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The electrochemical behavior of Au(111) in contact with deep
eutectic solvents (DESs) was studied by cyclic voltammetry,
electrochemical impedance spectroscopy (EIS), and immersion
experiments to determine the potential of zero total charge
(pztc). In particular, DESs type III consisting of a choline salt and
a hydrogen bond donor (HBD) were investigated. The HBDs
urea and ethylene glycol (EG) were chosen since they belong, in
combination with choline chloride (ChCl), to the most widely
studied systems. A third HBD used in this study was trifluor-
oacetamide (TFAcA) because of its remarkable freezing point

depression. The adsorption of chloride, nitrate, and sulfate
anions on Au(111) was investigated using DESs, as the electro-
chemical behavior of Au(111) in aqueous electrolytes containing
these anions were already well studied. For a better under-
standing of the interactions of ions in DESs with noble metal
electrode surfaces, Au(111) in aqueous ChCl was investigated as
well. It was shown that anion adsorption on Au(111) in the
DESs under consideration was similar to adsorption in the
respective dilute aqueous systems.

Introduction

In recent decades, the efforts in developing more environment-
friendly electrolytes for metal deposition and battery systems
have increased. One class of substances that appeared in the
field are DESs, which were mentioned first by Abbott and co-
workers.[1–3] DESs are comparable to ionic liquids due to their
wide electrochemical stability window and relatively low vapor
pressure. Ionic liquids are already extensively employed in
various applications in energy storage science, for example, as
electrolytes in lithium-ion batteries and the electrodeposition of
metals.[4–9] However, several problems remain. For example,
ionic liquids are difficult to purify due to their low vapor
pressure and their multistep synthesis is costly. By contrast, the
individual components of DESs are typically solid, allowing
conventional and simple purification methods such as recrystal-
lization or sublimation. Another advantage is the good

accessibility of DES compounds, which enables this class of
electrolytes at low cost. On ionic liquids, fundamental studies
already exist, enabling a detailed understanding of the inter-
actions between the electrolytes and the electrodes, i. e., the
electrical double-layer behavior.[10] It was found that the
interfacial region cannot easily be described by a simple mono-
or bi-layer model but rather as a multilayered structure. Müller
et al. performed a series of electrochemical studies on Au(100)
and HOPG in contact with ionic liquids.[11–13] These investiga-
tions revealed interesting differences compared to aqueous
electrolyte systems regarding the kinetics of electrochemical
processes. By immersion transients, a rather slow reorganization
process for ionic liquids after the initial formation of the
electrical double-layer was found.

By contrast, DESs have mostly been characterized in terms
of their potential applications so far; however, a fundamental
understanding of the underlying electrochemical behavior is
still fragmentary.[14–17]

In this study, we focus on the adsorption of different DES
systems and their ions on Au(111) as well as on the double-
layer region. To obtain a general understanding, we investigate
two of the most prominent examples: ChCl+urea (1 : 2) and
ChCl+EG (1 :2).[2,18] A main advantage of the latter system is the
low viscosity resulting in high conductivity.[19,20] We compare
the DES systems to aqueous electrolytes and ionic liquids and
we discuss their similarities and differences. For this compar-
ison, common anions such as sulfate,[21] nitrate,[22] and chloride
are used.[21,23]
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Results and Discussion

Cyclic voltammetry

For an initial characterization, we perform cyclic voltammetry of
Au(111) in ChCl+EG (1 :2), ChCl+urea (1 : 2), ChCl+TFAcA
(1 :2.5), and ChCl in water (1 : 2). The Au(111) crystal is dipped
under potential control before each measurement. For the
measurements in DESs, it is held at the starting potential of
� 0.1 V for 30 min (see top three data sets in Figure 1). For the
system that contains water, the Au(111) electrode is held at
0.1 V for 30 min. During this equilibration time of 30 min, the
current usually dropped to 5–10 nA, indicating dewetting of the
side faces of the single crystal. The electrode and the electro-
lytes show high stability over multiple cycles if a potential
window of about 1.2 V is not exceeded. This is in contrast to the
interval of around 2 V often stated in the literature.[14–17] We
locate the so-called double-layer regime by resolving the
current on the μA-scale, thus identifying the onset potentials of
Faraday processes. At high current densities, condensation of
EG to dimers or 1,4-dioxane may occur, which can lead to water
in the system. With EG, the formation of glycolaldehydes and
acids may occur while urea decomposes to biureate or H2,
severely limiting the stability of the DES.[24,25] H2 can also form if
ChCl is decomposed.[26] The cathodic decomposition depends
on the HBD stability, as indicated by the dashed lines in
Figure 1. EG and urea are electrochemically more stable HBDs
than TFAcA. The oxidative end of the potential stability window
is likely determined by Au oxidation.

There are two current peaks and one shoulder for Au(111)
in ChCl+urea between � 0.1 V and 0.5 V: b1–b3 in the positive
scan direction and b4–b6 in the negative scan direction with a
total charge density of about 160 μCcm� 2 (see dark blue data in
Figure 1). This value is similar to measurements of Au(111) in
contact with chloride-containing aqueous electrolytes.[23] Similar
to cyclic voltammograms of aqueous systems, the peak b1 at
around 0.25 V is supposed to correspond to the lifting of the
Au(111) surface reconstruction due to the adsorption of
chloride ions.[21] The subsequent shoulder b2 marks the chloride
adlayer’s finalization and rearrangement processes in the
adlayer start, which seem to be finished at b3. These processes
probably include a phase transition to an ordered structure
with an increase in coverage of adsorbed chloride ions, as
indicated by the sharp peak b3 (see Figure 1). At b4, the ordered
adlayer structure starts to disband until the unordered phase is
restored at b5. It is worth mentioning that the spike in current
at b5 can still be observed, even if the scan is reversed before b3

is reached. Therefore, it is safe to assume that b2 and b5 are
related to each other. We can observe the desorption of the
chloride ions at b6.

[27]

These features change for Au(111) in ChCl+EG since the
sharper features are less pronounced, but peaks for the lifting
of the reconstruction and a change in the adsorbate structure
are still apparent (see purple data in Figure 1). In the ChCl+
TFAcA system, the region of chloride adsorption exhibits similar
behavior as in the ChCl+EG system, with the difference that
the small peak c1/c6 can be observed additionally. This peak is
likely related to the adsorption/desorption of the choline cation
and not of the chloride itself, as already known for other
organic molecules.[28–30] The different behavior compared to the
other electrolytes is not fully understood, but it might be due
to co-adsorption of TFAcA. In addition, we would like to
mention that performing electrochemical measurements on a
clean single crystal electrode in the hanging-meniscus config-
uration with a small electrolyte volume in the glovebox is quite
a challenge. In particular, true dewetting of the side faces of the
Au(111) single crystal is not always possible, leading to an
elevated initial current (still below 10 nA) and hence to a slight
increase in double-layer charging current.

In contrast to the other systems, ChCl+water shows a
narrower potential window (see the light blue data in Figure 1).
The peaks d1 to d4 correspond to those of the ChCl+EG system
(a1 to a4) but are sharper. The charge densities are in the range
of ~120 μCcm� 2 (EG) and ~80 μCcm� 2 (water). The onset of the
H2 evolution reaction is seen below 0 V.

To study the role of chloride in this type of electrolytes, we
perform cyclic voltammetry of Au(111) in solutions of three
different choline salts in combination with EG (see Figure 2).
This allows us to study and distinguish the behavior of the
different salts, which are choline sulfate, choline nitrate, and
choline chloride. The presence of sulfate (see the red curve in
Figure 2) leads to an anodic peak with a charge density of
around 70 μCcm� 2, which is about the charge density of
(bi)sulfate adsorption on Au(111) in aqueous solutions at low
pH.[21] Negative of � 0.3 V, cathodic decomposition of the
electrolyte takes place presumably by condensation of EG, as

Figure 1. Cyclic voltammograms for Au(111) in ChCl+EG (1 :2) (purple),
ChCl+Urea (1 :2) (ultramarine), ChCl+TFAcA (1 :2.5) (blue) and ChCl in
water (1 : 2) (light blue). Scan rate 50 mVs� 1.
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mentioned above. Surface oxidation or anodic decomposition
of the electrolyte starts at a more positive potential compared
to the oxidation reactions in the chloride-containing electro-
lytes. These electrolytes dissolve Au electrodes rather well and
it is known that [AuCl4]

� -complexes can be formed in aqueous
electrolytes as well as in DESs.[31,32] We can therefore conclude
that a sulfate adlayer protects the Au(111) surface; thus, it is
oxidized and thereby dissolves less easily than in chloride
solution. The nitrate-based electrolyte shows a peak at 0.8 V
with a charge density of about 90 μCcm� 2 (see orange curve in
Figure 2). Furthermore, it should be noticed that the cathodic
stability window is less negative compared to the other two
electrolyte systems. Nitrate ions are easily reduced both in the
DES system as well as in aqueous nitrate-containing
electrolytes.[22]

Electrochemical Impedance Measurements

To obtain further insight into the interaction of the DESs with
an Au(111) electrode surface, we perform electrochemical
impedance measurements in the same choline salt+EG
systems presented in Figure 2 (see Figure 3). Further details on
the experimental procedure are given in the experimental
section. For the analysis of the electrochemical impedance
spectra (EIS), the simple equivalent circuit shown in Figure 4 is
used, which is further described in the experimental section. We
prefer to fit the data to a physically meaningful equivalent

circuit, which describes the essential properties of the electrical
double-layer, albeit a minor gap between theory and experi-
ment remains. The most important values are the electrolyte
resistance RE and the double-layer capacitance CDL. The

Figure 2. Cyclic voltammograms of Au(111) in various choline salts in EG
(1 :2 for chloride and nitrate and 1 :8 for sulfate) to study the behavior of
chloride (purple), sulfate (red), and nitrate (orange). Scan rate: 50 mVs� 1.

Figure 3. a) Comparison of complex plane plots of the electrochemical
impedance spectra of the electrolytes shown in Figures 2, and b) the
complete series of measurements for ChCl+EG at given potentials vs. Cu/
CuCl2. The black lines indicate the fitted spectra, and the spectra are shifted
along the ordinate for better visibility.

Figure 4. Equivalent circuit used for fitting of the impedance spectra. An
explanation of the elements is given in the experimental section.
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interfacial term of the impedance is transformed into a
capacitance representation using Equation (1), where RE is
acquired by fitting (as described in the experimental section).

CDL wð Þ ¼ 1 = iw Zð ðwÞ � REÞ (1)

Less accurate data points are identified by a Kramers-Kronig
transformation and omitted from the fitting process. The
analysis itself is performed by fitting the parameters of a
suitable equivalent circuit by a non-linear least-squares program
using modulus weighting. Information about the impedance of
the interface is obtained by subtracting the contributions from
the electrolyte resistance. The capacitance of the electrical
double-layer of Au(111) in contact with the three electrolytes is
determined in the respective featureless double-layer region of
the cyclic voltammograms (� 0.3 V for ChCl+EG, 0.2 V for
ChNO3+EG and Ch2SO4+EG, see Figure 3) and ranges from 6
to 10 μFcm� 2. These capacitances are somewhat higher than
those of Au(111) in ionic liquids and about half the typical
values of Au(111) in contact with aqueous systems.[11,33] Since
the relative permittivity of bulk water[34] is about double the
value of bulk EG[35] at room temperature, a similar ratio may be
expected for the interfacial properties, provided that the
thickness of the electrical double-layer is identical. Values for
the adsorption capacitances in the second branch of the
equivalent circuit at the different potentials are around 9–
15 μFcm� 2 for chloride, 8–11 μFcm� 2 for nitrate, and 7–
8 μFcm� 2 for sulfate (see Figure 3a). The treatment of adsorp-
tion processes by EIS has been modeled accordingly.[33]

For potentials close to the peaks a1 and a2 (see the
corresponding spectra in the inset of Figure 3b), the adsorption
pseudo-capacitance CAD of chloride increases to 115 μFcm� 2, for
nitrate to 80 μFcm� 2 and for sulfate to 160 μFcm� 2. This points
towards a smaller coverage of nitrate on Au(111) in these
electrolytes, as already known from aqueous systems, in which
nitrate is known to adsorb less strongly than chloride and
sulfate.[36]

The arcs at lower frequencies typically represent the
diffusion of minority species in the electrolyte. However,
minorities are not present from the beginning in the electro-
lytes used in this work. Therefore, it is assumed that a side
reaction producing minority species in situ is responsible for
this arc instead. The same phenomenon can also be observed
in ionic liquids and most likely indicates a slow corrosion
process of the Au electrode itself, leading to Au ions in the
solution. In this case, also in situ STM measurements show signs
of corrosion at negative potentials.[11,37] In accordance, we
assume a similar behavior for Au(111) in contact with DESs.

Immersion experiments

To put the impedance measurements in context, we conduct
immersion-transient measurements to determine the pztc. The
integrated current transients for immersion of freshly prepared
Au(111) into the chloride-containing system are shown in
Figure 5a. Similar to ionic liquids,[11,38–40] the processes upon

immersion take a longer time compared to water to reach a
stable value. To determine the pztc, a measurement time of
100 s is arbitrarily chosen for each potential.[11] The respective
charges are plotted against the immersion potential (see
Figure 5b). The apparent value for the pztc for the nitrate
system is around 0.5 V vs. Cu/CuCl2. For the systems containing
chloride, the pztc is around 0.2 V for EG, around 0.2 V for urea,
and for the system containing sulfate, the value is around 0.4 V
(see Table 1). Each of these values is close to an anodic peak in
the cyclic voltammogram, indicating an anion adsorption
process at values positive of the pztc.

Figure 5. a) Calculated charge density curves for the immersion transients of
ChCl + EG at indicated potentials, and b) determination of the pztc of ChCl
+EG (purple), Ch2SO4+EG (red), and ChNO3+EG (orange).

Table 1. Pztc of the different DESs determined by immersion experiments.

DES pztc/V vs. Cu/CuCl2

ChCl+EG 0.2
ChCl+Urea 0.2
Ch2SO4+EG 0.4
ChNO3+EG 0.5
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Conclusion

This study provided a more detailed view of the interaction
between the DES electrolyte systems and the surface of an
Au(111) single crystal, as DESs may be interesting candidates
for metal electrodeposition or battery electrolytes. As most
characterization methods applied to DESs in the literature focus
on general properties,[2,19] we investigated the processes at the
electrode-electrolyte interface in more detail. The cyclic voltam-
mograms showed that the most prominent interaction occurs
between the electrode surface and the anions of the organic
salt, an observation comparable to the behavior of low
concentrated aqueous electrolytes. The measurement of the
aqueous solution of ChCl also showed a nearly identical
behavior, leading to the assumption that the characteristics of
these electrolytes were a result of the high concentration of
ions in the solution. The electrochemical stability window could
be tuned by switching the HBD, but a different HBD could also
cause other aspects of the measurement to change. EG may
have shown reactions such as condensation due to co-
adsorption or displacement. The impedance spectra were
somewhat similar to those in ionic liquids and exhibited a
strong dependence on the solvent, as could be seen when
comparing ChCl+water and ChCl+EG concerning their dou-
ble-layer capacitance in the high-frequency range. Further, the
adsorption of the anions was comparable to what is known
from aqueous measurements in terms of ion coverage on the
electrode. Besides, impedance spectra near the pztc showed a
more prominent arc in the low-frequency range, thus indicating
a diffusion process initiated through corrosion of the gold
electrode. In light of these findings, we suggested testing other
electrodes than Au(111) in terms of corrosion resistance in
these electrolytes. Still, DESs displayed promising characteristics
for battery electrolytes or metal deposition, such as low cost,
easy purification, and high versatility considering the possible
combination of suitable materials. Additionally, the larger
stability window and the possibility to exclude water from the
system make these electrolytes an excellent alternative to
conventional electrolytes or ionic liquids.

Experimental Section

Materials

The cyclic voltammetry and immersion measurements were carried
out using an Au(111) single crystal of 4 mm diameter (MaTecK
GmbH, Jülich, Germany) as a working electrode. The impedance
measurements were performed with an Au(111) single crystal of
12 mm diameter (MaTecK GmbH, Jülich, Germany) as the working
electrode. All measurements were performed under N2 atmosphere
(<0.5 ppm H2O, <0.5 ppm O2) in a glovebox (MBraun). Choline
chloride (Alfa Aesar 98+%) was recrystallized from absolute
ethanol with 5 vol.% low conductivity water (18.2 MΩcm� 1 at 25 °C
and <1 ppb total oxidizable carbon). Ethylene glycol (Sigma Aldrich
99.8%) was used as received. TFAcA (Sigma-Aldrich 97+%) and
urea (Sigma-Aldrich 99%) were purified by sublimation. Choline
nitrate and choline sulfate were synthesized from choline hydroxide
solution (Sigma Aldrich 46 wt% in H2O) by adding HNO3 or

H2SO4.
[41] The DESs were prepared by mixing the choline salt and

the HBD in the before-mentioned glovebox. Prior to the mixing,
ChCl was dried at 80 °C at 10� 1 to 10� 3 mbar for 8 h. After mixing,
each DES was stirred for several hours at 80 °C at 10� 1 to 10� 3 mbar
until no more gases arose out of the mixture. The water content of
the DESs was monitored using Karl-Fisher-Titration (KF-Coulometer
851 Methrom, Hydranal Coulmat AG electrolyte from Honeywell).
The values were below 0,05% with ChCl+Urea achieving the
lowest values around 8–10 ppm, ChCl+TFAcA around 10–20 ppm
and ChCl+EG around 28 ppm.

Electrochemical cells

The voltammetric and immersion measurements were carried out
using a Zahner IM6 Potentiostat from Zahner Elektrik and a cell
with a volume of 0.2 cm3 made of PVDF. At the bottom of the cell,
a graphite disk is placed and used as the counter electrode. The
reference electrode, which is a self-made 1 m Cu/CuCl2 micro-
reference electrode, is placed from the side and the Au(111) single
crystal can be dipped from atop, forming a hanging meniscus. The
whole setup is installed in a glass tube with screwable caps for the
top and bottom to reduce contaminations during the
measurement.[42] The aqueous measurement was carried out using
an SP-300 Potentiostat from BioLogic and the same cell outside of
the glovebox. The electrolyte and the glass tube containing the cell
were purged with N2 for 1 h before the measurement to get rid of
O2 in the system. The impedance measurements were carried out
with a cylindrical cell of 0.3 cm3 made of Kel-FTM. One end of the
cell is closed with an Au(111) single crystal of 12 mm diameter as
the working electrode and the other end with a gold sheet as the
counter electrode. A Pt wire was placed centrally in between as a
reference electrode. The potentials have been recalculated using a
cyclic voltammogram in this cell to fit the Cu/CuCl2 reference.

Impedance measurements

The measurement procedure started with a potential step to the
given potential. At this point, a delay of typically one hour and an
excitation amplitude of 2.5 mV was chosen. The chosen frequency
limits were between 100 kHz and 100 mHz. A Pt wire was used as a
reference electrode, and the potentials were then calculated
against the Cu/CuCl2 microreference electrode. The elements used
in the equivalent circuit of Figure 4 can be described as follows. RE
is the electrolyte resistance, which is used as a correction factor.
The values depend on the electrolyte and the distance between
reference and working electrode and are in a range of 10 to
30Ωcm� 2 (ChNO3+EG, ChCl+EG, ChCl+TFAcA) up to 100 to
200Ωcm� 2 (ChCl+Urea, Ch2SO4+EG), compared to the typical 10
to 100 Ωcm� 2 of various aqueous systems. The three-branched
circuit represents the interface with CDL as a description for the
high-frequency range, usually between 50 kHz and 100 kHz. The W
element of the circuit is a so-called pseudo-Warburg impedance.
This indicates that its frequency dependence ZW(ω)∝ (iω)� 0.5 is the
same as the one of an impedance corresponding to planar
diffusion.[11] Therefore, WAD and CAD represent the adsorption
process of the electrolyte. Z most likely corresponds to an oxidation
process and can be a resistance or a pseudo-Warburg impedance.
For the fitting procedure, the used program minimizes the term
[(Re(Zm)–Re(Zc))

2+ (Im(Zm)–Im(Zc))
2]/Abs(Zm)

2 for all frequencies
measured with the measured impedances Re(Zm), Im(Zm), and
Abs(Zm) for the real and imaginary components, and the absolute
value. Analogously, Re(Zc) and Im(Zc) are the calculated values for
the real and imaginary components.
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Immersion measurements

Before each measurement, the Au(111) crystal was flame-annealed
in air. Then the crystal was put back into the glovebox and was
lowered towards the electrolyte surface, and the formation of a
hanging meniscus under potential control was ensured. This
process was repeated for several potentials.
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