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The e�ect of dissolved glassware on the
structure sensitive part of the Cu(111)

voltammogram in KOH

Electrocatalysis with the aim of converting
electrical energy from sustainable sources into
synthetic fuels or base chemicals for industrial
production has become an important �eld in
research.1�3 One interesting electrochemical re-
action in that context is the direct electrochem-
ical hydrogenation of CO2 that not only al-
lows storing renewable energy but also helps to
close the anthropogenic carbon cycle.4�9 Since
the pioneering work of Hori in the 1980s,10

Cu remains the only pure metal that can con-
vert CO2 to higher value products like higher
hydrocarbons and their alcohols in signi�cant
amounts. Despite many years of research, the
reason for this unique behaviour is not yet fully
understood and considerable e�ort is therefore
devoted to elucidate the fundamental electro-
chemical properties of various Cu-model sys-
tems (see Nitopi et al. and references therein9).
Whereas there are many results on polycrys-

talline and amorphous Cu indicating e.g. that
product selectivity and activity are strongly
structure dependent,11 not many results are re-
ported on single-crystalline Cu samples with
well-de�ned facets exposed to the electrolyte
that could e.g. elucidate the nature of the ac-
tive site(s).12�22 This seems partially due to the
fact that Cu is di�cult to work with due to its
oxophilic nature and partly because the electro-
chemical (EC) response as measured by cyclic
voltammetry (CV) is very sensitive to the ex-
act preparation procedure employed.23 For ex-
ample, there is not yet any consensus in the
literature about the blank CVs of low-index Cu
single crystals (SC) in alkaline media, especially
in the underpotential region of Cu2O formation

which is known to be structure sensitive.21,23�27

This region can easily drown when investigating
CVs of Cu in wide potential windows.15,28�30

The fact that the structure sensitive, intrin-
sic EC response of low-index Cu facets is not
yet unambiguously established hampers the ef-
forts of understanding the special properties of
Cu in several ways. Firstly, such blank CVs
are needed as benchmarks for theoretical inves-
tigations trying to calculate CVs under more
complicated reaction conditions.31,32 Secondly,
blank CVs are needed as �ngerprints when it
comes to establishing whether a model system
(e.g. Cu(hkl)-oriented �lms) behaves like a SC
electrochemically.22,33 Thirdly, �ngerprint CVs
are needed to analyse polycrystalline samples,
where the relative abundance of di�erent facets
is deduced by a deconvolution of the measured
CV into the CVs of the principal facets.22,34,35

This again hampers ongoing work on investi-
gating structural changes of polycrystalline Cu
or Cu nanoparticles under reaction conditions,
where the knowledge of the fundamental CVs
of the various Cu facets is crucial once more.36

This Viewpoint provides insight on the ob-
served discrepancies in such �ngerprint CVs.
To this end, a combination of STM, EC, ICP-
MS and XPS was applied in combination with
an ultra-high vacuum (UHV)-EC setup that al-
lows preparation and electrochemical analysis
of Cu SCs under very well-controlled condi-
tions.23 To start with, we compared our CVs to
the well-known work by Schouten et al.27 which
reported CVs of di�erent low-index Cu surfaces
in the underpotential region of Cu2O formation.
This study is widely used as the benchmark
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for Cu surfaces as evident from subsequent pa-
pers.18�20,22 Surprisingly, we obtained both con-
trasting and rapidly changing electrochemical
results. While searching for possible explana-
tions, we found two studies by Mayrhofer et
al.37,38 about the impact of glass corrosion on
the electrocatalytic properties of platinum elec-
trodes in alkaline media, which turned out to
be very inspiring for our investigations.
To simplify the story, we restrict ourselves to

report the results of our extensive analysis of
the impact of using glassware on the EC re-
sponse of one Cu facet, namely Cu(111). Sev-
eral Cu(111) SCs were investigated under vari-
ous well-de�ned conditions in order to eliminate
possible sample-, preparation- or setup-related
artefacts. To this end, we investigated SCs
both in the above mentioned dedicated UHV-
EC setup and a conventional 3-electrode one
compartment EC setup. Both setups consis-
tently show the same in�uence of glass corro-
sion on the Cu(111) CVs in the underpotential
region of Cu2O formation, i.e. the region usu-
ally used for benchmarking purposes.
Measurement details: As samples we used

various Cu(111) single crystals (MaTeck,
Jülich; Purity 99.9999 %, typical diameter of
the exposed facet 6 mm, thickness 3 mm) which
were either cleaned and prepared by sputter-
ing and annealing in the UHV-EC setup or by
electropolishing in the case of the conventional
setup.
The structure and cleanliness of the UHV pre-

pared SCs were veri�ed in UHV by scanning
tunneling microscopy (STM). Afterwards, the
SCs were transferred under vacuum to a cube
attached to the UHV chamber. The cube was
then vented with Ar (6.0, AGA) and an EC cell
made of Kel-F was inserted into the cube. EC
measurements were carried out under a steady
�ow of Ar. The electrolyte was a 0.1 M KOH
(99.995 Suprapur, Merck) solution made using
millipore water (18.2 MΩ cm, Merck Millipore)
in volumetric �asks made of either glass (Blau
Brand) or PFA (Corning Life Sciences). The
electrolyte was bubbled with N2 (5.0, AGA) in
a supply bottle made of glass (for electrolyte
prepared in a glass �ask) or PFA (for electrolyte
prepared in a PFA �ask) and connected to the

EC cell by PFA tubing (IDEX Health & Sci-
ence). The experimental method and the UHV-
EC setup is shown in Figure S1 and described
in more detail in a recent publication.23

The setup for conventional EC measurements
was a PTFE cell (Pine Research) where the
working electrode was a Cu SC housed in a
PTFE holder compatible with a Pine Research
rotator shaft (shown in Figure S2). Before these
measurements, the Cu SC was electropolished
against a Cu wire in 66 % H3PO4 (85 % EM-
SURE, Merck) at 2.0 V for 30 s while being ro-
tated at ∼ 200 rpm. Finally it was rinsed in
deaerated millipore water. The electrolyte was
deaerated directly in the cell through a PFA
tube (Savillex).
All EC measurements were performed with a

Bio-Logic SP200 potentiostat controlled by Bio-
Logic's EC-Lab software. A Pt wire was used
as counter and a calibrated RHE as reference
electrode.
The behaviour of Cu(111) under alkaline con-

ditions: The �rst measurements were per-
formed on UHV prepared samples. These were
exposed to 0.1 M KOH electrolyte prepared in
di�erent ways:

(A) freshly prepared KOH in a PFA �ask

(B) freshly prepared KOH in a glass �ask

(C) KOH stored overnight in a PFA �ask

(D) KOH stored overnight in a glass �ask

Apart from the di�erent procedures for elec-
trolyte preparation, the rest of the experiment
remained the same for all the measurements.
All electrolytes were deaerated and then used
to measure the base voltammogram of the clean
Cu SC sample in the potential range from
−0.20 V to +0.45 V vs. RHE at a scan rate
of 100 mV/s in Ar atmosphere. The samples
were immersed in the electrolyte under poten-
tial control at 0.33 V vs. RHE and then swept
cathodically to begin the CV. The results ob-
tained for the di�erent variants of electrolyte
are summarized in Figure 1.
As clearly seen, the CVs measured using

KOH from a PFA �ask irrespective of it be-
ing fresh or old shows just one relatively sharp
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Figure 1: CVs measured on the UHV prepared
Cu(111) samples in 0.1 M KOH prepared in dif-
ferent ways, the samples were immersed under
potential control at 0.33 V vs. RHE. CVs from
electropolished samples are shown in Figure S3,
including a measurement in 0.1 M NaOH.

and reversible redox feature at 0.11 V vs. RHE
corresponding to a charge of 76.3 µC/cm2 ±
2.4 µC/cm2, or 0.27±0.01 electrons per surface
atom. Contrastingly, for KOH prepared in glass
�asks we measured di�erent redox features de-
pending on the contact time of KOH with the
glass. The KOH freshly prepared in a glass �ask
traced a similar redox feature as seen for PFA
but with additional cathodic reduction waves
negative of the main feature. On the other
hand, KOH left overnight in a glass �ask had a
considerably di�erent redox behaviour resulting
in two oxidative and two reductive peaks with
a clear peak separation between the anodic and

cathodic scan. This very much resembles CVs
previously reported in the literature (cf. Figure
S5).
After having established a benchmark CV of

Cu(111) prepared by sputter/anneal cycles in
UHV, we then performed similar measurements
on a separate Cu(111) SC prepared by elec-
tropolishing in a conventional setup. To do so,
we housed the Cu SC in a custom-made PTFE
holder that only exposes the crystal face to the
electrolyte. The PTFE cell maintained under
Ar atmosphere during EC measurements. Af-
ter electropolishing, CVs were recorded using
the same parameters as in the UHV-EC setup.
The CVs measured on the electropolished sam-
ples are shown in Figure S3 and compare very
well to those in Figure 1. This showed that the
features measured on Cu(111) SC are consistent
across both setups and independent of the crys-
tals used, as long as they are well-de�ned and
clean. We note that the reversible feature in
the clean case turns out to be composed of two
peaks. The dependence of these two peaks on
e.g. the exact potential range used is currently
under investigation.
To investigate what constituents of the elec-

trolytes might be the reason for the di�erent
features seen when using glass and PFA �asks,
electrolyte samples were retrieved from the EC
cells after CV measurements (shown in Fig-
ure 1) for the four cases of electrolyte explored
and analysed using inductively coupled plasma
mass spectrometry (ICP-MS). Based on a semi-
quantitative analysis of a brief survey of all
elements we only identi�ed B, Al and Si as
being present in signi�cant amounts in KOH
from a glass �ask compared to KOH from PFA,
thus we performed a thorough analysis of these
three elements (see SI for details). Inspired by
Mayrhofer's papers,37,38 we also checked for Pb,
but could not detect it in noticeable amounts.
The data from this analysis is listed in Table
1 and also shown as a bar graph in Figure
2a. It can clearly be seen that the amounts of
these constituents increases signi�cantly with
the time that the electrolyte is in contact with
glass.
In parallel, we investigated the Cu SC elec-

trode after the EC measurements by trans-
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Figure 2: (a) ICP-MS measurements focusing on B, Al, Si and Pb for the di�erent electrolytes used.
As can be seen, the KOH left overnight in a glass �ask contains large amounts of contaminants
compared to those from PFA �asks. (b) XPS surveys measured on the Cu(111) sample after the
EC measurement and subsequent rinsing in deaerated millipore.

Table 1: The concentrations of B, Al, Si and Pb detected by ICP-MS in the various electrolytes.
The detection limit (DL) is noted as well. The same data is shown in Figure 2a.

Electrolyte
Concentration [ppb]

B (DL = 0.229) Al (DL = 0.191) Si (DL = 8.927) Pb (DL = 0.002)
(A) Fresh KOH, PFA < DL 1.0 < DL < DL
(B) Fresh KOH, glass 2.1 7.7 61.9 < DL
(C) Day-old KOH, PFA < DL 0.6 8.3 < DL
(D) Day-old KOH, glass 264.8 135.1 3450.8 0.01
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ferring the samples to a separate setup and
performing X-ray photoelectron spectroscopy
(XPS). Amongst the di�erent samples we per-
formed XPS on those exposed to electrolyte
C and D, as these were exposed to the high-
est concentrations of impurities. Figure 2b
shows a comparative survey spectrum for a
clean Cu(111) SC prior to exposure to elec-
trolyte and after EC cycling for 100 cycles in the
two electrolytes (C and D), respectively. The
main Cu peaks are consistent across all the sam-
ples but on both the Cu SCs which have seen
electrolyte, additional peaks are found for K 2p,
O 1s and C 1s. These could be attributed to the
electrolyte and adventitious carbon from the at-
mosphere during sample transfer from the EC-
cell into the XPS chamber. Surprisingly we did
not observe any of the contaminants seen from
ICP at the Cu SC surface even when performing
XPS sputter depth-pro�ling. Additionally, ion
scattering spectroscopy (ISS) was performed on
separate regions of these samples but even this
surface sensitive technique did not indicate any
glass contaminants on the surface.
Altogether, this suggests that the contam-

inants revealed by ICP can possibly in�u-
ence the CV response by being present in the
electrochemical double layer but without get-
ting deposited on to or incorporated into the
Cu surface. Interestingly, a recent study by
Bertheussen et al.39 probing polycrystalline Cu
(pc-Cu) under reaction conditions observed cat-
alyst deactivation over time that was attributed
to poisoning by deposited Si. They were actu-
ally able to detect Si on pc-Cu by XPS after
performing CO reduction at −0.5 V vs. RHE
during prolonged EC measurements in a glass
cell. To further investigate this aspect, we per-
formed electrolyte exchange going from glass
KOH to PFA KOH during EC measurements
and observed the glass induced features in the
CV disappearing instantly (see Figure S4). Ap-
parently in the case of SCs these contaminants
are only loosely bound to the surface or present
at the electrode/electrolyte interface.
So far, our data suggest negligible chemical

modi�cation of the surface during a typical EC
measurement (duration: ∼ 1 hr), but the ques-
tion still remains whether the surface was struc-

turally altered during the EC measurement or
not. In order to answer this, post-EC STM
imaging was performed using the UHV-STM-
EC setup. After the EC measurements, the
samples were transferred back to UHV and
STM was performed without any intermedi-
ate exposure to air. The sample analysed was
the Cu(111) exposed to KOH held overnight in
the PFA �ask. Figure 3 shows representative
pre- and post-EC STM images. In both cases,
the Cu(111) shows large terraces separated by
monoatomic steps. Furthermore, monoatomic
holes induced by the EC measurement are visi-
ble. However, no major structural changes like
deep etch pits are visible, thus indicating that
the overall surface structure remained intact
during EC measurements, suggesting that the
Cu(111) surface is relatively stable under these
conditions.
Summary: We have shown how a combina-

tion of STM, EC, ICP-MS and XPS can be used
to investigate whether impurities are a�ecting
measurements adversely. In the present case
it was shown that dissolved glassware in alka-
line electrolyte completely changes the CV of
Cu(111) from having one sharply peaked redox
feature at 0.11 V vs. RHE to having two anodic
and two cathodic features. Furthermore, these
features are separate from each other. Thus
we recommend avoiding all glassware in stud-
ies involving alkaline media as this can possibly
a�ect the electrochemical behaviour of a given
system dramatically.
Aarti Tiwari

Thomas Maagaard

Ib Chorkendor�

Sebastian Horch*
Department of Physics, The Technical Univer-
sity of Denmark (DTU), Fysikvej 311, 2800
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XXXX
Additional information on the experimental
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Figure 3: A comparison of the state of the Cu(111) surface before and after being cycled �ve times
electrochemically between −0.2 and 0.45 V vs. RHE in 0.1 M KOH as seen by STM. The inset in
(a) shows atomic resolution of the surface.

methods employed including electrochemical
results obtained on electropolished Cu(111)
samples and a comparison to the literature.
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