each halide-modified copper surface. The RF was
determined by calculating the ratio between the integrated charge
of each halide-modified copper and the integrated charge of the
extended Cu(poly) flat surface, with roughness factor nearly equal
to 1.” To determine the RF we have used the following equation:

QCu reconstructed
RF = —Culieconstructed)

Qcu(poly) )

Where Qceconstructeq) i the integrated charge in the cathodic curve
of lead UPD on each reconstructed Cu surface (uC-cm™?) and
Qcupoly is the integrated charge in the cathodic curve of lead UPD
of Cu(poly) flat surface (uC-cm™).

On the other hand, we have recorded the lead UPD CVs on the
different single facets to determine the preferential facet or the
geometry of the sites in the reconstructed copper surfaces using
the NaF and NaCl solutions. We used the peak-potential values in
the lead UPD CVs of the Cu single facets as a reference to identify
the different single facet-peak contributions in the halide-modified
copper surfaces.
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Morphology Analysis

Before the ex-situ morphological characterization using Scanning
Electron Microscopy (SEM), the modified samples were cleaned by
cycling the electrode at 500 mV-s' and in between —0.4V and
—0.2V vs SCE in the sodium halide solution used for the electro-
chemical roughening of copper. The SEM analysis was performed
before and after the lead UPD to confirm that the lead adsorption/
desorption on copper does not significantly modify the copper
surface morphology. Then, the samples were cleaned with abun-
dant ultrapure water. The morphology of the halide-treated
samples was analysed using both a JEOL 7800 F prime scanning
electron microscopy (SEM) from the University of Copenhagen, at
low voltage (4 KeV), and a field emission scanning electron micro-
scope (FE-SEM; JSM-7100 F Analytical Microscopy) from CCiTUB, to
gain more resolution at the nanometric scale.

X-Ray Photoelectron Spectroscopy (XPS) Analysis

XPS experiments were conducted at CCiTUB using ESFOSCAN,
which is based on the PHI 5000 VersaProbe instrument from
Physical Electronics (ULVAC-PHI). The measurements were per-
formed with a monochromatic focused X-ray source (Aluminium
Kalfa line of 1486.6 eV) that was calibrated using the 3d,, line of Ag
with a full width at half maximum of 0.6 eV. The analyzed area was
a circle with a diameter of 100 microns. The spectra were taken
with a resolution of 224 eV of Pass Energy and 0.8 eV/step for the
general spectra and 27 eV of Pass Energy and 0.1 eV/step for the
high-resolution spectra of the selected elements. To discharge the
powders, when necessary, a combination of a low-energy electron
gun (less than 10 eV) and a low-energy ion gun (Ar ions at less than
5 eV) was used. The measurements were conducted in an ultra-high
vacuum (UHV) chamber with a pressure ranging from 5x107"° to
5x107° Torr.

Results

We started recording the voltammetric lead UPD curves on
different Cu single facets and in the 0.1 M KCIO, +1 mM HCIO,
+2mM Pb(ClO,), +2mM NaCl solution, which appear in
Figure S1: Cu(111), Cu(100) and Cu(110) as well as the Cu(310)
which is a 3(100)x(110) stepped surface. The CVs in Figure S1
are essentially the same as those in our previous work and have
a different profile for each crystallographic orientation.?® All the
CVs profiles present intense peaks in the cathodic region, where
lead is underpotentially deposited, whereas the peaks in the
anodic region, where lead is desorbed, are broader and non-
symmetric. Figure S1 also shows the blank CVs of the copper
basal planes in contact with the same electrolyte (0.1 M KCIO, +
2 mM NaCl+1 mM HCIO,) and in the absence of lead in the
solution. The recorded currents of the blank CVs are several
magnitudes lower than the intense current peaks of the lead
UPD CVs on Cu, in good agreement with the previous works by
Brisard and co-workers.”" The asymmetry and irreversibility of
the lead UPD peaks in Figure S1 could be due to the formation
of a subsurface Pb—Cu alloy,””" or because the lead UPD kinetics
are kinetically slow.?'*? In this report, we have used the CVs of
the copper single facets as a reference to address which
preferential surface orientations and sites are induced after
electrochemically modifying copper with chloride and fluoride.
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To address the change in surface structure, we have primarily
analysed the cathodic region of the lead UPD curves, where the
single-facet peaks are more separated, being easier to decouple
in the CV..

After recording the lead UPD CVs on the copper single
facets, we have evaluated, the effect of fluoride anions on the
surface modification of copper and we have compared it with
the chloride effect on the copper reconstruction. To perform
the surface modification on copper we have applied an
oxidation/reduction treatment following a similar procedure
that the one in our previous studies and explained in the
Experimental Methods section."®* We control the degree of
surface reconstruction or facet modification by applying differ-
ent oxidation potential limits (E,,) in the solution of 0.1 M
sodium halide. Figure 1 contains the lead UPD voltammetric
response of a modified Cu(poly) electrode using either 0.1 M
NaCl (Figure 1A) or 0.1 M NaF (Figure 1B) and at two different
oxidation potentials (E,,): 1.00 V and 2.00 V vs SCE. Both panels
A and B present the lead UPD profile of the non-modified
Cu(poly) (black line) to illustrate the anion effect on the copper
surface reconstruction. Figure 1A shows that the modification
of the Cu(poly) with 0.1 M NaCl causes that the peak at —0.32V
vs SCE, which corresponds to the (111) facet (Figure S1)
decreases in intensity. In addition, a peak at —0.35V vs SCE
arises when we increase the applied oxidation potential during
the oxidation/reduction surface modification treatment in 0.1 M
NaCl. This peak is close to the (310) facet peak (Figure S1),
showing that chloride preferentially induces the growth of
(n10) sites, as we reported in our previous report.”® Figure 1B
shows the lead UPD response of the Cu(poly) modified by
fluoride. Unlike chloride, the fluoride anion only causes a
broadening of the main features of the Cu(poly) in the lead
UPD CV, suggesting that fluoride primarily induces surface
roughness and disordering. The increase in the ECSA and RF of
copper is more pronounced when we modified it with the
0.1 M NaF solution, especially at high applied anodic potentials
(E.x=2.0 V). Table 1 summarizes the RF of the copper surfaces
restructured in each halide solution. The fluoride anions induce
a RF of 1.82+0.06 when the E,, is 2.0 V, whereas the chloride
anion produces a minor increase of the RF which is 1.2940.05

Table 1. Integrated charge values of the cathodic region and roughness
factors (RF) of lead UPD CVs on Cu surfaces treated with chloride and/or
fluoride.

[CI']=01M

Upper Limit/V Cycles Charge/uC-cm™2 RF

1 3 39047 1.12£0.02
2 3 448+ 20 1.29+£0.05
2 10 598423 1.58 £0.06
[FF]I=01M

Upper Limit/V Cycles Charge/uC-cm™2 RF

1 3 422149 1.21£0.15
2 3 637+ 16 1.82+£0.06
2 10 2114+£174 5.98+0.44
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Figure 1. Lead UPD CVs on modified Cu(poly), recorded in a 0.1 M KCIO,+2 mM NaCl+ 1 mM Pb(CIO,), solution. The Cu(poly) surfaces have been modified
using two different solutions containing A) 0.1 M NaCl and B) 0.1 M NaF by applying three consecutive voltammetric cycles with oxidation potential limits of

1.0V and 2.0 V vs SCE.

at E,, of 2.0 V. We note that the lead UPD CVs remain stable
upon three to five consecutive cycles for each modified surface,
as we reported in our previous work.”*®

After evaluating the effect of chloride and fluoride in the
surface  modification of copper, we have addressed the
morphology of the reconstructed samples ex-situ and by using
SEM. Figure 2A shows the morphology of the Cu(poly)
reconstructed in 0.1 M NaCl after applying an oxidation
potential of 2.0V vs SCE. The SEM showed the formation of
large areas with highly stepped motifs nearly 1 um of size, and
with the shape of tetragonal pyramids. This morphology aligns
with the lead UPD voltammetric response that suggests that
chloride induces the preferential formation of (n10)
domains.”**? Figure 2B shows the chloride-induced modifica-
tion in a new Cu(poly) sample, with a higher magnification, to
illustrate the formation of pyramids with defined shape, in
which the four sides may contain (n10) sites and the base likely
has (100) sites.”*** Figure 2C shows the results on the Cu(poly)
modified in 0.1 M NaF solution. The SEM does not show any
specific shape or feature. Instead, it shows a surface with tiny
holes. Figure 2D shows a magnification of the copper surface
treated with fluoride, where we can appreciate several wholes
of nanometric size. This result supports that fluoride essentially
induces surface roughness or disorder, in line with the CV in
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Figure 1B. In Figure S3, we displayed the SEM image of a
polished Cu(poly), before being electrochemically modified by
the halides, which is relatively flat and displays different grain
domains.

To better address the effect of fluoride on the increase in
active area of copper, we applied a more aggressive oxidation/
reduction surface modification treatment in which we increased
the number of voltammetric cycles to 10. Figure 3 shows the
lead UPD CVs of a Cu(poly) treated in 0.1 M NaCl solution
(Figure 3A) and in 0.1 M NaF solution (Figure 3D), and by
applying 3 (black line) and 10 (red line) oxidation/reduction
cycles between —1.0 and 2.0 V vs SCE. The lead UPD profile of
the 10-cycles sample modified with 0.1 M NaCl (Figure 3A)
displays a slightly higher cathodic charge than the 3-cycles
sample, with a RF of 1.54 and a lower ratio of (n10)/(111)
domains. The SEM image in Figure 3B shows large areas with a
random distribution of pyramids. Figure 3C shows a magnifica-
tion of these areas which are also stepped, but slightly less
defined than in Figure 2B. It is important to note that the
surface modification treatment, which is essentially an electro-
deposition process of copper onto copper, is highly sensitive to
the quality and structure of the substrate. Some electrode areas,
surface imperfections, grain boundaries seem to activate the
electrochemical surface modification process and cause corro-
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Figure 2. SEM images of: A) and B) Cu(poly) surfaces restructured in 0.1 M NaCl solution after applying three consecutive potential cycles between —1.0 V and
2.0 V vs SCE; C) and D) Cu(poly) surface restructured in 0.1 M NaF solution after applying three consecutive potential cycles between —1.0 V and 2.0 V vs SCE.

sion with signs of pitting on the electrode, as shown in
Figure S4. Despite that, there is a tendency of forming a
morphology that it is stepped as also illustrated in Figure S4
which supports that chloride favours the growth of (310) or
(n10) facets. Figure 3D shows the CV of the Cu(poly) modified
by NaF after applying 3 and 10 oxidation/reduction cycles. The
treatment with ten cycles in NaF induces a notable increase of
the ECSA of the copper surface. The 10-cycles sample has a RF
of 5.98, which is about 3 times higher than the RF of the 3-
cycles sample, as shown in Table 1. The SEMs images of the 10-
cycles sample in Figure 3E displays the formation of micro-
metric wholes with a high population of dendrites (Figure 3F),
which could explain the significant increase in active surface
area. To test this hypothesis, we have sonicated the samples in
water to remove the dendrites, which are lowly adherent.
Figure S5 shows the lead UPD CVs of the 10-cycles sample
treated in the NaF solution before and after sonicating them in
ultra-pure milli-q water for 60 seconds. Sonicating the 10-cycles
electrode with water considerable reduces the ECSA of the
electrode from 6 to 2.6, showing that fluoride can form surfaces
with high active area, but they are not stable.

After addressing the effect of chloride and fluoride on the
restructuration of copper, we modified our Cu(poly) with
solutions containing both fluoride and chloride but with differ-
ent CI":F~ molar ratios, to tune both the active surface area and
the formation of (n10) sites. We used the same oxidation/
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reduction electrochemical treatment than in Figure 1. We
modified our Cu(poly) electrode using 0.1 M solutions with
variable (0.1-x) ClI™:x F~ molar ratios of: 0.08 Cl—:0.02 F~, 0.05
ClI™:0.05F7, 0.04 CI":0.06 F~ and 0.02 CI:0.08F". To better
explain the combined effect of fluoride and chloride on the
surface modification of copper, we plotted in Figure 4A the lead
UPD CVs after applying the modification in separated 0.1 M
NaCl and in 0.1 M NaF solutions, whereas Figure 4B shows the
lead UPD CVs after performing the surface modification in the
(0.1-x) M NaCl+x M NaF solutions. Figure 4A clearly shows that
fluoride (red curves) induces an increase of the charge in the
voltammetric region between —0.30V and —0.35V which
corresponds to the region of the (110) and (111) single facets
(Figure S1). However, the feature cantered at —0.35V, corre-
sponding to the (n10) facet, is less intense with fluoride,
whereas with chloride the (n10) peak is the most intense
feature. The lead UPD curves in Figure 4B shows that modifying
copper with mixtures of fluoride and chloride, generates
surfaces with both (n10) domains and high active area or RF.
The pink curve shows the lead UPD of a Cu(poly) modified in a
0.08 CI:0.02 F~ molar ratio solution which is similar to the lead
UPD CV obtained in 0.1 M NaCl although with a less prominent
(n10) peak. A progressive increase of the content of fluoride in
solution, from 0.5 CI™:0.5F (blue curve) to 0.04 CI:0.06 F~
(green curve) and to 0.02 CI:0.08 F~ (grey curve) molar ratios,
causes an increase of the cathodic charge in the potential
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Figure 3. Lead UPD CVs and SEM images of Cu(poly) surfaces which have been reconstructed using: A), B) and C) a 0.1 M NaCl solution; D), E) and F) 0.1 M NaF
solution. Figures A) and D) shows the lead UPD CVs of Cu(poly) surfaces which have been modified after applying three (black lines) and ten (red lines)
consecutive voltammetric cycles.

. _ _ PR Table 2. Integrated charge values of the cathodic region and roughness
region between —0.30 V and —0.35 V. The determination of the factor (RF.) of the lead UPD CVs on Cu(poly) surfaces modified or

ECSA values is summarized in Table 2. Lower fluoride concen- reconstructed using different (0.1-x) M NaCl +x M NaF solutions.
trations do not significantly change the ECSA, leading to a RF

[CIF1+[F1=01M
value of 1.20 for 0.08 CI™:0.02 F~ solutions. Higher fluoride

concentrations increase the ECSA, achieving the highest RF of (@ m Charge/uC-cm * RF

2.80 for the 0.02 CI:0.08 F~ solution. Interestingly, the (n10) | 0.08:0.02 427£35 1.20+£0.09

peak cantered at —0.35 V vs SCE does not disappear if there are 0.05:0.05 54418 1.554+0.01
chloride anions in the bath solution used to reconstruct the 0.04:0.06 820+1 2.31+0.05
Cu(poly). In summary, the lead UPD CVs in Figure 4B have 0.02:0.08 991453 2804+0.15
features that are a combination of the features in Figure 4A,
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Figure 4. Lead UPD CVs of Cu(poly) surfaces modified in separated solutions of: A) 0.1 M NaCl (black solid line) and 0.1 M NaF (red dashed line) solutions; B)
different (0.1-x) M NaCl+x M NaF solutions. Three consecutives voltammetric cycles with applied potential between —1.0 V and 2.0 V vs SCE were run in the

different 0.1 M sodium halide bath solutions.

showing the combined effects of both chloride and fluoride on
the surface modification of copper.

After modifying copper using chloride and fluoride mixture-
solutions, we addressed the change in morphology with SEM.
Figure 5A shows the SEM image of a Cu(poly) modified in a
solution with 0.06 “: 0.04 F~ molar ratio which essentially
exhibits the characteristic pattern with tetragonal pyramids
induced but chloride. If the concentration of fluoride is nearly
equal to the concentration of chloride, the modified surface
begins to show signs of disorder as seen in Figure S6A, as well
as the formation of nanometric islands or clusters, as illustrated
in Figure 5B. Figure 5C displays the SEM image of a copper
surface modified using a solution containing 0.04 M CI" and
0.06 M F. The surface exhibits micrometric tetragonal structures
covered by a dense population of nanometric clusters. These
SEM observations align well with the electrochemical responses
in Figure 4B. In Figure 4B, the lead UPD CVs show that the (n10)
peak at approximately —0.35V vs SCE is consistently present
across all curves. Notably, the features between —0.30V and
—0.33V vs SCE become more pronounced when the fluoride
concentration exceeds that of chloride in the solution. This
increase in current density in the voltammetric region corre-
sponding to (111) or (110) facets correlate with the formation of
nanometric clusters observed in Figures 5B and 5C. Further
increasing the fluoride concentration to 0.08 M while maintain-
ing chloride at 0.02 M (Figure S6B and C) results in the
coalescence of these nanoclusters. However, the micrometric
patterns induced by chloride remain visible in various regions
of the electrode surface.

XPS analysis was used to examine the chemical state of the
copper surface after the surface modification treatment in NaCl
and NaF solutions. We have carried out the XPS right after the
electrochemical roughening treatment, and after electrochemi-
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cally cleaning the samples and removing the halide and oxide
layer derived from the oxidation/reduction treatment (Figure 6).
The survey spectra showed strong Cu signals and weak O and
Cl signals, while the F signal was negligible. For all samples, the
sputtering time for the depth profile was 900 seconds in
intervals of 30 seconds. The first two spectra for Cu and O
presented some singularities, while the rest of the spectra
remained constant as the depth of the analysis increased. In the
case of Cu 2p, two intense and sharp peaks at 932.6 eV and
952.8 eV, that correspond to Cu 2p,/, and Cu 2p,,,, respectively,
were observed in all spectra.’*® These peaks were ascribed to
Cu,0 or to Cu(0) when the O 2s peaks disappeared after
consecutive sputtering cycles (Figure S7), as both Cu,0 and
Cu(0) XPS features overlap in the spectra."®*® The spectra of Cu
treated with NaCl and Cu treated with NaF were identical.
However, in the case of Cu treated with NaCl, two faint peaks at
934.8 eV and 954.2 eV corresponding to Cu(ll) were observed,
although they were less intense. These singularities were only
slightly observed in the first cycle and disappeared as the
chemical nature was analyzed in depth. For O 2s, the first two
layers showed an asymmetric peak with three contributions,
especially in the case of Cu treated with NaCl. This peak can be
deconvoluted into three peaks with binding energies at
approximately 530.8, 531.7, and 532.8 eV, which are assignable
to M-O, M—OH, and adsorbed water. When samples were
treated with NaF, the signal became practically negligible after
a few sputtering cycles, confirming the metallic nature of Cu.
However, it should be noted that the intensity of these signals
was significantly lower than that of the Cu 2p signals. For the
samples treated with NaCl, a small amount of chlorine was
detected in both the first and subsequent layers, as evidenced
by the Cl 2p peaks. Conversely, in the case of the samples
treated with NaF, the amount of fluorine was negligible, as only
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Figure 5. SEM image of a Cu(poly) surfaces which have been modified in: A)
0.06 M NaCl and 0.04 M NaF solution; B) 0.05 M NaCl and 0.05 M NaF
solution, and C) in 0.04 M NaCl and 0.06 M NaF solution. To carry out the
surface modification, we have applied three consecutive voltammetric cycles
between —1.0 V and 2.0 V vs SCE in each bath solution.

a small amount was detected. These results suggest that
chloride is strongly adsorbed on copper inducing surface
refaceting. In contrast, the XPS analysis shows that fluoride
weakly interacts with copper and is mainly dissolved in water.
This fact suggests that we could be generating a copper oxide
surface during the electro-roughening treatment in 0.1 M NaF
that leads to the formation of a rough metallic surface when
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the copper oxides layer is electrochemically reduced (Figure S2
shows the reduction of oxide-derived copper in 0.1 M NaF).

When the samples were electrochemically cleaned to
remove the copper halide or oxide layer, the concentrations of
chloride or fluoride were negligible as shown in the XPS analysis
(Figure 6, electrochemical cleaning panel). The O 1s peak in
both samples disappeared after a few sputtering cycles,
supporting that the inner layers of the electrochemically
induced motifs are metallic copper. Since the XPS analysis was
carried out ex-situ (i.e., the copper samples were exposed to air
before being analyzed with XPS), the formation of a surface
oxide layer, such as Cu,0, was inevitable. To confirm that the
electrochemical lead UPD is occurring on metallic copper, we
carried out the lead UPD on Cu(poly) (Figure S8A) and on
Cu(111) (Figures S8B) before and after electropolishing the
surface. It is worth noting that cyclic voltammetry is a surface-
sensitive technique and has been widely employed to test the
surface cleanliness and quality of different metals.?>*%! When
the Cu(poly) surface was not electrochemically pretreated, the
lead UPD CV displayed broad and highly irreversible features.
The lead UPD CV of Cu(111) was almost suppressed demon-
strating that electrochemical surface cleaning is a critical step in
removing the surface oxide layer and contaminants on copper
surfaces.

Despite the adsorption of fluoride on copper is weak, its
presence in solution significantly increases the active surface
area and induces surface roughness and nanostructuring. To
confirm that this increase in surface area is not merely due to a
decrease in chloride concentration in the (0.1-x) M NaCl+x M
NaF solution, we conducted surface modifications treatments
using two different fluoride-free solutions: Figure S7A shows
the lead UPD of a Cu(poly) modified in a 0.02 M NaCl solution.
Figure S7B shows the lead UPD CV of the Cu(poly) modified in a
solution containing 0.02 M NaCl+0.08 M KCIO,, as perchlorate
anions do not specifically adsorb on metallic surfaces either.***"
Both lead UPD curves are overlapped with the lead UPD of a
Cu(poly) modified in the 0.02 M NaCl+0.02 M NaF solution.
Figures S9A and S9B confirms that the increase in electroactive
surface area is related with the presence of fluoride in the bath
solution. The grey curve in Figure S9A (0.02 M NaCl) has a RF of
1.13 and a prominent peak a —0.35V vs SCE, showing that in
the absence of fluoride, the chloride effect dominates on the
surface modification of copper. Figure S9B shows that the lead
UPD of the Cu(poly) modified in the 0.02 CI™:0.08CIO," solution
has an area only slightly higher than the Cu(poly) modified in
the 0.02 M NaCl solution with a RF of 1.53. Previous studies with
platinum electrodes showed that, although neither fluoride nor
perchlorate adsorbs specifically on the metallic surface,?**?
fluoride can affect the kinetics of the adsorption of OH™ groups
on e.g. Pt(111)®% due to a change in the electric double layer
structure. Based on these platinum findings, we hypothesize
that the increase in active surface area with fluoride may relate
to changes in the electric double layer structure, which affects
the copper oxidation/reduction process. However, elucidating
the mechanism behind the increase in active surface area
induced by fluoride is beyond the scope of this article.
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Figure 6. XPS of a Cu(poly) electrode modified in either A) 0.1 M NaCl and B) 0.1 M NaF. We also present the Cl 2p and the F 1s peaks before and after the
electrochemical cleaning performed to remove the oxide and halide layer formed after the surface modification treatment in either 0.1 M NaCl or 0.1 M NaF.

Discussion of the Results

To better understand the combined effect of chloride and
fluoride on the copper surface modification, we deconvoluted
the peaks in the lead UPD cathodic curves from Figure 4B to
determine the presence of domains with different geometries.
Gaussian mathematical functions from Origin software were
used for peak deconvolution.”™ We note that this data-treat-
ment provides a rough estimation of the distribution of
geometric domains on copper. The surfaces prepared in this
work exhibit complex structures with multiple defect sites and
morphology features that cannot be precisely decoupled by
only using the lead UPD curves of a few single facets: (111),
(100), (110) and (310). Figure 7 shows the peak deconvolution
of the lead UPD CVs for three different solutions: A) 0.08
Cl™:0.02F-, B) 0.05 CI:0.05F and C) 0.04 CI:0.06 F". We
highlighted in orange the peak that is near to the (310) facet in
Figure S1. The intensity and area of this peak decrease
progressively as the F:CI" molar ratio increases due to increased
surface disorder induced by fluoride. The (n10) peak has an area
of 140 uC-cm™? in the sample treated with 0.08 CI:0.02 F and
decreases to 126 mC-cm™2 in B) and to 120-mCcm™2 in Q). In
terms of the total integrated area in the cathodic curves, the
fraction area of the (n10) peak is 0.33 in A), 0.22 in B) and 0.14
in C). Conversely, the voltammetric region between —0.30V
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and —0.35V vs SCE increases considerably in area when we
increase the concentration of fluoride in solution. Our voltam-
metric analysis suggests that fluoride slightly reduces the
number of (100) or (n10) sites induced by chloride while
causing surface nanostructuring and disorder, with significant
formation of defect sites. The exact geometries of the formed
nanoclusters cannot be precisely assigned, but we believe that
they primarily exhibit (110) or (111) geometry due to the
proximity of the lead UPD current features to the (110) and
(111) voltammetric zones. A more rigorous analysis of the
surface structure should compare the lead UPD CVs of modified
copper surfaces with the lead UPD profiles of stepped surfaces
in the three zones of the stereographic triangle: [110] with (n-
1)(111)x(110) and (n-1)(110)x(111); [0T1] with n(111)x(100) and
n(100)x(111); and [001] with n(100)x(110) and n(110)x(100)..
Future studies should aim at analysing the 2(hkl)x(h'k'l') stepped
turning points in these three zones. These surfaces contain an
equal number of sites with both (hkl) and (h'k'l) geometries,
which could help identify specific voltammetric regions for
different groups of stepped surfaces.””

In this study, we provide new strategies to tune the
electroactive surface area and surface geometry of copper using
chloride and fluoride halides. Moreover, we provide a direct link
between the electrochemical response of copper or lead UPD,
and structural information provided with the SEM analysis.”
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Figure 7. Peak deconvolution of the cathodic voltammetric curves of the lead UPD CVs recorded on the Cu(poly) surfaces modified in: A) 0.02 M NaCl+ 0.08 M
NaF solution, B) 0.05 M NaCl+0.05 M NaF solution and C) 0.04 M NaCl + 0.06 M NaF solution. The dashed red line shows simulated curves using gaussian
mathematical functions to deconvolute the peaks. The solid black line shows the experimental curve.

Our findings suggestthat lead UPD is sensitive to changes in
surface site geometry and provides quantitative insights into
surface roughness. The observed increase in surface roughness
is attributed to a high population of nanometric features
covering the electrodes, as observed in SEM images. Previous
studies have emphasized that low-coordinated and defect sites
significantly enhance copper catalysis for various reactions,
including the hydrogenation of biomass-derived furfural into
biofuels®*” as well as the conversion of CO, toward C2+
products.'®'2%8>% However, the exact role of defect sites in
catalysis or which compounds selectively produce remain
unclear. Both ex-situ and in-situ structural characterization
techniques provide valuable information about surface struc-
tures at the nanometric or atomic scale, albeit limited to small
surface areas. Conversely, cyclic voltammetry offers comprehen-
sive structural insights across the entire surface, although it
lacks atomic or nanoscale detail. Therefore, integrating cyclic
voltammetry with nanoscale or atomic structural character-
ization methods is essential to elucidate structure-performance
relationships in electrochemistry. Furthermore, future studies
should incorporate other surface-sensitive spectroscopic techni-
ques, such as grazing incidence X-ray diffraction, to investigate
the crystallographic domains of prepared surfaces.

Conclusions

Herein, we investigated the effect of chloride and fluoride on
the electrochemical surface modification of copper. We ob-
served that chloride induces the formation of micrometric
structures with a (100)x(110) orientation, whereas fluoride only
increases surface roughness and forms clusters of nanometric
size. We have also established a direct correlation between the
electrochemical lead UPD response of copper, and the struc-
tural information provided by surface characterization with
SEM. Our work provides new insights to rationally prepare and
characterize copper surfaces with tailored active site geometries
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and increased electroactive areas, which is relevant for their use
in different applications in electrochemistry.

Notes
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