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ABSTRACT

Electrocatalyst surfaces prepared under ultrahigh vacuum (UHV) conditions can create model surfaces to better connect theoretical calculations with experimental studies. The development of a single crystal sample holder and inert electrochemical cells prepared with modularity
and chemical stability in mind would allow for expensive single crystals to be reused indefinitely in both UHV and electrochemical settings.
This sample holder shows reproducible surface preparations for single crystal samples and consistent electrochemical experiments without the
introduction of impurities into the surface. The presented setup has been used as a critical piece for the characterization of Cu(111) surfaces
under CO2 electrochemical reduction reaction conditions as a test case.
© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0057822

INTRODUCTION
Carbon dioxide (CO2 ) emissions have accelerated anthropogenic climate change on a global scale. Current requirements
for energy consumption are only met by high value products produced by the fossil fuel industry. However, there is a growing
movement to generate these products from more carbon neutral sources. Collection and conversion of CO2 back into highvalue feedstocks would allow for mitigation of these effects on
climate. In order to achieve this goal, electrocatalysts, such as copper (Cu), are being explored for their selectivity to C2+ products in the carbon dioxide electrochemical reduction reaction
(CO2 RR).1–5 Other materials and reactions of interest include
Pt for the oxygen reduction reaction (ORR) in fuel cells6–9 or
Earth-abundant metal phosphides for both the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) in water
splitting.10–12
Heterogeneous reactions, such as those mentioned above, are
dependent on both the chemistry and structure of the surface. In
the past, model reactions were limited to gas/solid interactions and
required ultrahigh vacuum (UHV) chambers for ultimate control
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of the surface in order to fundamentally understand heterogeneous
catalysis. However, with the prevalence of the liquid/solid interface,
more work has been focused on understanding this interface with
similar UHV instrumentation. This has presented its own set of challenges and has led to many developments in instrumentation that
incorporates electrochemical cells into UHV chambers.13–19 These
developments have enabled simple electrochemical characterization,
such as cyclic voltammetry, but are yet to incorporate online gas
phase analysis critical for understanding electrocatalytic activity. An
area that has received less attention is the development of sample
holders that can preserve the sample preparation completed in the
UHV chamber while being incorporated into standard electrochemical glassware, such as an H-type cell. There are many examples of
commercial holders from a variety of vendors (Gamry Instruments,
CH Instruments, and Redoxme AB) that are designed for corrosion
experiments rather than for small single crystals (<10 mm diameter).
Furthermore, careful control of the exposed area to the electrochemical solution is of critical importance when benchmarking the
performance of different single crystal surfaces.20 It should also be
noted that the control of UHV sample preparation and characterization methods is often limited to the inner area of single crystal
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surfaces due to certain beam focusing restrictions depending on the
used methods.
In the electrochemical community, single crystal studies are
conducted in a “hanging meniscus” configuration, often with noble
metal samples, such as Pt, Pd, or Ir.6 This method has been crucial for the understanding of the electrochemical behavior of single
crystal surfaces. However, there has been limited characterization
and development for ex situ single crystal preparation procedures
where the surface structure and chemistry are comparable to UHVprepared samples in metals other than those highlighted previously.
Herein, we present a sample holder designed with UHV prepared
single crystals in mind, enabling these samples to be transferred from
UHV to the electrochemical cell and back to carry out post-mortem
analysis on the catalyst surface with UHV instrumentation. This is
a significant advantage to the hanging meniscus setup that offers
little flexibility to be incorporated into a UHV setup to investigate
the metal catalyst after the reaction. The presented sample holder is
modular, simple, and created to allow for sample transfer from UHV
to electrochemical cells and vice versa.

EXPERIMENTAL
All UHV preparation and characterization were completed in
one of two different chamber setups. Both setups had a base pressure
of <5 × 10−10 mbar and were equipped with electron beam heating, argon sputtering, and low energy electron diffraction (LEED).
All samples were prepared by alternating cycles of sputtering and
annealing in vacuum.21 Sputtering was carried out at 600 V and
a sample current of 8–10 μA for 30 min followed by annealing in
vacuum at 650 ○ C. LEED measurements (Omicron SpectaLEED, Scienta Omicron) were done with a filament current of 1.6 mA and a
screen voltage of 6 kV. One chamber was equipped with an Auger
electron spectrometer, while the other has a low temperature scanning tunneling microscope. STM experiments were performed in a
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custom-built system operating at low temperature (5 K).22 The topographic STM images were taken in constant-current mode using a
PtIr tip.
Auger electron spectroscopy was carried out with a spectrometer (DESA 150, Staib Instruments GmbH) equipped with a cylindrical mirror analyzer. All spectra were taken at an electron energy
of 3 kV, a retarding ratio of 1%, and a step size of 1 eV from 40 to
1000 eV. Spectra were then analyzed by differentiating the raw data
using a five-point Savitzky–Golay algorithm to generate the resulting
spectrum using CasaXPS. No further charge correcting was required,
and the samples were well grounded.
Single crystal sample holder
In Fig. 1, a photograph for the sample holder in UHV and
a schematic drawing for the electrochemistry sample holder are
shown. The dimensions of the drawing are tailored to a sample that
is circular and 10–7 mm in diameter. The opening for the sample exposure is 0.48 cm in diameter and gives a geometric electrochemical surface area of 0.181 cm2 around the center of the
sample.
UHV preparation of the surface is controlled near the center
of the sample and becomes less defined near the edges, creating
the need to define a consistent exposed area for the electrochemical experiments. All parts are shown in the breakdown of the holder
in Fig. 1(b) with (8) representing the sample itself. All parts are fabricated with polyether ether ketone (PEEK), and sealing was achieved
with Viton o-rings [FPM (fluorinated rubber polymer) Plate-Shore
70○ , Reichelt Chemietechnik GmbH + Co.] of appropriate size and
thickness for each setup. PEEK is easily machined with a material readily available rather than relying on specialized glassware.
It is also chemically durable and inert toward a wide range of solvents, even those incompatible with glass. In some cases, especially
for easily machinable metal single crystals, the ability to reduce the
small space between the crystal surface and the holder exit will be

FIG. 1. (a) Cu(111) sample mounted on the holder in UHV conditions. The UHV sample holder was fabricated in-house and can be found elsewhere.23,24 (b) Schematic
drawing of a single crystal electrochemistry holder: (1) electrical pin, (2) copper wire, (3) outer polyether ether ketone (PEEK) pole connector, (4) Viton o-ring, (5) outer
PEEK holder, (6) Viton ring and copper connector to the holder and screw, (7) sample seat, (8) sample, (9) Viton o-ring, and (10) outer PEEK threaded connection.
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FIG. 2. Possible configuration for machinable metal single crystals. (a) Normal single crystal configuration: (1) surface of the single crystal, (2) Viton o-ring above the crystal
face, (3) inner holder for the crystal, (4) inner o-ring, (5) back contact for the crystal, and (6) PEEK holder. (b) Machined single crystal configuration: (7) machined crystal
incorporating the o-ring height.

important. To do this, one can cut a small area to match the holder
as shown in Fig. 2.
The pole connection can be fabricated to any length desired. In
our experiments, the length was tailored to an H-type electrochemical cell and could easily be used with electrochemical glassware or
custom-fabricated PEEK H-type cells as shown in Fig. 3. A significant novelty of this holder is its ability to prevent damage to the
single crystal surface and the fact that it allows the crystal to be
used multiple times for different experiments. Single crystal surface
preparation can be carried out in UHV conditions by mounting the
sample on the holder as shown in Fig. 1(a), while the electrochemical
work is done by removing the sample from the UHV holder and

mounting it in the electrochemical holder. Mounting is completed
ex situ, in air prior to putting into the solution for characterization. These components are also capable of being introduced into
a glovebox for air-sensitive work or to prevent exposure to the
atmosphere.
The custom PEEK H-type cell in Fig. 3 was fabricated to
work with solvents unsuitable for glass. Multiple blocks can be
put in series with one another to create more elaborate electrochemical cells. The locking mechanism is similar to those
found on commercial furniture to allow for ease and speed of
assembly. A summary of all relevant volume dimensions is given
in Table I.

FIG. 3. Custom-fabricated PEEK H-type cell: (a) real image of the setup and (b) schematic representation of the PEEK cube cell: (1) cap with electrical feedthrough pins,
(2) electrochemical cell compartment, (3) locking screw, (4) connector screw, (5) PEEK membrane holder with Viton seals, (6) locking screw, and (7) counter electrode
compartment cap.
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TABLE I. Summary of relevant dimensions for both the PEEK and glass H-type cells
used in single crystal electrochemical experiments.

Glass H-type cell
Total volume (ml)
Sample holder (ml)
Counter electrode (ml)
Cap (ml, ea.)
Electrolyte (ml)
Headspace (ml)

PEEK H-type cell

72.0

61.0
5.3
1.5
18.0
25.0

23.7

12.7

Electrochemical experiments
Two types of electrochemical experiments were carried out
with these setups using a Gamry 1010E potentiostat (Gamry Instruments). The first is standard cyclic voltammetry carried out in 0.1M
NaOH (Sigma Aldrich; trace metal basis) aqueous solutions. A scan
rate of 50 mV/s was used for all voltammograms. These solutions
were purged with Ar (Linde, 6N) for a minimum of 20 min prior
to placing the samples in the solution. A 2 mm diameter, leakless
Ag/AgCl reference electrode (eDaq) was used as the reference electrode, and a Pt mesh (Mateck) was used as a counter electrode. A
PEEK electrochemical cell was used for the experiments in basic
conditions as shown in Fig. 2 to avoid possible silicon contamination from a glass cell on the electrode surface in strongly basic
conditions.13 Samples were placed in the solution without applied
potential and held at −1.0 V vs Ag/AgCl for 5 s prior to running the
cyclic voltammetry experiments.
All carbon dioxide electrochemical reduction experiments were
carried out in an H-type cell arrangement shown in Fig. 4 with further details given elsewhere.25 CO2 reduction electrolysis was carried
out at −1.1 V vs the reversible hydrogen electrode (RHE) in CO2 saturated 0.1M KHCO3 for 1 h. The iR correction (current-interrupt
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mode) was applied during the electrolysis, and the conversion to
the RHE scale was calculated by considering the pH of the solution.
CO2 was purged in both the cathodic and anodic compartments
of the H-type cell at a flow rate of 20 SCCM for at least 30 min
with two Bronkhorst mass flow controllers (Bronkhorst Deutschland Nord GmbH) regulated using in-house developed software
built on the EPICS platform.26–28 The external flow was checked
with a flowmeter prior to attachment to the gas chromatograph
to ensure no leaks in the system [Fig. 4(b)]. An Agilent gas chromatograph (GC, Agilent 7890B, model number: G3440B) equipped
with a thermal conductivity detector (TCD) and a flame ionization
detector (FID) and using N2 as a carrier gas was used online to measure the gas phase products generated by the reaction. This GC was
retrofitted with an automatic valve package and a nickel methanizer
(Joint Analytical Systems) for controlling the gas injection into the
columns. These experiments were often followed by off-line liquid
product analysis with a high pressure liquid chromatograph (HPLC;
Shimadzu Prominence) equipped with a NUCLOGEL SUGAR 810
column with a refractive index detector (RID) and a liquid phase gas
chromatograph (L-GC; Shimadzu GC-2010 Plus) equipped with a
Permabond CW20M column and a FID detector. Our experiments
did not yield any liquid products during the reaction. A removable plexiglass housing is attached to the workstation around the
electrochemical cell and can be attached to the building ventilation
system to function as a small fume hood as shown in Fig. 5. The
housing allows for hazardous gases, such as CO, to be used safely
and effectively without a concern of leaking out into the laboratory
environment.
Figure 5(b) also shows a combination setup for more advanced
electrochemical characterization by a rotating disk electrode (RDE)
experiment. The holder design was modified to fit in a standard
rotator (Pine Research Instrumentation) and can be used for more
advanced kinetic studies and diffusion experiments with UHV
cleaned single crystal samples.

FIG. 4. (a) Schematic drawing of a custom-made H-type glass cell with a PEEK single crystal sample holder incorporated in the setup: (1) gas inlet, (2) electrical pin
connection, (3) reference electrode pin, (4) gas chromatograph connection, (5) PEEK sample holder, (6) reference electrode, (7) screw tightened clamps, (8) Selemion
membrane, (9) gas inlet, (10) counter electrode electrical pin connection, (11) gas outlet, and (12) counter electrode. (b) Real image of CO2 reduction reaction with a
glass cell and online gas chromatography: (13) integrated gas manifold electrochemical workstation, (14) Bronkhorst mass flow controllers for CO2 flow, and (15) gas
chromatograph.
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FIG. 5. Electrochemical workstation with an integrated gas manifold for the delivery of desired gases. Possible configurations are visualized in (a) and (b): (1) Minican of the
desired gas, (2) manual gas flowmeter, (3) automatic Bronkhorst gas flowmeter, (4) Plexiglass housing, (5) removable CF40 mount, (6) PEEK electrochemical cell, and (7)
rotating disk electrode.

RESULTS AND DISCUSSION
UHV preparation of Cu(111) and post-mortem
analysis
Preparation of Cu(111) under UHV conditions is critical to
understanding the effect of the surface structure and chemistry on
the CO2 RR. Alternating cycles of sputtering and annealing were
used to prepare the surface before a final anneal at 650 ○ C. Investigation of the surface was performed with STM prior to the removal of
the sample from the vacuum [Figs. 6(a) and 6(b)]. STM characterization of the Cu(111) surface shows long terraces and step edges
expected for Cu(111) with the closed-packed directions obtained
from the atomically resolved image shown in Fig. 6(b). Both the
LEED and Auger data indicate a clean Cu(111) surface [Figs. 6(c)
and 6(d)]. There is no oxygen or carbon left after the cleaning, and
the LEED pattern is sharp and consistent with the surface structure
of Cu(111).29
Reintroduction of the sample into the UHV environment is
crucial for any post-mortem analysis on an electrocatalytic system.
The surface structure and chemistry could have changed during
the reaction, and any adsorbates left on the surface will need to
be thoroughly characterized. In Figs. 6(e) and 6(f), the LEED and
Auger spectra of the same single crystal Cu(111) sample are shown.
The Auger spectrum also shows new Auger peaks indicative of carbon and oxygen on the surface. Furthermore, there are no additional peaks from possible contaminants of Fe or Zn that have been
reported in other studies, which may affect the CO2 reduction at
the surface.30 These contaminants are normally observed by other
methods in the literature, which shows that the crystal can be reintroduced into the UHV environment after electrochemical characterization.30 The LEED characterization shows no diffraction spots
at any energy, which is unsurprising given the exposure to the electrolyte solution; however, it is inconclusive regarding any structural
changes of the surface that may be induced by the electrolysis. The
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crystal can be regenerated by simple sputter/anneal cycles until the
pristine surface is observed again [Figs. 6(c) and 6(d)].
Electrochemistry
There are many advantages to designing and implementing an
electrochemical holder for single-crystal electrocatalyst samples. The
ability to prepare and characterize these samples in an UHV setting
ensures that the surface of the catalyst will have a high level of reproducibility in terms of its structure and chemistry. One method that
has been proposed as a benchmark for Cu catalysts is cyclic voltammetry characterization in basic conditions.13,17 The advantage of this
holder over a traditional hanging meniscus configuration is that
there are no fixed connections to the crystal, the exposed surface
area is well defined, and the sample is immersed completely within
the solution, preventing any undefined edges and sides from being
exposed. Herein, only the UHV prepared surface area of the single
crystal is exposed to the electrolyte. A cyclic voltammetry experiment was carried out in 0.1M NaOH after sample removal from the
UHV chamber and is shown in Fig. 7. A custom H-type cell was also
fabricated out of the PEEK material (Fig. 2) and was used to carry
out all cyclic voltammetry to avoid possible silica contamination on
the Cu surface from the glass cell.15
The CV experiment shows similar results to other works in the
literature for Cu(111) in basic solution.31–34 Successive CVs were
obtained by placing the holder in the cell without any applied potential or electrodes attached. Each successive scan was increased by
100 mV into the next larger, anodic potential window. The resulting
CVs show a complex voltammetric response at high anodic potentials relative to the starting voltage. In the narrow scan window, two
well-defined peaks exist, likely associated with the desorption of OH
from the surface. This region is often used as a metric for assessing the surface adsorption of different Cu facets in solution.31,32,35
Comparison with another UHV-prepared sample from the literature
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FIG. 6. STM images of the UHV prepared Cu(111) surface. (a) 100 × 84 nm2 , Vs = 800 mV, and It = 50 pA. Closed-packed directions of Cu(111) are represented by black
arrows. (b) 3.5 × 4.0 nm2 , Vs = 20 mV, and It = 2 nA. The LEED images and corresponding Auger spectra of (c) and (d) freshly prepared Cu(111) and (e) and (f) Cu(111)
after reintroduction into the UHV chamber after bulk electrolysis are shown.

(Fig. S1) shows a similar redox behavior with no indication of contamination.31 The difference in current density is likely due to the
uncertainty around the meniscus contact area relative to the welldefined area presented for this sample holder. The CV experiment
shows that our electrochemical holder can provide a well-defined
surface area, free of impurities, to investigate vacuum-prepared
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single crystal samples. These electrochemical experiments were
completed with the crystal transferred out of vacuum and mounted
ex situ prior to being introduced into the solution. The reproduction of the electrochemical behavior in the CVs is encouraging, but
if more stringent air-sensitive experiments are required, the holder
and electrochemical setup are easily transferred to a glovebox for
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FIG. 7. Successive cyclic voltammograms of Cu(111) in 0.1M NaOH solution: (a) wide scan and (b) narrow scan. The scan rate for this experiment was 50 mV/s. The narrow
scan highlights the region where OH desorption is expected to occur.

mounting and characterization. The UHV holder (with the sample
still mounted) can also be transferred to a glovebox via a vacuum
suitcase to be introduced to the glovebox under inert conditions.
Another area of interest for this holder is the use in electrocatalytic reactions. As alluded to previously, the holder was used for
the electrocatalytic reduction of CO2 on Cu(111) single crystal surfaces. The product distribution is an important metric often used to
calculate the faradaic efficiency and selectivity of the reaction. A typical electrolysis is carried out at −1.1 V vs the reversible hydrogen
electrode (RHE) after iR correction and generates a current density
around −4 mA/cm2 . Table II shows a comparison of relevant CO2
reduction product distributions from the literature.
The distribution of products for the Cu(111) surface at this
potential is expected to have a significant amount of hydrogen produced with other carbon species produced as well. The distribution
of products is intimately tied to the overpotential applied to the
electrode. This leads to significant variations and presents a challenge for benchmarking any catalyst. The use of a well-defined surface and this type of electrochemical holder will help to standardize
the variables associated with the catalyst efficiency. The observed
spikes in the electrochemical data are expected to occur from bubble

formation near the surface of the electrode (Fig. S2). This is especially true for high amounts of hydrogen generated in flat surfaces.
The product distribution is easily characterized by an online GC
attached to the electrochemical cell while the electrolysis is running.
A selection of relevant Cu(111) single crystal product distributions is
shown in Table II. The electropolished sample presented here is very
similar to that in the work by Huang et al.3 and can also be compared with some of the original landmark work by Hori et al.36 The
electropolished Cu(111) preparations have a distinct product selectivity toward hydrocarbon products in addition to H2 . However, as
we recently demonstrated,37 the UHV prepared Cu(111) surface significantly favors the production of hydrogen. The high degree of
control over the exposed area is key to obtaining this result and
will be important moving forward when working with single crystals
prepared using UHV instrumentation.
CONCLUSIONS
The fabrication of the inert, modular sample holder has enabled
the characterization of single crystal samples of interest to the
electrocatalysis community under electrochemical conditions after

TABLE II. Comparison of CO2 reduction reaction product distributions for different Cu(111) electropolished samples, including
our UHV prepared Cu(111). Hori’s data were completed under galvanostatic control at −5 mA/cm2 .36

Partial current density (mA/cm2 )

Faradaic efficiencies (%)

Cu(111) epolish
Huang et al.3
Hori et al.35
Cu(111) UHV prep

Rev. Sci. Instrum. 92, 074104 (2021); doi: 10.1063/5.0057822
© Author(s) 2021

H2

CO

CH4

C2 H4

H2

CO

CH4

C2 H4

25
33
16
77

4
1
6
3

52
42
46
3

10
16
8
1

0.62
2.77
⋅⋅⋅
2.23

0.09
0.05
⋅⋅⋅
0.09

1.28
3.54
⋅⋅⋅
0.10

0.29
1.39
⋅⋅⋅
0.03
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UHV preparation. The ability to prepare highly defined surfaces
under UHV and then easily move those samples into an electrochemical environment without damaging the crystal is important
to understanding the relationship between the surface structure and
chemistry on the electrocatalytic reactions of interest. Furthermore,
the well-defined area will be critical to benchmarking catalyst materials and surfaces moving forward. Contacts that are free of epoxy or
adhesives allow these single crystal samples to be reused many times
over. The plans and materials are very modular and will be important in further characterization of novel electrocatalytic materials
important to energy research.

SUPPLEMENTARY MATERIAL
See the supplementary material for additional electrochemical measurements and a comparison to data available from the
literature.
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