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Cu electrodes are model catalysts for a wide variety of interesting energy conversion reactions. Structure sen-
sitivity typically plays an important role in the mechanism of different electrocatalytic reactions. However,
quantifying the presence of different domains on Cu electrocatalysts remains a challenge. Herein, we evaluate
the lead (Pb) underpotential deposition (UPD) on well-defined Cu electrode surfaces in presence of chloride, as
a tool to analyse the surface state and determine the presence and distribution of domains on Cu catalysts. A
polycrystalline Cu electrode was specifically modified by applying different electrochemical pre-treatments.
Then, its surface ordering was tested by Pb UPD. Results were also compared with well-defined Cu single crys-
talline electrodes, to estimate the ratio between 〈100〉, 〈111〉 facets and defects on the pre-treated Cu elec-
trode. The voltammetric profile of Pb UPD is strongly sensitive to the changes in the structure of the Cu
electrode, allowing to monitor the appearance of new defects and domains. We highlight that Pb UPD can
be used to provide the electrochemical fingerprint of Cu catalysts and decouple the contribution of different
facets and defects in the surface structure.
1. Introduction

Copper (Cu) is the only pure metallic electrocatalyst capable to
reduce CO2 beyond CO, producing valuable chemicals and fuels with
relatively high efficiency and selectivity.[1–3] CO2 electroreduction
is a reaction of crucial importance for the transition towards a negligi-
ble greenhouse gas-emission scheme.[4,5] In addition, Cu has been
also investigated for other reactions of interest, such as nitrate reduc-
tion for water remediation [6,7] or green electrosynthesis of value-
added chemicals.[8,9] Because of its interesting electrocatalytic prop-
erties, well-defined Cu surfaces are considered model electrocatalysts.
[2,10,11]

Some electrocatalytic reactions such as CO2 reduction present
structure sensitivity on Cu electrocatalysts. Their performance is influ-
enced by the geometry of the active sites, i.e. the specific surface sites
where the reaction occurs.[1213] This means that both the electrocat-
alytic activity and selectivity will strongly depend on the distribution
of different crystallographic domains on the surface of catalyst materi-
als.[11,14–16] Fundamental studies on atomically flat surfaces such as
Cu single crystalline electrodes have represented significant progress
in the understanding of the structure sensitivity of the CO2 reduction
mechanism.[17–19] However, despite the intense efforts in elucidat-
ing the structure-performance relationships controlling the CO2 reduc-
tion on Cu, they still remain under intense debate.[20–27]

Blank cyclic voltammograms (CVs) of metallic electrode surfaces
are usually recorded to assess the ordering and cleanness of the
employed surfaces.[28,29] The blank CV of a single crystalline elec-
trode contain singular features that are highly sensitive to the structure
of the electrode, employed electrolyte and pH of the solution, thereby
offering the electrochemical fingerprint of the electrode.[22,30–33]
Furthermore, they provide relevant information on the distribution
of the interfacial charge, mostly involving specific adsorption of the
electrolyte species and capacitive charge.[22,32,33] This is a key
parameter for the rationalization of the structure of the Cu-electrolyte
interface.[24,25,34] Engstfeld et al.[30] and Tiwari et. al.[22,35]
recently assessed the voltammetric profiles of Cu single crystalline
electrodes in alkaline media. By combining scanning tunneling micro-
scopy and cyclic voltammetry, they demonstrated that the features of
the voltammetric profiles are dramatically affected by the presence of
defects on the surface[30] and the cleanness of the electrolyte,[35]
two factors that clearly alter the electrocatalytic properties of Cu.
[12,36,37] However, the obtained voltammetric features on Cu single
crystalline electrodes in alkaline solution are less intense than in other
metallic surfaces,[22,25] such as Pt or Ir,[38,39] i.e., the integrated
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charge values involved in these voltammetric features are usually
small.[22,32,40] This is a disadvantage when more realistic Cu elec-
trodes, such as nanoparticles, nanostructured or poly-faceted elec-
trodes are characterized, because their blank CVs usually display
very small features or are even featureless in the pseudocapacitive
region.[20,23] As a consequence, the blank CVs of the majority of
Cu surfaces offer little information in relation to their structure and
ordering.[16,27,41]

As an alternative to blank CVs in aqueous electrolytes, metal under-
potential deposition (UPD) on metallic surfaces has been widely
employed as a tool for the surface characterization of different kind
of electrodes.[42] This includes more complex systems such as
nanoparticles.[43] Metal UPD is the deposition of an adlayer of a for-
eign metal on a substrate at potentials higher than the thermodynamic
reduction potential of the electrodeposited metal. This occurs because
the bond between the metal and the substrate is stronger than the
metal–metal bond in its bulk structure. UPD is a surface process highly
sensitive to the structure of the surface electrode and the composition
of the electrolyte, specifically to the type of the anion.[42,44,45] The
UPD of a large number of metals onto single crystalline electrodes of
Pt, Au and Ag, has been well characterized.[42] In the specific case
of Cu, only a few number of works have reported the UPD of e.g. cad-
mium [46,47] or lead [48–51] on Cu. Brisard et. al.[48,49] character-
ized the lead (Pb) UPD on both Cu(111) and Cu(100), the
voltammetric curves of which displayed intense, quite irreversible
and potential dependent peaks on both Cu facets. They also showed
that the kinetics of the Pb UPD was highly influenced by the presence
of anions in solution, such as chloride.[48,49,52]

Assessing how the applying potential conditions or different elec-
trochemical treatments affect the surface and interfacial properties
of Cu is another relevant aspect, as it will ultimately modify its electro-
catalytic behavior. Several studies have evidenced that, while perform-
ing CO2 reduction under constant potential competes with the
hydrogen evolution reaction (HER), producing a high amount of
hydrogen, pulsing the potential enhances the CO2 reduction generat-
ing more C2 + products.[20,21,53–55] To rationalize this electrocat-
alytic enhancement, several explanations have been proposed: i)
pulsing the potential induces a change in the surface structure, via
the formation of defect sites and oxidized Cu(I) sites, which combined
effect enhances the formation of ethylene and ethanol.[20,56] ii) A
change in the structure of the electrified interface takes place, as puls-
ing the potential reduces the coverage of protons and promotes the
adsorption of both hydroxyl groups(–OH) groups and carbon monox-
ide (CO) that is further reduced.[21,53,54] Thereby, being able to
quantitatively test the surface ordering during and/or after applying
different electrochemical treatments on Cu, is crucial to stablish which
structural and/or interfacial parameters control the CO2 reduction
reaction.

Herein we have assessed the Pb UPD on Cu single crystalline elec-
trodes and multifaceted Cu surfaces, as a tool to detect and elucidate
the distribution of domains on different Cu surfaces. Before conducting
the Pb UPD, blank CVs of the Cu surfaces in alkaline and bicarbonate
solutions were recorded, and compared with the blank CVs in the lit-
erature,[22,34] to guarantee the cleanness and order of single facets.
Finally, a Cu polycrystalline surface was modified by applying differ-
ent electrochemical treatments. Its modified surface structure was
assessed by Pb UPD to prove the sensitivity of its voltammetric
response to the changes in the morphology and surface ordering of
more realistic Cu catalysts.
2. Experimental

The voltammetric profiles were recorded in a classical three-elec-
trode cell configuration. Blank CVs in alkaline media were recorded
in a perfluoroalcoxy alkane (PFA) cell with three entries, purchased
2

from Sigma Aldrich company, to avoid glass dissolution. Pb UPD at
pH 3, water reduction evolving hydrogen, and blank CVs in 0.1 M
KHCO3 were recorded in a classical glass cell with four entries and a
lugging capillary for the reference electrode. A Cu wire was used as
a counter electrode, cleaned with diluted 50%water:50%nitric acid
solution and rinsed with water. In the case of performing water reduc-
tion on Cu, a graphite rod was employed as a counter electrode, to
avoid the corrosion of the Cu anode during the electrolysis. The refer-
ence electrode in alkaline media was a reversible hydrogen electrode
(RHE) made with a Pt wire in a glass capillary filled with a H2-satu-
rated 0.1 M NaOH solution. The bottom part of the capillary was a
Teflon piece with a tiny hole that allowed the electric contact while
avoiding the contact of the solution with the glass part. The rest of
the experiments were performed using a saturated calomel electrode
(SCE) set inside the lugging capillary of the glass cell. The working
electrode was either a Cu(111) or a Cu(100) single crystalline elec-
trode, or a Cu polycrystalline rod purchased from MaTech company.
In all cases, the working electrode was kept at the hanging meniscus
configuration during the recording of the voltammetric profiles. Blank
CVs were carried out under inert conditions, i.e., after deoxygenating
the solution with Ar. The potentials of the blank CVs were referred to
the reference hydrogen electrode scale (RHE), while Pb UPD CVs were
referred to the standard calomel electrode, SCE scale.

Surface pre-treatment of Cu(hkl) and Cu(poly) was adapted from
literature:[57] in short, galvanostatic electropolishing was applied in
a two-electrode cell containing a mixture of 10 H3PO4: 2 H2SO4: 2
H2O (volume rate). The immersed Cu electrode was electropolished
at 1.8 V (potential difference between counter and working electrode)
during 10 to 30 s.[57] Then, the single crystal was rinsed in Milli-Q
water and transferred to the electrochemical cell. Successive voltam-
metric cycling was carried out in the pseudo-capacitive region of the
Cu(hkl) until the cyclic voltammetry was stable. To induce roughness
in the polished Cu(poly) electrode, it was successively cycled 20 times
in a solution of 0.1 M NaCl at 500 mV/s, and between the potential
limits of –0.4 and 1.6 V vs RHE.[58,59]. This means that the electrode
was cycled between a potential value in which the surface oxidizes,
and then the electrode potential was switched to a cathodic potential
in which the Cu2+ ions re-deposit forming nanoclusters.[58] Later, the
Cu(poly) was transferred to the cell and consecutively cycled in the
electrolyte containing 2 mM PbClO4 + 0.1 M KClO4 + 1 mM NaCl,
to remove the formed passivation layer of chloride, until the Pb UPD
profile of the rough Cu(poly) emerged. Voltammetric experiments were
recorded using a VSP-300 Bio-Logic multipotentiostat. The determina-
tion of the surface coverages (anion adsorption and Pb UPD) was made
by integration of the cathodic and/or the anodic voltammetric profiles
of the recorded cyclic voltammograms, and using the equation:

Q=1
v

R E2
E1 jdE, were v is the scan rate (V/s), j is the current density

(μA/cm2), Ei is the applied potential (V) and Q is the charge per unit
area (μC cm−2).[60] The fitting of the Pb UPD voltammetric profiles
was performed using a Gaussian mathematical function provided by
Origin software.

The highest available pure lead perchlorate (Pb(ClO4)2), potassium
bicarbonate (KHCO3), sodium hydroxide (NaOH), sodium chloride
(NaCl) and potassium perchlorate (KClO4) salts were purchased from
Sigma Aldrich-Merck company (99.99–99.999% purity degree) and
used to prepare fresh solutions for each experiment.
3. Results

We started assessing the quality and cleanliness of the Cu electrode
surfaces by recording the blank CVs in two electrolytes typically
employed in the reduction of CO2: 0.1 M NaOH and 0.1 M KHCO3.
[12] Fig. 1A shows the blank CVs of Cu electrodes in 0.1 M NaOH.
Cu(111) in contact with 0.1 M NaOH (Fig. 1A blue line) displays a
quasi-reversible and symmetric peak at 0.11 V vs RHE that was
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Fig. 1. Blank CVs of Cu(111), Cu(100) and Cu(poly) in contact with: A) 0.1 M NaOH and B) 0.1 M KHCO3. Scan rate: 50 mV/s. The dashed lines in the figure
illustrate the position of 〈111〉 and 〈100〉 sites on the Cu(poly) in relation to single Cu(111) and Cu(100) facets.

Table 1
Integrated charge values of the cathodic voltammetric region of different Cu
surfaces in contact with different electrolytes, from Fig. 1 and Fig. 2.

Cathodic charge involved in the blank CV / μC cm−2

Electrode Cu(111) Cu(100) Cu(poly)

0.1 M NaOH 82 66 80. 5*
0.1 M KHCO3 60.9 55.6** 42**

Cathodic charge involved in the Pb UPD / μC cm−2

Electrode Cu(111) Cu(100) Cu(poly)

2 mM Pb(ClO4)2 + 0.1 M KClO4 368 338 354
2 mM Pb(ClO4)2 + 0.1 M KClO4 + 1 mM KCl 376 382 357.5

*without including defect sites from the CV.
** charge underestimated due to overlapping of the HER with the blank CV.
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attributed to the adsorption / desorption of OH groups in this surface.
[22] The OH peak on Cu(100) (Fig. 1A, red line) appears to shift to
more negative potential values (at−0.15 V vs RHE) and has less inten-
sity and broader shape.[22,24] The presence of defects is evidenced by
the small voltammetric feature at 0.37 V vs RHE,[20] appearing before
the prominent feature centered at 0.43 V vs RHE. This feature, at
0.43 V vs RHE, related to the onset of the surface oxidation, is an indi-
cation of the presence of large 〈100〉 domains.[30] Fig. 1B shows the
blank CVs in 0.1 M KHCO3. The blank CVs of the Cu single crystalline
electrodes in bicarbonate solution also contain the same group of
voltammetric features than in alkaline media, and are related to anion
adsorption. However, these features are shifted to more negative
potentials in the RHE scale, i.e., they display a non-Nernstian shift with
the pH. [25] This can be related to a pH effect but also to the compet-
itive adsorption between OH and bicarbonate anions on Cu.[32–34]
The blank CVs of a Cu polycrystalline rod, Cu(poly), in contact with
0.1 M NaOH and 0.1 M KHCO3 were also plotted in Fig. 1A and 1B
(black curves). The blank CV of Cu(poly) in 0.1 M NaOH displays three
groups of voltammetric features: a broad and less intense feature at
−0.15 V vs RHE, which corresponds to adsorbed OH on 〈100〉 do-
mains; a more intense feature of peaks at 0.11 V vs RHE that corre-
sponds to the OH adsorption on 〈111〉 domains; and a pair of peaks
at 0.39 V vs RHE, which are more intense on a Cu(poly) than on either
Cu(111) or Cu(100) facets, thereby evidencing the higher population
of defects and undercoordinated sites on the Cu(poly). Similar to the
CVs in alkaline media, the CVs of the Cu(poly) in bicarbonate elec-
trolyte, contains features of variable intensity which indicates the pres-
ence of different 〈100〉, 〈111〉 domains and defects.[34]

The charge in the voltammetric curves was integrated to assess the
anion coverage on each surface. Table 1 summarizes the surface
charge values, which have been obtained by integration of the catho-
dic or negative voltammetric scan in each black CV (charge of the
anion, Qanion), and after subtracting the base line corresponding to
the capacitive charge. The obtained charge values ranged between
66 and 80 μC cm−2 for Cu(100) and Cu(111), respectively, in alkaline
solution, while in bicarbonate solution, the obtained charge values
were around 55–65 μC cm−2 for both facets (Table 1), results in line
3

with previous reports.[25,32,40] The surface charges associated to
Cu(111) and Cu(100) are, respectively, 284 and 247 μC cm−2.
[48,49] These values were calculated based on the theoretical atomic
surface density of 〈111〉 and 〈100〉 orientations, and correspond to
the total charge of one adsorbed adlayer in one cm2 of surface area,
assuming that one electron is transferred per each surface atom[60]
and that the surface is not reconstructed.[61] This implies that the
anion coverage on Cu(hkl) (θ = Qanion/QCu(hkl)) is of 0.2–0.3 in either
NaOH or KHCO3 electrolytes. These coverage values are substantially
low, suggesting that the integrated voltammetric charge values could
be underestimating the real surface coverage and/or the electrova-
lence of the adsorbed anion is less than 1. The uncertainty on estimat-
ing the real surface coverage by voltammetric integration is more
accused on the Cu polycrystalline surface, due to the lower intensity
of each feature attributed to a different facet. While the integrated
charge in bicarbonate solution is only 42 μC cm−2, in alkaline media
it is 80.5 μC cm−2 after including the contribution of the defect sites.
The integrated charge values on polycrystalline Cu surfaces, which are
particularly low, offer scarce information of the amount and distribu-
tion of domains and defects on non-well defined Cu.

To assess the number of active site positions and distribution of
domains and defects on Cu, Pb UPD on Cu(hkl) and Cu(poly) was eval-
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uated as an alternative to the blank CVs. Pb UPD on Cu is highly sen-
sitive to the structure and area of the substrate. The elementary reac-
tions proposed in the Cu-electrolyte interface by Brisard et.al. [48,49]
are:

Cusurface þ Pb2þ þ 2e� ! Cusurface � Pb ð1Þ

Cusurface � A þ ne� ! Cusurface þ An� ð2Þ
Where A is the electrolyte anion adsorbed on the surface and

replaced by Pb when Pb2+ is underpotentially deposited.
Fig. 2A shows the Pb UPD on both Cu(111) and Cu(100) in 0.1 M

perchlorate solution and pH 3. Pb UPD on Cu(111) (red line) displays
a pair of intense but irreversible and broad peaks centered at approx-
imately −0.27 V vs SCE. On Cu(100), the pair of peaks is shifted to
around −0.36 V vs SCE. These potential values are calculated from
the average between the potential at the maximum of the more intense
peaks in the negative and positive scan of the Pb UPD CV, for every
single crystalline electrode. Remarkably, the reduction and oxidation
peaks show multisplitting and are broad on both Cu(100) and Cu
(111). This is an indication of the slow kinetics of Pb deposition on
both surfaces.[48] The integrated charges in the cathodic or negative
scan were 368 μC cm−2 for Cu(111), and 338 μC cm−2 for Cu(100)
(Table 1), values in agreement with the literature. [48,49] These val-
ues are substantially higher than the integrated charge values in the
blank CVs from Fig. 1. Fig. 2B shows the Pb UPD on both Cu(111)
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and Cu(100) and in perchlorate solution (pH 3), but in presence of
1 mM of chloride anions (1 mM NaCl) in solution. The presence of
chloride substantially changes the voltammetric profile of Pb UPD
on both facets. On Cu(111), chloride induces the appearance of sharp
and more reversible peaks[52]. On Cu(100), the cathodic peak has
become sharper and less broad, although it still presents slight multi-
splitting, as well as in the counter oxidation peak.[49] Integrated
charge values approached to 380 μC cm−2 (Table 1), being similar
to the ones obtained in the absence of chloride. The sharpening and
increased reversibility of the voltammetric features in the presence
of chloride anions, suggest that chloride enhances the kinetics of the
Pb UPD on Cu surfaces.[48,49]

Brisard et. al. claimed that the Pb UPD occurred with the whole dis-
charge of Pb2+ ions. The obtained charge values of the Pb UPD on Cu
single crystalline electrodes corresponded to a Pb coverage between
0.5 and 0.55 surface fraction, and the excess of charge was attributed
to the anion-electrolyte desorption replaced by Pb when its underpo-
tential deposition takes place (eq. (2)).[48,49] Here, the excess in
charge could be related to the different contributions of the chloride
desorption during the Pb UPD, or OH-groups desorption in the absence
of chloride. Importantly, Brisard et.al. found that, in solutions contain-
ing chloride, the layer of chloride on the underpotentially deposited Pb
layer had a surface coverage not higher than 0.05. This supports that
the anion contribution to the Pb UPD current values mostly comes
from its desorption when it is replaced by Pb (eq.2).[48,49] In any
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polished Cu(poly). The black dashed line shows the experimental voltammetric
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(poly). The black dashed line shows the experimental voltammetric profile.
Scan rate: 5 mV/s.
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case, the charge contribution from the layer of adsorbed anions ranges
between 60 and 80 μC cm−2 with little difference between Cu(111)
and Cu(100). [22,25,32,40]

Fig. 2C display the Pb UPD in the free-chloride perchlorate elec-
trolyte and on Cu(poly). The dashed lines are the Pb UPD CVs of both
Cu(111) and Cu(100) facets, which were added for comparison.
Fig. 2C clearly shows that Cu(poly) contains contributions
from 〈100〉 and 〈111〉 facets that are overlapped. The integrated
charge in the cathodic scan was 354 μC cm−2 for Cu(poly) (Table 1).
Fig. 2D shows the Pb UPD on Cu(poly) and in presence of chloride,
overlapped with the Pb UPD curves on Cu(100) and Cu(111) in the
same electrolyte. Fig. 2D clearly shows a major contribution
of 〈111〉 domains on Cu(poly), which characteristic cathodic feature
can be relatively well differentiated from the broader feature at −
0.36 V vs SCE in presence of chloride. This second feature may contain
both 〈100〉 as well as defect sites. The integrated charge approached
357 μC cm−2 (Table 1). Table 1 summarizes all integrated charge val-
ues for the Pb UPD on the different Cu surfaces.

The obtained sharp and well-defined features on the voltammetric
profiles in 2 mM PbClO4 + 0.1 M KClO4 + 1 mM NaCl (pH 3) solution
suggest that Pb UPD could be used to evaluate the quality and order of
different Cu surfaces. Pb UPD in presence of chloride, to assess the dis-
tribution of facets and defects on Cu catalysts, was tested on a Cu poly-
crystalline electrode exposed to two different surface-pretreatments. In
the first surface pretreatment, the Cu(poly) was mechanically and elec-
trochemically polished in the volume ratio 10 H3PO4: 2 H2SO4: H2O
solution (polished Cu(poly), black dashed line, Fig. 3A). In the second
pretreatment, the polished Cu(poly) was electrochemically roughened
in a solution of 1 M NaCl (rough Cu(poly), red solid line, Fig. 3A).
The experimental section describes in detail the electrochemical
roughening of the Cu electrode.

Fig. 3A shows the Pb UPD voltammograms of both polished Cu(poly)
(black line) and rough Cu(poly) (red line). The surface roughening in
the 0.1 M M NaCl solution, has changed the amount and distribution
of facets and defects on the rough Cu(poly). While on the polished Cu
(poly), the 〈111〉 is the most predominant orientation (feature cen-
tered at −0.30 V vs SCE in the negative scan, Fig. 3A), the rough Cu
(poly), presents a more complex profile: 1) the 〈111〉 feature has
become broader and shifted to more negative values; 2) a prominent
and intense voltammetric feature at −0.36 V vs SCE in the negative
scan, has appeared. According to the Pb UPD curves on Cu(hkl) in
Fig. 2, this new feature likely corresponds to 〈100〉 plus defect sites,
which have been created after roughening the Cu surface in 0.1 M
NaCl solution. This result would be in line with previous reports show-
ing that electrochemical roughening of Cu in electrolytes containing
chloride, changes the surface morphology and induces the formation
of cubes that were visualized by scanning electron microscopy.[58,59]

The negative scan of the CVs of the Pb UPD recorded on both rough
Cu(poly) or polished Cu(poly) has different overlapped peaks which
may involve the contribution of different domains. We tried to fit
the different peaks to a Gaussian mathematical function and simulate
the experimental curves to obtain information about the distribution
of defects and domains on Cu (Fig. 3B and C).[43] Fig. 3B shows the
simulated voltammetric curve in the negative or cathodic scan of the
freshly polished Cu(poly) (red dotted line), overlapped with the real
experimental curve (black dotted line). The simulated curve is de-con-
voluted in 4 peaks. Table 2 reports the peak potential, potential width
of the half maximum and fraction of charge of each peak, in relation to
the total surface charge, which was 357 μC cm−2. Comparing the de-
convoluted peaks with the Pb UPD CVs on Cu single crystalline elec-
trodes (Fig. 2B), we observe that the 〈111〉 domains (peak 1) corre-
sponds to a 62% of the total surface charge of the polished Cu(poly),
being the most predominant orientation. We ascribe peaks 2, 3 and
4 to the presence of 〈100〉 domains as well as defect sites. 〈100〉 do-
mains plus defect sites or undercoordinated sites corresponds to
around a 40% of the surface charge.
5

Fig. 3C contains the simulated curve of the negative scan of the Pb
UPD CV on the rough Cu(poly) (red dashed line), overlapped with the
real experimental curve (black dashed line). Table 3 reports the total
surface charge, which was 625 μC cm−2 for the rough Cu(poly) This
value is almost twice the surface charge value of the polished Cu
(poly)(357 μC cm−2). Considering that the roughness factor (RF) of
the flat polished Cu(poly) is 1, i.e., the electrochemically active surface
area correlates with the geometric area of the electrode, the roughness
factor of the rough Cu(poly) is about 1.8. This result shows that Pb UPD
can be also used for the determination of the real electrochemically
active surface area of Cu catalysts. Electrochemical roughening of
the Cu(poly) induces the appearance of new peaks in the Pb UPD
CV. The simulated curve is the result of the de-convolution of at least
7 peaks. Table 3 reports the peak potential, potential width of the half



Table 2
Integrated charge values of the cathodic voltammetric region
of the Pb UPD of freshly polished Cu (poly) in contact with a
2 mM Pb(ClO4)2 + 0.1 M KClO4 + 1 mM KCl solution from.

Polished Cu(poly)

Active area/ μC cm−2 357.5
Roughness factor (RF) 1

Peak 1, 〈111〉 domains
Peak potential / V vs SCE −0.318
fraction area 0.62
WHF (mV) 11.2

Peak 2
Peak potential / V vs SCE −0.337
fraction area 0.07
WHF (mV) 18.3

Peak 3
Peak potential / V vs SCE −0.354
fraction area 0.23
WHF (mV) 13

Peak 4
Peak potential / V vs SCE −0.367
fraction area 0.08
WHF (mV) 12.3

Table 3
Integrated charge values of the cathodic voltammetric region
of the Pb UPD of rough Cu (poly) in contact with a 2 mM Pb
(ClO4)2 + 0.1 M KClO4 + 1 mM KCl solution from Fig. 3C.
The peak potential / V, the fraction of the area and the width
at the half maximum (WHF /mV) of each peak is provided.

Rough Cu(poly)

Active area/ μC cm−2 625
Roughness factor (RF) 1.8

Peak 1,
Peak potential / V vs SCE −0.301
fraction area 0.01
WHF(mV) 12.5

Peak 2
Peak potential / V vs SCE −0.317
fraction area 0.08
WHF(mV) 15

Peak 3
Peak potential / V vs SCE −0.327
fraction area 0.27
WHF (mV) 14.5

Peak 4
Peak potential / V vs SCE −0.342
fraction area 0.12
WHF (mV) 15

Peak 5,
Peak potential / V vs SCE −0.355
fraction area 0.19
WHF (mV) 12

Peak 6
Peak potential / V vs SCE −0.363
fraction area 0.28
WHF (mV) 9

Peak 7
Peak potential / V vs SCE −0.369
fraction area 0.04
WHF (mV) 14
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maximum, and fraction of charge of each de-convoluted peak. Interest-
ingly, the 〈111〉 peak in the polished Cu(poly) (Table 2 and Fig. 3B) has
split in peaks 1, 2 and 3 in the rough Cu(poly) (Fig. 3C). In addition,
their contribution to the surface charge has decreased to the 40%
(Table 3). In contrast, a prominent voltammetric feature, centered at
6

−0.36 V vs SCE which envelops peaks 4, 5, 6 and 7 has emerged in
the rough Cu (poly). We ascribe peaks 4 and 5 to defect sites while
peaks 6 and 7 likely involve 〈100〉 domains according to Fig. 2D.
All these peaks contribute a 60% to the total surface charge. The rough
Cu(poly) clearly contains more 〈100〉 and defect sites than the pol-
ished Cu(poly), in which 〈111〉 is the dominant facet. These changes
in the distribution of specific active sites will likely have a huge impact
on the electrocatalytic properties of Cu surfaces towards the perfor-
mance in the CO2 reduction.[58] In particular, it has been observed
that 〈100〉 in combination defect sites enhance the formation of
C2 + products such as ethylene and ethanol.[20,37,56,58] Thereby
being able to tune and quantify the distribution of facets on polifaceted
surfaces, in a controlled manner, would serve to design Cu catalysts
exhibiting different selectivity.

Fig. 3B). The peak potential / V, the fraction of the area and width
of the half maximum (WHF /mV) of each peak in Fig. 3B is provided.

Measuring the Pb UPD can be also used to examine the surface state
after an electrocatalytic reaction. Here we have assessed the surface
state after conducting the hydrogen evolution reaction (HER) on Cu
for 1 h. The HER competes with the CO and CO2 reduction on Cu, neg-
atively affecting its efficiency. Because of that, we find that it is highly
relevant to test the effect of both the electrolyte and the HER on the
structure of Cu electrodes. This is crucial to e.g. discriminate between
structure effects induced by the HER during the CO or CO2 reduction.

To assess the impact of the HER on the surface state of the polished
Cu(poly), we kept the electrode at a constant potential of −1.5 V vs
RHE during 1 h in 0.1 M KHCO3. Fig. 4A shows the blank CV of a pol-
ished Cu(poly) recorded in 0.1 M KHCO3 between the potential limits
of −1.5 V and 1.1 V vs RHE, which include the oxide formation/re-
duction region (between 0.1 V and 1.1 V vs RHE). Fig. 4B shows the
scheme of the potentiostatic experiment. After 1 h of water reduction,
the Cu(poly) was tested in the 2 mM PbClO4 + 0.1 M KClO4 + 1 mM
NaCl solution (Fig. 4C). Fig. 4C shows the CV of Pb UPD of a Cu(poly)
freshly electropolished (black dashed line) and after 1 h of electrolysis
(red line). The relatively good overlapping of both curves suggests that
the HER does not cause any substantial damage on the surface of Cu
(poly). This indicates that the structural changes produced under
reductive conditions, related to surface reconstruction induced by
the HER,[27,62–64] are reversible with the applied potential condi-
tions. Similarly, changes in the surface state because of bringing the
electrode to the open circuit potential for a few seconds, disappear
when cycling in the potential region of the Pb UPD. The similarity
between both voltammetric curves in Fig. 4 suggests a similar amount
and distribution of facets and defects before and after water reduction,
and illustrates the robustness of Cu surfaces in this potential region.

Water reduction was carried out on the polished Cu(poly) during
1 h and in bicarbonate solution. Instead of applying a constant reduc-
tive potential value of−1.5 V vs RHE, a program of pulses of 1 s, alter-
nating between 1.1 V and−1.5 V vs RHE (Fig. 5A) was applied. In this
case, we intentionally oxidize and reduce the Cu(poly) sample (see
Fig. 4A, arrows) to electrochemically induce new defects on the sur-
face.[20] Fig. 5B shows the Pb UPD, in presence of chloride, of the
Cu(poly) before and after water reduction with the potential pulse pro-
gram. The Pb UPD that resulted from the potential pulses program
clearly illustrate a different profile than the freshly polished Cu(poly).
A small number of new defect sites has been created and a decrease of
the 〈111〉 peak is observed, structure changes that remain irreversible
with the applied potential conditions. Fig. 5C shows the corresponding
blank CVs of the Cu(poly) before and after the pulse program, and in
contact with 0.1 M NaOH. The blank CVs of the Cu(poly) after the
pulse program shows substantial changes in its profile. A decrease of
the 〈111〉 peak, as well as the appearance of a new peak at 0.3 V vs
RHE, is observed in the blank CV, in agreement with Pb UPD CVs.
However, contrary to the Pb UPD CVs, the characteristic features in
the blank CV are less intense and overlap with a broad capacitance,
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which hinders the analysis of the structural changes produced in the
Cu(poly).

The experiments shown above illustrate that Pb UPD on Cu is
highly sensitive to the structure and surface ordering of the Cu elec-
trode. It can be used as complementary tool to assess the surface state
in combination with blank CVs in other electrolytes. It also allows, in a
rapid way, testing electrolyte effects or the effect of solvent reduction
in the structure of the surface, which is highly important when assess-
ing more complex electrocatalytic reactions such as CO2 reduction.
The higher charge values provided by the Pb UPD voltammetric curves
makes this method a bit more precise for the determination of surface
coverages and facet distribution than blank CVs, which features
involve lower charges values. Despite Pb UPD allows, in a very simple
and accessible manner, assessing the state of the Cu surface and mon-
itor the creation of new defect sites, the method would require addi-
tional experiments in different single crystalline electrodes and
stepped surfaces, in order to elucidate the identity of each peak on
7

the Pb UPD voltammetric curves. This should be performed in combi-
nation with surface characterization techniques and theoretical calcu-
lations, aiming to quantify the different domains on more complex
surfaces such as nanoparticles or nanostructured Cu.
4. Conclusions

Herein we have evaluated the quality, cleanliness and surface struc-
ture of Cu electrodes exposed to different electrochemical treatments



P. Sebastián-Pascual, M. Escudero-Escribano Journal of Electroanalytical Chemistry 896 (2021) 115446
by lead underpotential deposition in acidic media and in presence of
chloride. Obtained results were compared with the Pb UPD of Cu
(111) and Cu(100) well-ordered single crystalline electrodes. We
observed that Pb UPD in chloride media provides sharp voltammetric
features, particularly in the reduction or negative scan, which are
strongly structure sensitive. Additionally, compared to traditional
blank CVs in aqueous electrolytes, Pb UPD peaks are more intense
and involve higher charge values, which allows for better differentia-
tion of all different domains and defects in the Cu electrode. We have
also observed that Pb UPD profiles are strongly sensitive to the surface
state of Cu(poly). Electrochemical roughening of a Cu(poly) in 0.1 M
NaCl dramatically changes the Pb UPD curves, suppressing
the 〈111〉 peaks and increasing the intensity of the 〈100〉 and defect
site peaks. Additionally, the electrochemically active surface area, as
well as roughness factor of the Cu electrode can be also quantified
by Pb UPD. Finally, the state of a Cu catalyst under HER conditions
was tested for one hour by Pb UPD, allowing for the detection of cre-
ated defects during the process. This is particularly relevant to discrim-
inate, in future studies, between structural effects induced by the
electrolyte nature and the HER, or by the CO and CO2 reduction.

We showed that metallic UPD is a valuable tool to assess the struc-
ture of Cu and could be used to test the cleanliness and surface quality
of different types of Cu catalysts, e.g., nanoparticles or nanostructured
surfaces. Further work is necessary to address the specific orientation
of the different peak contributions observed in the Pb UPD curves and
on different multifaceted Cu electrodes. We highlight that voltammet-
ric characterization of Pb UPD on different stepped surfaces, combined
with surface characterization techniques and calculations as valuable
tools to assess the complex structure of Cu catalysts.
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