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Influence of Chloride and Nitrate Anions on Copper
Electrodeposition onto Au(111) from Deep Eutectic

Solvents

Tanja Geng,” Benjamin W. Schick,” Matthias Uhl,”” Alexander J. C. Kuehne,"
Ludwig A. Kibler,”” Maximilian U. Ceblin,*® and Timo Jacob*® ¥

Copper electrodeposition on Au(111) from deep eutectic
solvents (DESs) type Il was investigated employing cyclic
voltammetry as well as chronoamperometry. It was further
examined on Au(poly) using the electrochemical quartz crystal
microbalance (EQCM). The employed DESs are mixtures of
choline chloride (ChCI) or choline nitrate (ChNO;) with ethylene
glycol (EG) as hydrogen bond donor (HBD), each in a molar
ratio of 1:2. CuCl, CuCl, or Cu(NO,),-3H,0 were added as
copper sources. Underpotential deposition (UPD) of Cu pre-
cedes bulk deposition in chloride as well as nitrate electrolytes.

Introduction

The electrodeposition of copper is applied on a large industrial
scale in producing printed circuit boards and electronic
components. In particular, the production of very fine structures
and thin layers is of high interest because Cu is used to connect
the individual electronic elements." The copper-damascene
process even allows the deposition of structures with sizes
down to the nanoscale for high-tech applications. However, the
fabrication of structures with dimensions of less than 10 nm
cannot be achieved yet, as it requires a defect-free copper
layer.™ Here, the galvanic bath plays a crucial role since copper
should be plated as efficiently as possible, in other words, with
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Cu deposition from Cu™ in chloride media is observed as a one-
electron reaction, whereas deposition from Cu?* occurs in two
steps since Cu™ is strongly stabilized by chloride. Cu™ is less
stabilized by nitrate and the beginning of bulk deposition in
the nitrate-containing DES with Cu®" is shifted by several
hundred mV to more positive potentials compared to the
chloride DES. A diffusion-controlled, three-dimensional nuclea-
tion and growth mechanism is found by chronoamperometric
measurements and analysis based on the model of Scharifker
and Mostany.

minimal leakage currents and at high deposition rates without
incorporating impurities. To actively influence the properties of
electrodeposited structures, a detailed understanding of the
initial stages of electrodeposition is indispensable.

Perhaps even triggered by its technological importance,
electrochemical copper deposition has become one of the best-
investigated processes and is highly important in fundamental
research. For this reason, a plethora of literature is devoted to
the fundamentals of metal deposition, including underpotential
deposition, nucleation and growth processes, and the effects of
additives.”'” Further, the electrolyte, which can be of aqueous
or non-aqueous nature, plays an important role. Among other
aspects, these studies have helped to gain a general under-
standing of the deposition behavior on different electrode
surfaces and thus have contributed to technological progress in
industry, for example in the development of coatings with the
respective desired properties.

Deep eutectic solvents (DESs) are a class of water-free
electrolytes that can be produced from environmentally friendly
substances. Sustainability is becoming increasingly important
also in electrodeposition, and there is an urgent need for
environmentally friendly electrolytes due to ever-stricter safety
and health regulations. In general, DESs are binary mixtures of
an ionic compound with another ionic compound or a hydro-
gen bond donor. They are distinguished into four different
types, with types Il and IV being the most important."” Here,
either an organic (type Ill) or a metal salt (type IV) is combined
with a polar organic hydrogen bond donor molecule.

To better understand the influence and potential of DESs as
a new class of electrolytes,"*' the present study concentrates
on the benchmarking process of copper electrodeposition on
clean and well-defined electrode surfaces. The present work
focuses on DESs type Il with the addition of copper salts in
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contact with an Au(111) single crystal model electrode. In
contrast to silver deposition from DESs,"*'® the two possible
oxidation states of copper cations entail more complex
behavior, which might be transferable to other multivalent
metal ions. Moreover, other metals, such as aluminum and
nickel, show better conductivity at very small dimensions
compared to their bulk deposits. For these non-noble metals, a
water-free electrolyte bath will be advantageous.

Several studies on copper deposition from DESs precede
this work. First, composite materials based on copper were
deposited from a DES of choline chloride (ChCl) mixed with
urea or ethylene glycol (EG) and CuCl, on platinum electrodes,
where different kinetics and thermodynamics than in aqueous
solutions were found." The authors ascribed this to a different
complexation of the copper ions, which is to be expected due
to the relatively high chloride concentration and the low water
content. With a higher water content, the mass transfer of Cu®*
in a DES of ChCI/EG is increased."” A complexation of Cu™ by
chloride ligands connected with strong stabilization was also
found in a ChCl/urea DES with CuCl, in contact with a glassy
carbon electrode."®™ However, so far there is little knowledge
about Cu electrodeposition on Au(hkl) single crystal electrodes
from DESs. One study focused on underpotential deposition,
but only the typical chloride-based DES with urea was
investigated.”” In combination with single crystal electrodes, EG
as hydrogen bond donor (HBD) has only been applied in two
recent studies. The morphology of Cu nuclei deposited from
ChCI/EG with CuCl, on Au(111) and the adsorption structure on
top of the nuclei was elucidated by in-situ scanning tunneling
microscopy (STM).?" If the molar ratio of ChCl to EG is altered,
the diffusion rates of Cu™ as well as Cu?’* change due to
differences in viscosity of the mixtures.”” The same behavior
was found for mixtures of ChCl with trifluoroacetamide (TFA) as
HBD.

Yet, the role of chloride and other anions present in high
concentration in Cu electrodeposition is still unclear and has
not been studied in detail. In this work on Cu deposition onto
Au(111) and Au(poly), ethylene glycol is combined with choline
chloride or choline nitrate to compare their different deposition
behavior with the addition of Cu®™ or Cu’" sources. The
electrochemical behavior of the metal-free binary mixtures is
also addressed. Nitrate as anion is chosen as it is widely applied
in Cu deposition from aqueous media, and choline nitrate can
be synthesized relatively easily. By cyclic voltammetry and
electrochemical quartz crystal microbalance (EQCM), we inves-
tigate underpotential and overpotential processes and resolve
the reactions during deposition and dissolution, focusing on
differences between chloride- and nitrate-containing electro-
lytes. The results are supplemented by chronoamperometry to
gain deeper insight into nucleation and growth from this type
of electrolytes. An important aspect of this work is to compare
the roles of water and ethylene glycol as solvents by identifying
similarities and differences to Cu deposition from aqueous
electrolytes.
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Results and Discussion

The ChCI/EG DES is prepared in the commonly used molar ratio
of 1:2 (xcq=0.33) as it is beneficial for comparison with
literature. However, it has been shown by differential scanning
calorimetry (DSC) that the eutectic ratio is 16:84 (x¢,=0.16).*?
For a better comparison of the electrolytes, a molar ratio of 1:2
is also used for choline nitrate ChNO,/EG.

Cyclic Voltammetry

In Figure 1a, cyclic voltammograms are presented for an
Au(111) single crystal electrode in ChCI/EG (x¢,q=0.33) with
20 mM CuCl with window-opening to negative potentials from
one cycle to the next. The positive potential limit has been set
to 0.7 V¢, to prevent the oxidation of Cu™ to Cu®". Three peaks
appear between 0.6 and 0.7V, close together with their
respective counter peaks. The cathodic and anodic charge
densities in this potential region are —150 uCcm™ and
170 uCcm™?, respectively. It becomes apparent that these three
peaks are related to the presence of Cu when comparing the
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Figure 1. Cyclic voltammograms of Au(111) in DES of (a) ChCI/EG with
20 mM Cudl, (b) pure ChCI/EG, and (c) ChCI/EG with 20 mM CuCl,.
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cyclic voltammogram with the one on Au(111) in the DES base
electrolyte (Figure 1b). Au(111) in the Cu-ion-free electrolyte
exhibits peaks corresponding to chloride adsorption, but with
lower current densities and the most prominent peak being at
0.4 V¢,. Therefore, we expect the initial stages of Cu under-
potential deposition (UPD) to occur around 0.6 V., probably
including adsorption of chloride on the UPD layer. Very similar
behavior has previously been reported for Au(hkl) single crystal
electrodes in DESs with different HBDs, namely in ChCl/urea®
and ChCI/TFA mixtures.”?

Stepwise extension of the negative potential limit reveals a
process starting at 0.15 V¢, with a sharp cathodic peak around
0.05 V,, which exhibits two anodic counter-peaks in the
positive scan (Figure 1a). These are signs of the second part of
Cu UPD with a charge density of approximately —50 uCcm™2
and 50 uCcm™?, respectively, corresponding to the deposition
of 0.23 monolayers of Cu. Since the formation of the Cu UPD
layer begins already at more positive potentials, we assume the
completion of the first Cu monolayer here. The total transferred
charge densities (—200 uCcm™ and 220 uCcm™2) are close to
the theoretically expected value of 222 uCcm™ for deposition
and dissolution of one monolayer without anion and capacitive
effects. The anodic charge density is higher than the cathodic
since the oxidation of Cu* to Cu®* is probably already occurring
at a low rate.

Similar behavior is known for copper deposition onto gold
single crystals in chloride-containing aqueous™® and other non-
aqueous electrolytes."” However, the two stages of the UPD
process are located closer to each other in aqueous electrolytes.
In-situ STM measurements have shown that a commensurate
(5%5) Cu structure is formed after the first deposition peak in
the presence of chloride.®*? The Cu coverage on the Au(111)
surface is 0.62 ML with one chloride molecule adsorbed to each
Cu atom forming a bilayer structure.®*?! In aqueous electro-
lytes, the second UPD peak occurs just positive of bulk
deposition and is ascribed to the completion of the first
monolayer.” In the ChCI/EG DES, this process is followed by
two small peaks at around —0.08 V,, which might be caused by
adsorbed chloride, and the bulk deposition of copper starting
at —0.1 V.. The dissolution of the deposited layer starts, as
expected, around 0V, The dissolution of the UPD layer is
observed separately and occurs in two steps, 450 mV apart. The
first step starts slightly positive of Cu bulk dissolution and is
followed by the second one positive of 0.6 V.

With CuCl, as a copper source (Figure 1c), the cyclic
voltammograms on Au(111) were recorded with a positive
potential limit of 0.88V., to avoid chloride-induced Au
dissolution. Between 0.7 and 0.8 V,, a redox peak occurs that is
attributed to the redox reaction between Cu®" and Cu ™. This
process is also observed for other chloride-containing
aqueous®?® and non-aqueous electrolytes."*'®*) However, for
example it has also been detected in a chloride-free aqueous
solution of 50 mM Cu(NH;),>"+1M NH;+1M NaNO, at
pH 10.5.%” Generally, it takes place positive of the Cu over-
potential deposition (OPD) if its equilibrium potential in the
respective electrolyte is higher than that of the OPD due to
stabilization of Cu™ in the electrolyte. Otherwise, only a
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deposition peak is observable in which two electrons are
transferred, e.g., in sulfate electrolytes.”” If the Cu*/Cu®" redox
peak occurs and Cu™ is stable in the electrolyte, the potential
separation to the OPD depends on the nature and composition
of the electrolyte. It can reach up to several hundred mV in
chloride-containing electrolytes, depending on the chloride
concentration.®'® This separation is therefore also very
pronounced for various electrodes in contact with chloride-
containing DESs due to strong Cu™ stabilization."®*=% The less
water is present in the electrolyte, the more separated are the
Cu’*/Cu™ redox peak and OPD, i.e, the higher is the
stabilization of Cu™."?*¥ The stabilization is due to the
formation of Cu(l) chloride complexes, leading to a higher
formal potential of the Cu*/Cu** redox process and a negative
shift of the equilibrium potential of Cu bulk deposition/
dissolution. Cu®* is predominantly present as [CuCl,]*~ for high
chloride concentrations.'*'”3%33-3% For Cu™, the prevailing spe-
cies are [CuCl;]*"® and [CuCl,]~.B>¢

Between 0.6 and 0.7 V¢, three small peaks can be seen in
Figure 1¢, as in the case of the Cu™ system (Figure 1a). Due to
the overlap with the Cu*/Cu®" peak, their charge density
cannot easily be determined. At 0.05 V., again, a peak with a
charge density of around 50 uCcm™ is observed. Since these
two processes occur at the same potential and have a similar
charge density as with CuCl, we assume the same behavior in
both electrolytes: formation of a UPD monolayer in two steps,
followed by bulk deposition negative of —0.1 V. The similar
charge densities point to the fact that in both cases, UPD takes
place by a one-electron reduction of Cu™, which has previously
been produced in the CuCl,-containing electrolyte.

Figure 2 shows cyclic voltammograms of Au(111) in a
nitrate-containing DES: choline nitrate and ethylene glycol
without (green curve) and with (orange curve) 20 mM Cu(NO,)..
Au(111) in the copper-free electrolyte does not exhibit charac-
teristic peaks in the potential window between 0 and 0.85 V,,
which is also the case for aqueous nitrate-containing
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Figure 2. Cyclic voltammograms of Au(111) in ChNO,/EG (green) and with
20 mM Cu(NO,), (orange) at a scan rate of 50 mVs™' from 0 to 0.85 V,.
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electrolytes.”” However, there are remarkable differences

between nitrate- and chloride-based DESs in the cyclic
voltammograms after adding Cu®" salt. For the nitrate-based
DES, the Cu™/Cu** redox process is absent positive of the UPD,
in contrast to the electrolyte with CuCl, (Figure 1c). A detailed
explanation of this observation is given in the EQCM section
below, however, it already suggests that Cu™ species are not as
stabilized by nitrate as they are by chloride. Like the chloride
system, the DES with Cu(NOs), also shows peaks that can be
attributed to UPD. There are two cathodic and two correspond-
ing anodic peaks positive of 0 V¢, that convert a charge density
of —420 uCcm™ and 410 uCcm™2 This corresponds to the
formation of one copper monolayer on the Au(111) surface for
a two-electron reduction. It is well-known that the nature of the
anions may affect the Cu UPD thermodynamically and
kinetically.” This is well-established for sulfate,”” halides,®***
and perchlorate” in aqueous electrolytes. Interestingly, Cu
UPD on Au(111) has not been observed for aqueous nitrate
solutions. Nevertheless, it is detected in this DES, although
nitrate does not show specific adsorption on Au(111), according
to the cyclic voltammogram.

To gain a better understanding of the differences between
the chloride and nitrate systems, Cu bulk deposition on Au(111)
in the ChCI/EG DES with CuCl or CuCl, is presented in Figure 3a.
Au(111) in the CuCl electrolyte (red curve) was only cycled up
to a potential of 0.5 V, to avoid oxidation to Cu*". Negative of
0V, in the potential region of bulk deposition, the main
feature is observable at —0.2V., followed by two other
processes occurring to a lesser extent. These do not take place
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Figure 3. Cyclic voltammograms of Au(111) in (a) ChCI/EG (green) with
20 mM Cucl (red) or 20 mM CuCl, (blue) and (b) ChNO/EG (green) with

-1

20 mM Cu(NOs), (orange) at a scan rate of 50 mVs™'.
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in the Cu-ion-free ChCI/EG DES, neither on Au(111) (green curve
in Figure 3a) nor on Cu.”®* On Cu, ChCI/EG is stable until
—0.9 Vagagar™™” which in this case corresponds to approx-
imately —0.7 V. So, the cathodic decomposition of the DES on
Au(111) and Cu starts at similar potentials. In the relevant
potential window, ChCI/EG is stable and the processes observ-
able with CuCl (red curve in Figure 3a) are related to copper.
The charge density associated with the three cathodic features
in the CuCl electrolyte is —5.64 mCcm™2 and 5.62 mCcm™2 for
dissolution, implying a Coulombic efficiency of 99.7% and
indicating deposition from Cu*® and dissolution to Cu* rather
than directly to Cu**. Two possible reasons for the three
deposition peaks are the nature of the Au(111) substrate and
the deposition proceeding from different copper(l) chloride
complexes with different redox potentials. It is known that the
redox potentials of Cu species depend on the complexation of
Cu ions in aqueous electrolytes.”**"" However, it is unusual that
several deposition processes are observed in one system.
Moreover, the presence of EG might affect the deposition
potential and the exchange current density. With water as the
solvent, poly(ethylene glycol) (PEG) is often added as an
inhibitor in combination with chloride, since PEG adsorbs on
the Cu surface and a PEG—Cu—Cl complex is formed.*” There-
fore, it cannot be excluded that EG is part of a similar complex.
If the scan rate is lower (5 mVs™), a single peak is observed in
the OPD region at —0.13 V, (red curve in Figure S1). Thus, the
additional peaks observed at a higher scan rate of 50 mVs™' at
more negative potentials are caused by kinetic effects.

In the electrolyte with CuCl, (blue curve in Figure 3a), the
peak at —0.2 V¢, is also observed, albeit smaller, and a cathodic
peak at —0.4V, is dominant. The Coulombic efficiency of
88.0% (—6.06 mCcm~2 and 533 mCcm™ is lower than with
Cu™. The negative charge density is larger because, at potentials
negative of the Cu™/Cu®>" redox couple, the reduction of Cu®*
to Cu™ takes place constantly. Also, a currentless dissolution by
comproportionation of Cu with Cu?** to Cu™ is possible, as
observed previously in a ChCI/EG DES.'”' As both phenomena
result in the same charge, the combination of electrochemical
and EQCM measurements proves beneficial in this case (see
below). During cycling (Figure S2), the peak current density of
the first peak increases, and that of the second peak decreases.
A deposition peak at —0.4 V¢, that diminishes with cycling has
also been observed in a ChCI/TFA DES with CuCl, for a high
chloride concentration (Xc,=0.4)."" For a lower scan rate
(5 mVs™), both peaks occur but to a similar extent (blue curve
in Figure S1). In contrast to Au(111), a single peak is observed
for Au(poly) (blue curve in Figure 4a), as in the case of CuCl (red
curves in Figures S1 and 4a). Thus, it is supposed that the well-
ordered structure of the Au(111) surface leads to the additional
peak at —0.4 V.

In Figure 3b, cyclic voltammograms of the ChNO,/EG DES
are depicted. Au(111) in the copper-free electrolyte (green
curve) does still not show characteristic peaks. With Cu(NO,),
(orange curve) there are unique features for copper deposition
compared to the chloride-based DES with CuCl,. Although Cu®*
species are present in both electrolytes, only a single deposition
peak starting at —0.2 V,, i.e., with quite some overpotential, is
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Figure 4. (a) Cyclic voltammetry coupled with EQCM of a gold-coated quartz
crystal at a scan rate of 5 mVs™" in ChCI/EG with 20 mM CuCl (red), ChCI/EG
with 20 mM CuCl, (blue), and ChNO/EG with 20 mM Cu(NO;), (orange) vs.
an Ag/AgCl reference electrode. The values given are the M/z values
calculated for the respective processes. (b) Corresponding change in
frequency as a function of potential for the three different electrolytes.

visible. However, the current already starts to decrease around
0V, indicating a second reaction. These reactions are further
characterized by EQCM. Negative of —0.4 V,, the current stays
approximately constant as another process starts. This process
seems to be irreversible since the Coulombic efficiency over the
whole potential range is rather low (71% with —8.56 mCcm™
and 6.09 mCcm™). If the vertex potential is less negative (red
curve in Figure S3) and this process is omitted entirely, the
Coulombic efficiency is very high (99.9% with —2.90 mCcm™
and 2.89 mCcm™). Copper dissolution of the bulk layers and
the UPD layer are separated and distinguishable. The charges
involved in the UPD are quite similar for different negative
reversal potentials, although the peak height in the cyclic
voltammograms is different (compare Figure 2 and 3b). In more
detail, this can be seen in a window-opening experiment
(Figure S3).

Electrochemical Quartz Crystal Microbalance

EQCM measurements were performed to provide a deeper
insight into the electrodeposition and dissolution behavior of
the three copper-containing electrolytes. During cyclic voltam-
metry and chronopotentiometry experiments, the resonance
frequency of a 5 MHz quartz crystal coated with polycrystalline
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gold, which served as a working electrode at the same time,
was recorded. The cyclic voltammograms presented in Fig-
ure 4a were conducted with a leak-free Ag/AgCl reference
electrode at a scan rate of 5mVs™". The Cu*/Cu>* redox peak,
as well as deposition and dissolution, are each observed at
approximately the same potentials in both chloride-based
electrolytes. The deposition/dissolution for the nitrate-based
electrolyte takes place roughly 550 mV positive compared to
the chloride-containing electrolytes. The fact that a significantly
more negative potential is necessary to deposit Cu from
chloride-containing electrolytes and that Cu™ is formed easily
further emphasizes the high stability of Cu™ due to complex
formation in these systems, as previously discussed. By contrast,
Cu* seems to be only slightly stabilized by nitrate. Compared
to the cyclic voltammograms for Cu deposition on Au(111)
(Figure 3), the peaks corresponding to UPD are very broad and
are therefore hardly recognizable on polycrystalline Au (Fig-
ure 4a).

Figure 4b shows the change in frequency Af of the Au-
coated quartz crystal providing additional information to the
electrochemical measurements in Figure 4a. According to the
Sauerbrey equation, the change in frequency is proportional to
the change in mass of the quartz.”® During deposition, the
frequency decreases by about 600 Hz in all cases, which means
that the same amount of Cu is deposited on the gold electrode.
While Cu is dissolved, the frequency increases to its initial value,
thus confirming the high reversibility of this process. For the
DESs with chloride salts (red and blue curves), no change in
frequency is observable at potentials between 0.4 and
0.6 Vag/agar Matching well with the assumption that these peaks
in the cyclic voltammogram correspond to the Cu™/Cu*" redox
process. Since this process occurs in solution, no significant
mass change on the electrode is detectable. At more positive
potentials, starting at 0.62 Vpgasar the frequency increases,
which fits well with the expected chloride-induced Au dissolu-
tion leading to a mass loss. Au is redeposited partly during the
negative scan, but the frequency does not reach its initial value.
Looking more closely at Cu deposition in the nitrate-based
electrolyte (orange curve), one can see that the sharp current
decrease - indicating the beginning of deposition - is preceded
by a flatter current decay without change in frequency until
0.27 Vagagar

To specify the deposition and dissolution, the Sauerbrey
equation® is combined with Faraday’s law to calculate M/z
values.*¥ These give the molar mass M of the deposited or
dissolved species divided by the number of electrons z, which
are transferred in that process [Equation (1)].

M _ _FAVPeq df
z~ 7 27 da M

Hereby, F is the Faraday constant, A the electrochemically
active surface area, p, the density of the quartz, u, the shear
modulus of the quartz, and f, the resonance frequency of the
quartz. For Cu, one expects the molar mass (M=63.5 g mol™) as
M/z value for the reduction of Cu* to Cu as well as the
oxidation of Cu to Cu™ (z=1). For a process involving two
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electrons (z=2), half the value of the molar mass is expected
(31.8 gmol™). That process can either be a reaction of Cu>* to
Cu or vice versa, or the same net reactions taking place in two
steps in quick succession with Cu* as intermediate. M/z values
attributed to the deposition and dissolution of Cu are given in
Figure 4a for the three electrolytes. These are calculated by
determining the slope in f vs. Q diagrams (Figures S4-S6).

As the M/z values for the nitrate-based electrolyte are about
half of those for the chloride-containing electrolytes, it is
apparent that the deposition occurs by a one-electron transfer
from Cu* to Cu in both chloride-containing electrolytes. The
previously necessary reduction of Cu** to Cu™ already starts to
occur at much more positive potentials (0.6 Vygaqc). The value
of M/z for the CuCl, electrolyte during deposition is 9 gmol™'
lower than for the CuCl electrolyte. Similar to the different
charge densities in the cyclic voltammogram (Figure S7), this
behavior can be explained by the reduction of Cu’* to Cu™
occurring simultaneously to the deposition but not leading to a
change in mass. This lowers the slope df/dQ (Figure S5) leading
to a lower M/z value. For the same reason, the M/z value is
higher for the CuCl, electrolyte than for the CuCl electrolyte
during dissolution. The reduction of Cu?* contributes a
negative current, which means that the current caused by Cu
dissolution is higher than measured. This leads to a higher slope
and resulting M/z value. Likewise, this can be regarded as a
comproportionation of Cu with Cu’* to Cu™, which is a
currentless dissolution, occurring to a small extent.

For Cu deposition and dissolution of roughly the same
amount of Cu in nitrate and chloride electrolytes, the charge
densities are higher in the nitrate- than in the chloride-
containing ones (Figure S7). This is also reflected in about twice
as high maximum current densities of the cyclic voltammogram
(Figure 4a) and in the half as high M/z value with nitrate.
Therefore, in contrast to the chloride systems, two electrons are
transferred for Cu deposition as well as for dissolution in the
nitrate-containing DES.

For all three electrolytes, the experimentally obtained M/z
values are lower than the theoretically expected values. One
expects 63.5gmol™' (z=1) with CuCl and 31.8 gmol™' (z=2)
with Cu(NO;),, from which the obtained values deviate by 18-
24%. With CuCl,, also z=1 is expected but the continuous
formation of Cu* makes it difficult to state a deviation. As can
be seen exemplarily when comparing the M/z values in
Figures 4 and 5 for the Cu™ DES, this deviation is a systematic
phenomenon and becomes more pronounced with increasing
absolute current density.

The EQCM chronopotentiometry measurement with CuCl
(red curve in Figure 5) was recorded at a current density of
-20 pAcm~?, which is less negative than the deposition current
during cyclic voltammetry (red curve in Figure 4a). After 60 s at
the open circuit potential (OCP), a current of —20 uAcm™ was
applied and the potential was recorded against a Cu wire
reference electrode. In the CuCl electrolyte, the OCP is
determined by Cu deposition/dissolution and slowly ap-
proaches 0V.,. The OCP is slightly higher in the nitrate-
containing DES because it is most likely set by the Cu®*/Cu”
redox process, which is further discussed below. The frequency
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Figure 5. Chronopotentiometric EQCM measurements of a gold-coated
quartz crystal in ChCI/EG with 20 mM Cudl (red) and ChNO,/EG with 20 mM
Cu(NO;), (orange). After 60 s OCP measurement, —20 pAcm’Z were applied
for four minutes. In (a), potential vs. time, and in (b), change in frequency vs.
time is depicted.

(Figure 5b) during OCP is stable for both the CuCl- and
Cu(NO;),-electrolyte. It has to be stated that between the OCP
measurement and the chronopotentiometry at —20 pAcm ™,
the potential must have jumped to a value higher than OCP for
a very short time as the potential curve starts positive of OCP
(Figure 5a). When a negative current is applied to the system
with CuCl, UPD is completed fast and the potential drops below
0 V.. It stabilizes at a constant potential after a small negative
overpotential, which is typical for metal deposition.*”! At the
same time, the frequency (red curve in Figure 5b) decreases
linearly implying a constant mass change of the electrode. The
corresponding M/z value of 63 gmol™' corresponds to the molar
mass of copper for a one-electron reduction, as expected for Cu
deposition from Cu™.

Compared to this, the behavior of the nitrate electrolyte
(orange curve in Figure 5) is completely different. The potential
drops to a plateau around 0V, when applying —20 pA cm™,
and no change in frequency is observed during the 4 minutes
of chronopotentiometry measurement. We conclude that Cu
deposition does not occur and the total current flow during this
time must be caused by another process. Since the transferred
charge density of —4.8 mCcm ™2 is considerably higher than that
expected for surface processes such as double-layer charging,
adsorption processes, or UPD, it is most likely that Cu** is
reduced to Cu* at these potentials. The reference potential of
the Cu reference electrode is given by reversible Cu deposition/
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dissolution and the measured potential is above 0V, for most
of the time (orange curve in Figure 5a), which strongly supports
the existence of a bulk process.

A chronopotentiometry experiment with a ten times higher
current density (Figure 6) compares the behavior of the chloride
and nitrate systems with Cu®*. Again, the frequency is stable
during the OCP measurement for both electrolytes. In the case
of the electrolyte with CuCl,, the OCP is around 0.75 V¢, set by
the Cu®/Cu®* redox couple. When applying —200 pAcm ™2
(marked by the vertical grey line in Figure 6), the frequency at
first stays constant for both systems. The process starting below
0.75 V¢, for the chloride-containing DES (blue curve in Figure 6)
is assigned to the reduction of Cu®>* to Cu™. With nitrate
(orange curve), the potential decreases slowly while the
frequency is constant, and the same process is assumed to
occur. When the potential drops below 0 V., there is a distinct
plateau in both potential profiles associated with a decrease in
frequency. At these potentials, two processes are running
simultaneously: reduction of Cu’" to Cu* and reduction of Cu*
to Cu. Thus, the M/z values given in Figure 6b fit the molar
mass of Cu with z=2. However, based on EQCM measurements
alone, it cannot directly be stated whether the deposition
occurs in a single step from Cu*™ to Cu or via a two-step
process with Cu* as an intermediate. However, in the light of
the results discussed above, the direct deposition can be

T T T T T T
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0.75 | —\ / 4
0.50 4 -
> i :
. :
o 025f : : .
0.00 | i - i
f f f f f f
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Figure 6. Chronopotentiometric EQCM measurements of a gold-coated
quartz crystal in ChCI/EG with 20 mM CuCl, (blue) and ChNO/EG with

20 mM Cu(NOs), (orange). After 60 s OCP measurement, —200 ].LAcm’2 were
applied for two minutes followed by applying a current density of

+200 pAcm™ In (a), potential vs. time, and in (b), change in frequency vs.
time is depicted. The values given are the M/z values calculated for the
respective processes.
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excluded for the CuCl, electrolyte and is rather improbable for
the Cu(NO;), electrolyte. The M/z value for the nitrate-based
electrolyte is slightly lower than for the chloride-based electro-
lyte. This is because of the higher amount of Cu™ produced in
the first process in the chloride electrolyte. As more Cu™ is
present already, the charge to deposit the same amount of Cu
is lower. Comparing Cu deposition measured by cyclic
voltammetry (Figure 4) to the galvanostatic measurement at
—200 pAcm™? (Figure 6), the M/z values are similar for the
nitrate-containing electrolyte but different for the chloride-
containing system. The lower value in the chronopotentiometry
measurement with CuCl, is related to the shorter time in which
Cu®" is reduced to Cu™. Therefore, the value is closer to the
expected value for a two-electron process.

The M/z value for the dissolution at +200 uAcm™2 (Figure 6)
is different for the two electrolytes and is consistent with the
results obtained from cyclic voltammetry (Figure 4). For the
nitrate-containing electrolyte, the value corresponds to a two-
electron process from Cu to Cu>*, The M/z value being slightly
higher for dissolution than for deposition is an indication for
continuous reduction of Cu’>" to Cu® or comproportionation,
similar to CuCl,. This observation implies that Cu® is also
stabilized by nitrate. A further hint for the stabilization of Cu*
in the nitrate electrolyte is found in another EQCM measure-
ment (Figure S8). Although no net current flows, Cu is dissolved
probably by comproportionation with Cu>*™ to Cu*. As the DES
might be slightly acidic, it is also possible that Cu dissolution by
nitric acid takes place simultaneously. Nevertheless, based on
the results presented above, it is concluded that Cu™ is stable
in the nitrate-containing DES and acts as an intermediate both
in Cu deposition and dissolution. By contrast, M/z for the
chloride electrolyte (Figure 6) fits a one-electron process
implying that much less charge is transferred during dissolution
than in the nitrate electrolyte. Indeed, this is observable in the
potential profile (blue curve in Figure 6a) with the potential
rising from around 0 to 0.75V(, already after 50 seconds of
dissolution. After the oxidation of Cu to Cu™, an additional
plateau is present where the second part of the charge is
transferred by subsequent oxidation of Cu® to Cu®". Thus, as
with nitrate, the overall oxidation takes place from Cu to Cu®"
with Cu™ as a stable intermediate, but the two steps are further
separated.

Chronoamperometry

To elucidate the nucleation and growth mechanism of Cu on
Au(111) from these DESs, current transients were recorded after
potential steps to a series of constant potentials (in Figure 7,
the transients are shown as recorded). For the system with
CuCl,, the initial potential was set to 0.83 V., to prevent Cu*
formation before the potential step. It was considered impor-
tant to ensure that initially, no Cu® is present. A starting
potential of 0.5V, was chosen for the Cu(NO,),- and CuCl-
containing electrolytes to have similar starting conditions in all
systems and to prevent the formation of Cu®" positive of 0.6 V,
in the latter.
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Figure 7. Potentiostatic current transients of Au(111) in (a) ChCI/EG with

20 mM Cudl, (b) ChCI/EG with 20 mM CuCl,, and (c) ChNOs/EG with 20 mM
Cu(NO,), at the given potentials in V. Insets: Plot of j against t *° of the
transients at —0.3 V, to determine diffusion coefficients for each electrolyte.

First, diffusion coefficients are determined by the Cottrell
equation [Equation (2)] for the current transients at —0.3 V. D
corresponds to the diffusion coefficient, ¢ is the initial
concentration of the analyte, and t is the time. The plots of
current density vs. t7°° are shown together with a linear fit in
the insets of Figures 7a-c. For ChCI/EG+CuCl, a diffusion
coefficient of 2.6-107 cm?s™" is determined. This matches very
well with values for Cu™ in chloride-containing DESs, which are
in the range of 2.6-2.8-1077 cm?s~"."222481 With CuCl,, the
calculated diffusion coefficient for Cu** is 1.4-107 cm?s™", also
a value similar to those previously reported (1.3-
1.6-1077 cm?s™").1*222548 For the nitrate-based DES, a diffusion
coefficient of 1.6-1077 cm?s™' is obtained for Cu®*. This is
slightly higher than the one with CuCl,, albeit the difference is
very small.
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The current transients for the CuCl electrolyte (Figure 7a)
exhibit a steep drop in cathodic current denoting the end of
double-layer charging, followed by a slight rise and an
exponential decay, typical for a three-dimensional nucleation
and growth mechanism."*”’ Nuclei start forming and grow until
the diffusion zones of adjacent nuclei become overlapping so
that finally, the diffusion limit is approached. Comparing the
curves, the maximum cathodic current increases, while the time
at which the maximum occurs is shorter with rising over-
potential. Focusing on the first second (Figure S9), one observes
an additional peak with —50 uCcm™2 (at —0.1 V) correspond-
ing to the second part of Cu UPD. However, already at
—0.15 V¢, it is only observable as a shoulder, and analysis is
performed after the minimum of each transient focusing on
bulk deposition. After a few seconds, the current in all systems
approaches the same course over time independent of the
applied potential due to diffusion limitation. This is also the
case with CuCl, and Cu(NO,), (Figures 7b,c, and S10 for 40 s).

With CuCl, (Figure 7b), no current maximum is observable
since the reduction of Cu®" to Cu™ is occurring simultaneously
to deposition. This formation of Cu™ causes a non-linear decay
in current according to the Cottrell equation that exhibits a
time-dependence of t°°, since it is a diffusion-controlled
reaction. This masks the initial rise and maximum in cathodic
current due to deposition. As the potential step is large, the
rate of Cu® formation hardly changes with overpotential
resulting in identical transients if only this process occurs. This
is shown for transients at 04V, and —0.05V. for 40s
(Figure S10), and even the one at —0.1 V, is very similar to
those for the first 5 s before OPD starts. That independence of
the reaction rate should be equally valid for even larger steps.
Therefore, the reaction to Cu™ can be separated from
deposition by subtracting the transient at —0.05 V, from the
other ones before analysis, as done previously.?" Yet, it might
be that UPD influences the progression of the transients.

For the Cu(NO,), electrolyte, it is assumed that the absence
of a maximum in the current transients (Figure 7c) has the same
reason. Based on the EQCM results, it is known that if the
deposition takes place in two steps via Cu*, the second directly
follows the first. For that reason, these processes are not
separated. Also, UPD is not observable as a separate process
but if at all as a shoulder, approximately before 0.3 s.

For the initial stages of Cu deposition, the current transients
in all electrolytes are analyzed according to the model of
Scharifker and Mostany.”®*? Further details on the fitting
procedure are given in the experimental section. The model
describes the time evolution of the current density for three-
dimensional nucleation with diffusion-limited growth [Equa-
tion (3)]. It is fitted directly to the transients in the case of CuCl
and Cu(NOs), and is fitted to processed data, as described
previously, for CuCl,. N, is the number density of active
nucleation sites, A is the nucleation rate constant, and k can be

© 2022 The Authors. ChemElectroChem published by Wiley-VCH GmbH



ChemElectroChem

Research Article

doi.org/10.1002/celc.202101263

Chemistry

Europe

calculated with Equation (4), with M being the molar mass and
p the density of the deposit.

j:ZRV6{1—exp{—NﬁmD(t—l:fﬁ%:éQ)}} @3)

Vat A
4 [8xcM
k = 3 - (4)

So far, this model has been used to analyze Cu deposition
from various aqueous systems®’”°*? as well as from non-
aqueous electrolytes, e.g. for Ni deposition.”® Electrodeposition
kinetics for DES baths has so far been analyzed by the
Scharifker-Hills model.'*'®' Compared to this model,**
Equation (3) is a more general approach and instantaneous and
progressive nucleation can be considered as limiting cases."*3*®
If A is very large (A—oo0), nucleation is instantaneous since all
nuclei are formed at the same time. Subsequently, the
parameter a [Equation (5)] approaches zero (a@—0), and Equa-
tion (3) simplifies to Equation (6).***¥ By contrast, nucleation
is progressive if a is very large (a@—o). Another characteristic
value is the saturation number density N, [Equation (7)].

zFcy/D
j = 11— —Ny7tkD
J \/E [ exp( 07U t)} (6)

AN,
Ne=1\/310 @)

For the CuCl-containing electrolyte, the transients are fitted
to Equation (3) resulting in values for A between 3.8 and 304 s™,
increasing for more negative overpotentials. Thus, the deposi-
tion approaches the instantaneous nucleation and growth
mechanism, which is expected for large overpotentials.””
However, as «a is close to zero (0.02-0.1), nucleation is rather
instantaneous in all cases. A and N; increase exponentially with
overpotential (Figure S11), complying with the theory of three-
dimensional diffusion-controlled nucleation and growth.’“®
The value at —0.125 V, does not fit into the series but the
curve of In(A) vs. -E (Figure S11a) may exhibit a larger slope for
lower overpotentials. As the slope depends on the size of a
critical copper nucleus®” it could be that for increasing
overpotential, fewer atoms are needed to form a critical cluster,
which serves as a stable nucleus for further spontaneous
growth. This dependence has been observed in different
systems.”’*® The density of active sites increases with over-
potential (Table 1), as expected. Deposition in the CuCl,- and
Cu(NO;),-containing DESs follows instantaneous nucleation in
all cases, as A is extremely high and a close to zero, so
Equation (6) is fitted to the transients. The resulting values for
N, are given in Table 1. In a similar DES consisting of ChCI/EG +
20 mM CuCl,-2H,0 on a Pt electrode, progressive nucleation
was found but for a lower overpotential™ A change in
mechanism from progressive to instantaneous with increasing
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Table 1. Number density of active nucleation sites N, given in 10° cm 2 for
various potentials during Cu deposition on Au(111).

E Vel ChCI/EG+Cudl ChCI/EG + CuCl, ChNO,/EG+ Cu(NOs),
—0.125 1 8

—0.15 10 15 15

—-0.175 19 22

—0.2 33 49 33

—0.225 50 39

—0.25 72 79 46

—0.275 89 52

—0.3 88 107 58

—0.35 145 75

—-04 186 178 68

overpotential during copper deposition was found in a ChCl/
urea DES with 50 mM CuCl,"® and in a ChCI/EG DES with
10 mM CuCl,.2"

The number density of active nucleation sites N, (Table 1) is
similar for both chloride-containing DESs and the Cu(NO,),
electrolyte at potentials above —0.225V, further indicating
that deposition proceeds similarly. The fact that with CuCl, and
Cu(NO,), the nucleation seems to be instantaneous also for
lower overpotentials might be explained by imperfect fitting at
the very beginning of deposition due to UPD or Cu™ formation.
That N, is smaller at larger overpotential in the Cu(NO;), than in
the chloride-containing DESs could be attributed to a side
reaction blocking nucleation sites. The existence of this
irreversible process is suspected from the cyclic voltammogram
(Figure 3b). Nevertheless, N, increases with the increase of the
applied overpotential in all cases, as expected and observed in
other systems.”**>% The obtained values for N, themselves are
of the same orders of magnitude compared to those for copper
deposition in aqueous electrolytes.?”>°*4

Conclusion

In this study, copper deposition onto Au(111) was investigated
from DESs type Ill, namely mixtures of choline chloride or
choline nitrate with ethylene glycol. The aim was to elaborate
on the differences in deposition with salts consisting of Cu** or
Cu* cations in combination with chloride or nitrate anions. Cu
bulk deposition is preceded by Cu UPD occurring in the
chloride-based electrolytes in two steps approximately 600 mV
apart from each other. This behavior is comparable to that of
chloride-containing aqueous and other non-aqueous electro-
lytes and is probably influenced by chloride adsorption. UPD
also occurs in the nitrate-based DES, in contrast to aqueous
media.

Employing cyclic voltammetry and EQCM, it was shown for
the chloride-based DESs, both with CuCl and CuCl,, that Cu is
selectively deposited from Cu* and dissolved to Cu*. At more
positive potentials, the Cu®/Cu®* redox wave is detected,
followed by chloride-induced Au dissolution. Therefore, with
CuCl,, Cu™ formation starts roughly 800 mV positive of the
Cu™/Cu’ redox potential and is steadily generated at lower
potentials. The large separation between the formation and
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deposition of Cu* is due to the strong stabilization of Cu™
species by chloride anions, which is also the reason for the
comproportionation. Despite the similarities for Cu deposition
with water and EG as solvents, it might be influenced by the
presence of EG acting as an inhibitor, similar to PEG. With
choline nitrate in exchange for chloride, the Cu™/Cu** redox
process is directly followed by bulk deposition. The deposition
involves two electrons in total and consists of two single
electron transfer reactions with Cu* as intermediate. The
reverse is also true for dissolution. In addition, dissolution
occurs via comproportionation to Cu®, implying that Cu® is
stabilized by nitrate anions in the DES. However, deposition and
dissolution in this electrolyte occur several hundred mV more
positively than in the chloride-based DESs, as seen with an Ag/
AgCl reference electrode. The stabilizing effect of Cu* in the
DES is much more pronounced with chloride than with nitrate
anions. Thus, the high stability of Cu®™ in the presence of
chloride compared to nitrate in a choline-based DES with
ethylene glycol is evident.

The nucleation and growth mechanism of the DESs was
investigated by chronoamperometric measurements and ana-
lyzed by the model of Scharifker and Mostany. This versatile
approach was applied for the first time to study the electro-
deposition of copper from DESs. A diffusion-controlled, three-
dimensional nucleation and growth mechanism is demon-
strated for all DESs, and nucleation is virtually instantaneous for
all overpotentials studied. Consequently, there is no significant
difference between chloride and nitrate anions in affecting the
nucleation and growth mechanism of Cu onto Au(111).

Experimental Section

The DESs were prepared by mixing a choline salt with an HBD and
if required, with a copper salt under N, atmosphere (H,O
<0.5ppm, O, <0.5ppm) in a glovebox (M. Braun, Garching,
Germany). After stirring at 80°C until a homogeneous liquid was
obtained, the DESs were dried at 10" to 10° mbar. The composition
of the DESs is ChCI/EG 1:2 (X¢nq=0.33) and ChNO,/EG 1:2 (Xcnos =
0.33). Choline chloride (Alfa Aesar, 98 + %) was recrystallized twice
from absolute ethanol (Merck, 99.9%). Choline nitrate was prepared
from choline hydroxide solution (Sigma Aldrich, 46 wt.% in H,0) by
adding HNO, (Merck, 65%)."¥ Subsequently, it was dried under
vacuum and recrystallized from absolute ethanol. Ethylene glycol
(Sigma Aldrich, 99.8%) was used as received. Copper(ll) chloride
dihydrate (Merck, 994 %) was dehydrated under vacuum before
usage, whereas copper(l) chloride (Sigma Aldrich, 99.995 + %) and
copper(ll) nitrate trihydrate (Merck, 99,5+ %) were used as received.

The cyclic voltammetry and chronoamperometry measurements
were carried out in the above-mentioned glovebox at room
temperature using a cell with a volume of 0.25 cm® made of Kel-F™.
An IM6 (Zahner-Elektrik, Kronach, Germany) and Interface 1010B
(Gamry Instruments, Warminster, United States) were used as
potentiostats for cyclic voltammetry and chronoamperometry,
respectively. As a working electrode, an Au(111) single crystal of
12 mm diameter (MaTecK, Jilich, Germany) and as counter and
reference electrodes, a Pt and a Cu wire (MaTecK) were used,
respectively. With the Cu wire in the Cu salt solution as a reference
electrode, UPD can be easily distinguished from OPD. However,
since the reference potential is set by Cu deposition/dissolution,
whose potential depends on the anions, one cannot compare the
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absolute peak positions in different DESs. In a typical cyclic
voltammetry experiment, less than 1% of copper ions in the
solution were consumed during the deposition. This results in a
shift of the equilibrium potential for Cu deposition of less than
1 mV. For example, during the deposition from the ChCI/EG+
20 mM CuCl DES (red curve in Figure 3a) —5.6 mCcm™2, which
corresponds to 0.9% of copper ions present, are consumed. Thus,
the potential shift equals 0.3 mV according to the Nernst equation.
Therefore, the Cu wire can be considered a stable Cu reference
electrode for the systems under investigation.

EQCM measurements were performed in the glovebox on an Au-
coated 5 MHz quartz crystal in a temperature-controlled cell at
40°C to compensate for the high viscosity of the DESs. For this
purpose, a QCM-D (MicroVacuum, Budapest, Hungary) in combina-
tion with an Interface 1010E potentiostat (Gamry Instruments) was
used. For the cyclic voltammetry coupled with EQCM, a leak-free
Ag/AgCl reference electrode (MicroVacuum) and a Cu wire as
counter electrode were used. For the chronopotentiometric EQCM
measurements, Cu wires were used as reference and counter
electrodes. The AT-cut quartz crystal (MicroVacuum) was coated
with gold in a Q150 GB sputter coater (Quorum Technologies,
Laughton, United Kingdom). The area in contact with the electro-
lyte was 0.324 cm’.

For the analysis of the chronoamperometry measurements, the
current transients are fitted to the model of Scharifker and Mostany.
For the ChCI/EG+CuCl electrolyte, the fit is performed without
further processing of the data after the minimum of each transient
focusing on bulk deposition. With ChCI/EG+CuCl,, a current
transient at —0.05 V, is subtracted from each transient in the OPD
region, as explained previously. This results in a maximum in
current density, like in the CuCl electrolyte, occurring at shorter
times with increasing overpotential. The fit is performed starting at
0.3 s for the transient at —0.15 V,, down to 0.06 s for the transient
at —0.4 V¢, which is in all cases approximately the time at which
the maximum occurs. With ChNO,/EG+ Cu(NO,),, also no current
maximum is observable but the Cu**/Cu™ reaction cannot be nicely
separated from OPD. Therefore, the raw data is fitted from a time at
which the maximum must already have occurred, according to
comparison with the other electrolytes. This is 3 s for the transient
at —0.125 V,, 2 s for —0.15 V¢, 1.5 s for —0.175 V,, and 1 s for the
other transients. All curves in all electrolytes are fitted until t=5s.
For CuCl, the curves are fitted with a coefficient of correlation R
>99.5%, and for CuCl, as well as Cu(NO,), with R* >97%. A
comparison of the current transients in the case of CuCl and
Cu(NO;), and of the processed data for CuCl, with the fitted curves
is provided in Figure S12 for all analysed overpotentials.
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Cu electrodeposition onto Au(111)
is studied in deep eutectic solvents
(DESs) type lll with choline chloride
or nitrate and ethylene glycol. Under-
potential deposition is observable in
all DESs. Cu™ is stabilized more by
Cl™ than by NO;™ and with CI™ being
present, the deposition involves one
electron, whereas it proceeds in two
consecutive steps with NO;™. A
diffusion-controlled, three-dimen-
sional nucleation and growth
mechanism is found.
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