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A B S T R A C T

Electrorefining is the process of choice to purify several metals, among which is copper. A crucial process
parameter in electrorefining, and electroplating in general, is the additive activity. Several additives are
introduced to the electrolyte to ensure a morphological smooth copper deposit. Thiourea is a crucial but
complex additive used in copper electrorefining, it is known to degenerate and both the reaction product
as thiourea itself can complex with the copper ions. Unfortunately, time dependent additive studies and
mechanistic knowledge of the effect of aged electrolyte on the cathodic part of the electrorefining process
are scarce. In this work, operando Odd Random Phase Electrochemical Impedance Spectroscopy (ORP-EIS) is
used to study the electrochemistry of a copper plating system containing industrial copper concentrations. The
approach applied enables the investigation of the time-varying effect of additives, in this case thiourea and
chlorides, assisting the electroplating of copper.
1. Introduction

Electrorefining (ER) is the process of choice to purify copper [1].
Two main demands are driving this process to its limits. Primary,
the need for urban mining, introducing different feed material into
the process [2,3]. Secondary, the pressure to increase productivity. A
relevant production problem in the ER industry is the formation of
nodules on the copper cathodes [4–7]. This unwanted morphology can
entrap electrolyte, hence, it is a main source of impurities in the copper
and can cause process short circuits [6]. The origin of nodulation was
frequently discussed in previous literature by Chen and Dutrizac [4,8,9]
and others [5,6,10]. Two dominant processes could be identified for
the nodular growth on copper cathodes. First of all, nodulation can
be caused by particles in the electrolyte [5,8,9,11–13]. These particles,
when attached to the cathode surface, serve as nucleation point. A sec-
ond possibility for the formation of nodules arises from the equilibrium
between current density and additive concentration, studied thoroughly
by Winand et al. [14] and others [6,15–18]. Winand’s investigation
revealed the importance of an optimal balance between the operating
current density (compared to the limiting current density) and the
regulating additives, described by Plieth [15] as a stop-and-go process.
Whereas the right ER conditions result in a smooth copper cathode,
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other conditions lead to powdery or nodular growth. The findings of
the study were summarized in the well known Winand diagram [14].
Several additives are used in ER processes. Common additives are
chlorides, thiourea (TU) and animal glue [1,19]. The mechanism of the
TU and the TU-chloride mixture on the process is complex and still
under debate [16,20–26].

To the best of our knowledge, there is a lack of long term mecha-
nistic research governing the copper reduction reaction in the presence
of additives, such as TU.

2. Aims and objectives

The goal of this paper is to extend the understanding of the time-
varying copper deposition in the presence of TU in electrorefining
electrolyte containing industrial copper concentrations [1,27].

In our previous studies [28,29], we combined operando Odd Ran-
dom Phase Electrochemical Impedance Spectroscopy (ORP-EIS) with
ion chromatography to analyze a simplified model ER system. The
copper content was diluted and the experiments were performed in
ambient temperature. The first study [28] revealed that the copper
vailable online 1 November 2022
013-4686/© 2022 Elsevier Ltd. All rights reserved.
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Fig. 1. Experimental design of the operando ORP-EIS experiments of the system
without thiourea.

plating system in presence of TU shows time-varying behavior. The
main origin of this time-variation is addressed to be the consumption
of TU during the process [29].

The same experimental methodology as in our previous papers [28,
29] is now applied in a ER solution containing industrial copper
concentrations, which is the final step towards experiments in an
industrial environment. The measurements in this paper are performed
in synthetic copper sulfate solutions, without contaminants and at
industrial relevant current densities. Operando ORP-EIS [28,30–32] is
used to characterize the copper plating process in operational mode.
Operando ORP-EIS is an extension of our ORP-EIS technique [33–36],
in which the input signal of the system consists out of DC current signal
with an additional multisine signal [33]. The stochastic noise, non-
linearities (NL) and non-stationarities (NS) of the system are quantified
and analyzed. After assessing the presence of the NL and NS, the
ORP-EIS technique enables the calculation of the Best Linear Time-
Varying Approximation (BLTVA) [37–39] of a non-stationary system
with mild non-linearities. The electrochemical impedance data is an-
alyzed graphically [40,41], hereafter an Equivalent Electrical Circuit
(EEC) is proposed to model the experimental data [41]. The model
residual and the parameters errors are discussed before accepting the
model as describing the data sufficiently [36]. Surface analysis is
performed to analyze the effect of the TU activity on the copper cathode
surface [15]. Initially, TU is absent to simplify the description of the
system. Several current densities and mass transfer rates are used to
study this base system. Afterwards a fixed current density is used to
study the effect of TU on the copper plating.

3. Experimental

The following chemicals are used in the experiments performed
for this paper: CuSO4.5H2O (Merck p.a.), 95% H2SO4 (Fischer p.a.),

Cl (UCB p.a.) and TU (Merck p.a.). KCl is used in the electrolyte
o provide the necessary chloride ions because K2SO4 is used as salt
ridge between the reference electrode and the copper sulfate solution.
illi-Q water is used for all solutions. The electrolyte used in this

aper consistently contains 40 g/L of copper ions, 195 g/L H2SO4 and
.045 g/L chloride ions, which are typical industrial ER electrolyte
oncentrations [1]. If TU is added, the concentrations are respectively
.5 mg/L or 1.0 mg/L and are likewise industrially relevant [18,26,27].
double walled cell is used as isothermic reactor vessel, set at 20 ◦C.

he solution is deaerated with N2 before every experiment and a N2
lanket is applied during the measurements. A classic three-electrode
onfiguration is used. A copper rotating disc electrode (RDE), with
n active surface area of 0.13 cm2, serves as working electrode. The
2

otation rate of the RDE is controlled by an Autolab RDE controller. The a
opper electrodes are mechanically polished before the experiments
ccording to following grid-sizes: 800 μm, 500 μm, 9 μm, 3 μm and

1 μm and finalized with a chemical polishing step. A shunted SCE
(+0.244 V vs NHE) with K2SO4 salt bridge provides a stable reference
potential during the electrochemical experiments. To create a shunted
SCE, the reference electrode (RE) is connected in parallel with a capac-
itor and a platinum wire (in series) which is inserted in the electrolyte
together with the RE [42]. This RE setup allows the high frequencies to
pass though the Pt wire, avoiding inconsistencies because of the RE’s
impedance. A Pt mesh is used as counter electrode.

The operando ORP-EIS excitation signal consists of the sum of a
DC current and an ORP multisine [28–30]. The DC current drives the
copper plating process (operando mode) [30], while the ORP multisine
allows the calculation of the system’s impedance (ORP-EIS) [33,34].
Measurements are performed with an in-house developed software and
hardware setup. The frequency range 5 mHz–15 kHz is used. 20 periods
are respectively measured to equalize the duration of the experiments
to 4000 s or 1 h and 6 min, which is sufficiently long to simulate the ER
process. Our previous research demonstrated that 80% of the initial TU
concentration is consumed during a 1 h electroplating process [29]. The
first period of every data set is omitted to avoid an increased transient
effect, arising from the strong trend which is mainly present in the first
period of the time domain data. Impedance data is then graphically
analyzed and subsequently fitted with an Equivalent Electrical Circuit
(EEC) to extract relevant parameters of the system [41]. Data modeling
is performed with a Python 3.8 code. The weighted least squares are
used as cost function and the residual is optimized with the Levenberg–
Marquardt algorithm [33,34]. The parameter error is calculated from
the Jacobian of the model. The quality of the data fit is assessed by
the complex residual, the parameter error and the plausibility of the
EEC [36].

The following experiment design is applied to study the system
without TU. Four current densities, respectively 250 A/m2, 350 A/m2,
50 A/m2 and 500 A/m2, are combined with two diffusion layer thick-
esses. The diffusion layer thickness is controlled by a rotating disk
lectrode. The first diffusion layer thickness is 0.031 mm (at 200 rpm)
nd simulates an industrial relevant diffusion layer thickness [43,44].
he other diffusion layer thickness is 0.014 mm (at 1000 rpm) and is
pplied to reduce the effect of diffusion on the ORP-EIS measurement
nd as such result in optimal conditions to study the system’s kinetics.
hree other RDE rotation rates are applied in the experiments at 350
/m2 and 450 A/m2, respectively 100 rpm, 400 rpm and 700 rpm. This

s done to visualize and analyze the effect of mass transport on our base
ystem. The system containing TU is only studied at 350 A/m2, with
nly the two rotation rates, 200 rpm and 1000 rpm.

The Leica DMi8 inverted microscope is used to analyze the copper
athode surface after plating.

. Results and discussion

The result section of this paper is divided in two parts. The first part
iscusses the plating system without TU, also named the base system,
hich allows a thorough description of the copper plating system with
igh current densities and high copper concentrations. Afterwards, the
nowledge gained from the base system is used to analyze the system
ith added TU.

The first step in analyzing impedance data is assessing the nuisance
actors, which consist of the stochastic noise (N) and potentially non-
tationarities (NS) and non-linearities (NL) [33–36]. If necessary, a Best
inear Time Varying Approximation (BLTVA) is calculated [37–39],
o correct for the significant non-stationarities and take into account
he non-linearities. This is followed by a graphical analysis [40] of
he impedance data to obtain an initial physical explanation of the
odel. Hereafter, an Equivalent Electrical Circuit (EEC) is proposed

nd applied and the resulting model residual and model parameters
re validated [36].
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Fig. 2. Bode plots of operando ORP-EIS experiment performed in electrolyte containing 40 g/L of copper ions, 195 g/L H2SO4 and 0.095 g/L KCl, without TU. Copper plating
xecuted at RDE with 200 rpm and 350 A/m2. (a) Black line: Bode modulus plot, Green line: non-linearities, red line: non-stationarities: orange line: stochastic noise. (b) Black
ine: Bode phase plot.
Fig. 3. Bode plots of operando ORP-EIS experiments performed in electrolyte containing 40 g/L of copper ions, 195 g/L H2SO4 and 0.095 g/L KCl, without thiourea. (a) Bode
odulus plot, 450 A/m2 and as a function of rotation rate. (b) Bode phase plot, 450 A/m2 and as a function of rotation rate. (c) Bode modulus plot, 200 rpm and as a function

f the DC current density. (d) Bode phase plot, 200 rpm and as a function of the DC current density.
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.1. Base system

The system without TU is studied with several current densities and
otations rates of the RDE. This allows a thorough description of the
ystem’s kinetics, mass transport and possible adsorption/desorption
henomena. The experimental design mentioned in the experimental
art of this paper is displayed in Fig. 1. In this figure, the stars
epresent the parameter combinations used in the experiments. The red
olid lines represent the experimental design with industrial relevant
arameters [1]. The black dashed lines represent the experimental
esign at industrial relevant diffusion layer thicknesses, however, with
levated current densities. As the copper electrorefining industry aims
o increase productivity, i.e., increase the current densities [45], these
re relevant parameters for future production lines. The gray dotted
ines are an extension of the experimental design towards conditions
here diffusion becomes less important. This allows a complete study
3

s

f the system under investigation and is again interesting for the future
f copper electrorefining [46,47].

.1.1. Analysis of the non-linearities and non-stationarities
The presence of NS or NL in the ORP-EIS measurements can be

bserved in the Bode modulus plots, as displayed in Fig. 2, which
epresents ORP-EIS data of an experiment performed at 200 rpm and
50 A/m2. The black line represents the impedance modulus. The
range, red and green lines represent, respectively, the stochastic noise,
he sum of the stochastic noise and the non-stationarities and the sum
f the stochastic noise and the non-linearities.

A first difference between the impedance measurements with more
omplex plating conditions and the experiments with the simplified
ystem [28] is the presence of non-linearities and non-stationarities
n the solution without TU. However, these non-linearities and non-

tationarities are considered minor due to the scale difference of two
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Fig. 4. Equivalent Electrical circuits used to fit the experimental ORP-EIS data. (a) Full circuit for the system without thiourea, which describes the electrolyte resistance, electrode
double layer, kinetics, diffusion and adsorption/desorption. (b) Adapted circuit for the base system, the Warburg element is removed. (c) Full circuit for the system with thiourea,
describing the electrolyte resistance, electrode double layer, kinetics, diffusion and adsorption/desertion. (d) Adapted circuit for the system with thiourea, the inductive branch is
removed.
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decades between the nuisance factors and the modulus. Fig. 2 is not
used for interpretation of the ORP-EIS data. The scale difference be-
tween the nuisance factors and the Bode modulus prevent a good
analysis of the modulus. Analysis of the impedance data is performed
in the following subsection.

From above information, the substantiated decision is made to use
the time-averaged impedance for measurements without TU. This data
will be used for the graphical analysis [40].

4.1.2. Graphical analysis and EEC model
Fig. 3 represents Bode plots of the impedance data of experiments

without TU. Figs. 3(a) and 3(b) represent experiments performed with
a fixed DC current density, 450 A/m2, as a function of the rotation
rate. At 1000 rpm, three effects are observed in the Bode phase plot
(Fig. 3(b)). The high frequency (HF) (15 000 Hz) capacitance represents
the double layer capacitance on the electrode, the mid frequency (MF)
capacitance (1 Hz) is not affected by the rotation rate and a low
frequency (LF) inductance is present in the lowest frequencies. The MF
capacitance was described in our previous paper as being part of a
two-step electrode reaction with adsorbed intermediates [29]. The first
reaction step is shown in Eq. (1) and the second step in Eq. (2). The
inductance most probably arises from the adsorption and desorption
of chloride [48–50]. Additionally, a LF capacitance (0.1 Hz) develops
with decreasing rotation rate, introducing a fourth time constant. This
LF capacitance most probably represents diffusion of the copper ions
towards the electrode surface.

𝐶𝑢2+ + 𝑒− → 𝐶𝑢+ (1)

𝐶𝑢+ + 𝑒− → 𝐶𝑢(𝑠) (2)

The experiments displayed in Figs. 3(c) and 3(d) are performed with
fixed rotation rate and a variable current density. The HF and MF

apacitances, respectively 1000 Hz and 1 Hz in Fig. 3(d), vary as a
unction of the current density, as well as the HF resistance, 200 Hz in
ig. 3(c). From these observations, in combination with our previous
nowledge, we can conclude that the HF resistance represents the
4

eaction kinetics and that the MF capacitance is introduced by the two-
tep electrode reaction [41], as mentioned in previous paragraph. With
ow current densities (250 A/m2), the diffusion part of the system seems
o be negligible.

From above analysis, two EEC’s are proposed to analyze the
mpedance data without TU. Fig. 4(a) displays the complete EEC,
herein 𝑅𝑒𝑙 represents the electrolyte resistance, 𝐶𝑃𝐸𝑑𝑙 represents a
on-unifrom double layer on the working electrode (Eq. (3)). 𝑅𝑅 in se-
ies with the circuit 𝐶//𝑅𝐶 is related to the two-step electrode reaction

with adsorbed intermediate [29,41], 𝑍𝑊 represents diffusion by the
general transmissive, finite Warburg (Eq. (4)). This Warburg consists
out of three parameters. 𝑍𝑊 ,𝑅 represents the diffusion resistance, 𝜏 is
n analytical value calculated from the diffusion layer thickness (𝛿)
nd the diffusion coefficient (𝐷) (Eq. (5)) and 𝜙 represents general
iffusion. If 𝜙 equals 0.5 the diffusion is uniform, any value below 0.5
epresents non-uniform diffusion. 𝐿 is the inductance. The inductance
n an EEC is often coupled in series with a resistance 𝑅𝐿 [41,50].
owever, no 𝑅𝐿 is added to the EECs used to model the ORP-EIS

data from the system without TU because of a lack of inductive data
points [28]. The inductance is applied to optimize the fit in the lower
frequencies but the use of an overparameterized model is avoided by
discarding the parameter 𝑅𝐿, as discussed in our first paper [28].
Fig. 4(b) represents the simplified EEC in which the diffusion is omitted.

𝐶𝑃𝐸𝑑𝑙(𝑓 ) =
1

(𝑗2𝜋𝑓 )𝛼𝑄
(3)

𝑍𝑊 (𝑓 ) = 𝑍𝑊 ,𝑅
tanh (𝜏𝑗2𝜋𝑓 )𝜙

(𝜏𝑗2𝜋𝑓 )𝜙
(4)

= 𝛿2

𝐷
(5)

4.1.3. Analysis of model residual and parameters
The two EEC’s (Figs. 4(a) and 4(b)) discussed in previous subsection

are used to model the experimental impedance of the system without
TU. Fig. 5 displays the fitted Bode plots of the experiment without TU
performed at 350 A/m2 and 100 rpm, modeled with the EEC displayed

in Fig. 4(a). The model is shown in cyan and the model residual as a
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Fig. 5. Bode modulus plot of the operando ORP-EIS experiment performed at 100 rpm and 350 A/m2 accompanied by its model. Blue dots: experimental data, cyan line: fit,
black dashed line: residual of the fit, orange line: stochastic noise, green line: stochastic noise + non-linearities, red line: stochastic noise + non-stationarities.
black dashed line. The model residual is sufficiently low, i.e., near the
data nuisance level, over the full frequency range. Hereby, the model
is accepted as describing the data sufficiently.

The EIS data without TU is optimally fitted with circuit 1 (Fig. 4(a)),
except the data of experiments performed at 250 A/m2. The current
density in these experiments is too low to have a distinguished diffusion
process visible in the ORP-EIS data and therefore are modeled with
circuit 2 (Fig. 4(b)).

The parameters used in the EEC are discussed next. The parameters
are visualized as a function of the rotation rate (RPM), with the current
density as variable (Fig. 6). Two parameters are fixed when performing
the fit. 𝜏 is fixed to its analytical value and 𝜙 is fixed to 0.5 because we
assume uniform diffusion [29].

The electrolyte resistance 𝑅𝑒𝑙 is constant for all the experiments,
only the experiment performed at 1000 rpm with 350 A/m2 is an
outlier, which is also noticed in the parameters 𝑅𝑅, 𝑄, 𝛼, 𝑅𝐶 and 𝐶𝑑𝑙.
Therefore, this point in the experimental design is neglected in the
analysis. The charge transfer resistance (𝑅𝑅) decreases as a function of
the current density and is constant with rotation rate, which is logically
expected.

The 𝑄 and 𝛼 values are used to calculate the 𝐶𝑑𝑙 (Fig. 7), with the
Brug equation [51] (Eq. (6)). 𝐶𝑑𝑙 is constant as a function of the rotation
rate but shows minor changes as a function of the applied current
density. This is expected, different current densities or different surface
potentials change the double layer on the electrode surface [52].

The diffusion resistance 𝑍𝑊 ,𝑅 evolves inversely proportional as
a function of the rotation rate, again logically expected. The mass
transport towards the electrode surface is facilitated by an increased
rotation rate.

Both the resistance 𝑅𝐶 as the capacitance 𝐶 decrease as a function
of the current density, which proves the physical explanation of these
parameters as being part of the two-step electrode reaction.

The inductance 𝐿 shows no clear behavior. This probably originates
from the low amount of data points where inductive behavior is seen.

𝐶𝑑𝑙 = 𝑄1∕𝛼(
𝑅𝑒𝑙𝑅𝑅

𝑅𝑒𝑙 + 𝑅𝑅
)
(1−𝛼)
𝛼 (6)

4.2. System containing thiourea

The EEC’s applied in previous subsection are able to describe the
copper plating reaction in high copper concentrations and with high
current densities. In this subsection, well substantiated experimental
conditions are chosen in a new experimental design (Fig. 8) to study
the effect of TU in this system. The ORP-EIS experiments are per-
formed at a fixed current density, i.e., 350 A/m2, which simulates an
industrial relevant processing rate [1,45]. Two variables are present
in the experimental design, respectively the rotation rate and the TU
concentration. The two extremes of the rotation rate applied in previous
5

subsection, respectively 200 rpm and 1000 rpm, are also applied in
these experiments. Additionally the TU concentration varies from 0,
over 0.5, till 1 mg/L, again an industrial relevant parameter range
[18,26,27].

4.2.1. Analysis of the non-linearities and non-stationarities
The Bode plots of the experiment performed at 200 rpm, with

0.5 mg/L TU are displayed in Fig. 9 to analyze the presence of non-
linearities and non-stationarities. The difference between the
impedance modulus and the non-stationarities and non-linearities is
less than two decades. Therefore, the Best Linear Time Varying Ap-
proximation (BLTVA) of this measurement has to be considered instead
of the time averaged ORP-EIS data. During the analysis of the output
signal in the frequency domain [33,34], skirts are discovered, not
only around the excited frequencies [35], representing a non-stationary
behavior, but also around the present harmonics [38]. Hereby we
can deduce that the system behaves non-stationary while containing
non-stationary non-linearities. A novel approach was necessary to
resolve the BLTVA from this system. This approach was developed by
Hallemans et al. [38] and is applied in this work.

4.2.2. Graphical analysis and EEC model
The time varying impedance of the experiment performed with 1

mg/L TU and at 1000 rpm is visualized with Bode plots in Fig. 10.
Two capacitances and a small inductance are observed in Fig. 10(b) at
time interval zero. The HF capacitance is observed around 7000 Hz
and the MF capacitance around 1 Hz. The HF capacitance shifts to
lower frequencies as a function of time. Remarkably, both the MF
capacitance and the inductance shift towards the opposite direction,
towards higher frequencies over time and a third capacitance shows
up in the LF region. The inductance is only visible in the initial and
terminal phases of the BLTVAs. As discussed earlier, the HF capacitance
arises from the electrode double layer and the MF capacitance from the
two-step electrode reaction. The LF capacitance is assumed to be the
diffusion and the inductance describes adsorption/desorption.

The HF resistance, observed around 1000 Hz in Fig. 10(a), decrease
as a function of time. Likewise, the MF resistance, observed in Fig. 10(a)
at 1 Hz when t = 200 s and at 5 Hz when t = 3620 s, decreases as well.

The EEC’s used to model the BLTVAs are displayed in Figs. 4(c) and
4(d). The first and most complete model is used in the initial and final
phases of the BLTVA. When the inductance is not visible in the data,
the simplified circuit, Fig. 4(d), is used. The time intervals at which
model 3 (Fig. 4(c)) or model 4 (Fig. 4(d)) are used differ, depending on
the experimental conditions. The use of the two circuits is summarized

when discussing the parameters extracted from the EEC’s.
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Fig. 6. Parameters extracted from the EEC’s used to fit the time averaged ORP-EIS data without thiourea. (a) 𝑅𝑒𝑙 , (b) 𝑅𝑅, (c) 𝑄, (d) 𝛼, (e) 𝑍𝑊 ,𝑅, (f) 𝐶, (g) 𝑅𝐶 (h) 𝐿. The error
bars represent 95% confidence intervals.
4.2.3. Analysis of model residual and parameters
Three time intervals of a BLTVA (from the experiment performed

with 0.5 mg/L TU and at 1000 rpm), respectively 200, 1340 and 3620 s,
are displayed in Fig. 11 to analyze the EEC model fit and the residual
of the fit. The noise level displayed in this figure differentiates from
the stochastic noise displayed in the Bode plots from previous section.
This noise is a total sum of the nuisance factors, being the stochastic
6

noise and the non-linearities, estimated from the algorithm to calculate
the BLTVA [38]. Initially (Fig. 11(a)) the model fit is near the noise
level of the data. At an intermediate time interval (Fig. 11(b)) the data
is described well but the model residual increases in the MF region,
showing a minor discrepancy between the model and data. At the final
stages of the ORP-EIS experiment (Fig. 11(c)), the model describes the
full frequency range again very well.
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Fig. 7. Calculated double layer capacitance, using the Brug equation.

Fig. 8. Experimental design of the operando ORP-EIS experiments of the system with
thiourea.

The parameters extracted from the experiments with TU are shown
in Fig. 12. The electrolyte resistance (Fig. 12(a)) displays minor fluc-
tuations around the same values as the 𝑅𝑒𝑙 without TU. The charge
ransfer resistance (Fig. 12(b)) shows an interesting behavior. The
resence of TU increases the initial 𝑅𝑅 value from approximately 9.25

without TU till approximately 10 Ω with TU, regardless of the TU
oncentration. This means that TU works in this system as an inhibitor
f the copper reduction reaction. The fact that the starting values of
he 𝑅𝑅 parameter are lower for the different rotation rates and additive
oncentration is most likely introduced by the neglected first period in
ur measurements, because the first 200 s of the ORP-EIS measurement
re not analyzed. After a certain amount of time the 𝑅𝑅 values decrease
nd reach the same value as the 𝑅𝑅 parameter extracted from the
easurements without TU. A higher TU concentration results in a

onger initial plateau of 𝑅𝑅. Additionally, the rotation rate and the
ecreasing rate of 𝑅𝑅 are directly proportional. Increasing the rotation
ate of the working electrode accelerates the downward trend of the
harge transfer resistance. From our previous paper [29] we know that
he charge transfer resistance is affected by the TU concentration. Ion
hromatography experiments in combination with operando ORP-EIS
xperiments show that the electrochemical activity of TU is present
n the beginning of every experiment but approaches zero as the TU
oncentration approaches zero (results not shown). If we link the TU
ctivity to TU consumption, either on the cathode or the anode, we can
onclude that the electrochemical consumption of TU in the process is
imited by mass transport. However, the electrochemical activity of TU
n the charge transfer resistance does not seem to be influenced by
7

ass transport. Increased mass transport along the anode and cathode t
as always been seen as an important factor to increase the copper
efining process [47,53]. In this system we can conclude that the
ncreased mass transport also increases the TU consumption, which is
negative aspect towards the industrial process.

The trend of the measured potential of the ORP-EIS experiments
s shown in Fig. 13. Again, the same experimental combination as in
ig. 12, containing three TU concentrations and two mass transfer rates,
s displayed. The multisine potential data is averaged in blocks of 40 s,
herefore the sine wave is still visible in the data. The initial potential
f the experiments performed with TU is lower than the potential of
he ORP-EIS plating experiment without TU. This same behavior is
xtracted out of the ORP-EIS data by the initial increase in parameter
𝑅. The potential varies as a function of time to the potential value of

he ORP-EIS experiment performed without TU. The rate with which
he zero TU potential is reached depends on the rotation rate and
resence of initial TU concentration. The faster the rotation rate, the
aster the zero TU potential is reached. The more initial TU is present
n the electrolyte the slower the zero TU potential is reached. This is
lso observed by the time-variation in the 𝑅𝑅 parameter.

The 𝛼 (Fig. 12(d)) parameter of all the experiments starts between
.90 and 0.96, increases as a function of time and approaches one.
t the same time instance as the 𝑅𝑅 parameter reaches its minimal
alue, the 𝛼 parameter reaches its maximum value, after which its starts
o decrease. As the 𝛼 parameter is often regarded as a measure for
urface uniformity [54] and we assume that the moment the 𝑅𝑅 value
eaches its minimal steady state value is the moment the TU activity
rops to zero, we can conclude that the TU presence and consumption
n the working electrode makes the electrode surface more uniform.
dditionally, the moment the TU activity drops to zero, a decrease in

he 𝛼 parameter is observed.
The parameters 𝑄 and 𝛼, which are part of the CPE, are used to

alculate the capacitance of the double layer 𝐶𝑑𝑙 (Fig. 12(h)) from the
rug equation [51], Eq. (6). This equation uses four EEC parameters
𝑒𝑙, 𝑅𝑅, 𝑄 and 𝛼 to calculate the effective double layer capacitance.
hen the electrolyte contains 0.5 mg/L TU, the 𝐶𝑑𝑙 value start to

ncrease at approximately the same moment that the 𝑅𝑅 value reaches
ts steady state low value. The 𝐶𝑑𝑙 value of experiments which contain

mg/L TU show a totally different trend, which is not yet fully
nderstood.

Parameter 𝑅𝐶 (Fig. 12(e)) is very low for the four systems in the
nitial time intervals. After parameter 𝑅𝑅 reaches its minimal value, 𝑅𝐶

starts to increase. Hereby, it is possible to deduce that the initial reac-
tion mechanism, in the presence of an abundant amount of TU, has one
dominant or rate determining step. This rate determining step is most
probably the step from cupric to cuprous (Eq. (1)) [55,56]. From the
moment that TU is consumed, the reaction mechanism changes from a
two-step reduction reaction with one charge transfer limiting step to
a mechanism in which both steps are important. This mechanism is
significantly different than the mechanism of the base system. Hereby,
it is possible to conclude that the history of the electrolyte has a large
impact on the copper plating mechanism [29]. The 𝐶 parameter shows
similar behavior as the 𝛼 parameter. Initially showing an increase till a
maximum value, after which the 𝐶 parameter decreases. Unfortunately,
the maxima of this parameter do not coincide with other changes
in the other parameters and the parameter 𝐶 is difficult to interpret
physically.

𝑍𝑊 ,𝑅 (Fig. 12(g)) displays different behavior depending on the
otation rate and initial TU concentration. No clear trend, neither
orrelations are observed.

The parameters 𝐿 and 𝑅𝐿 are displayed in Fig. 14. At low rotation
ate, the inductance and 𝑅𝐿 are present longer in the initial time
ntervals, till 380 s when 0.5 mg/L TU is present and till 1900 s if 1
g/L TU is present. Increasing the rotation rate reduces the presence of

he inductance and 𝑅𝐿 in the initial time intervals, till 0 s for 0.5 mg/L
nd till 1330 s for 1 mg/L TU, but the inductance reappears in the final

ime intervals. It is possible to conclude that both the TU concentration
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Fig. 9. Bode plots of operando ORP-EIS experiment performed in electrolyte containing 40 g/L of copper ions, 195 g/L H2SO4 and 0.095 g/L KCl, with 0.5 mg/L TU. Copper
plating executed at RDE with 200 rpm and 350 A/m2. (a) Black line: Bode modulus plot, Green line: non-linearities, red line: non-stationarities: orange line: stochastic noise. (b)
Black line: Bode phase plot.

Fig. 10. BLTVA of the ORP-EIS experiment performed at 350 A/m2 and 1000 rpm, with 1 mg/L TU. Darkblue = 200 s, darkred = 3620 s.

Fig. 11. modeled BLTVA, Bode modulus plots of the experiment performed at 1000 rpm with 0.5 mg/L TU. Blue dots: experimental data, cyan line: fit, black dashed line: residual
of the fit, red stars: total nuisance. (a) 200 s, (b) 1340 s, (c) 3620 s.
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Fig. 12. Parameters extracted from fitting the BLTVAs from ORP-EIS data with thiourea. Blue ○: 200 rpm and without thiourea. Light green ▽: 200 rpm and with 0.5 mg/L
thiourea. Dark green △: 200 rpm and with 1 mg/L thiourea. Orange ⊲: 1000 rpm and with 0.5 mg/L thiourea. Red ⊳ 1000 rpm and with 1 mg/L thiourea.
s the rotation rate are variables affecting the adsorption/desorption
echanism. A physical explanation of the parameters 𝑅𝑙 and 𝐿 is un-

ortunately very difficult and often neglected in electrochemical papers.
ith decreasing TU activity, the parameters 𝑅𝐿 and 𝐿 become larger, a

arger L is observed at lower frequencies in the EIS data and at a certain
oment the inductive data past below the lowest measured frequency.
his explains why the 𝑅𝐿 and 𝐿 parameter values are not observed
t all the time intervals. The increase of 𝐿 and 𝑅𝐿 in the initial time
ntervals of plating is to the best of our knowledge not yet observed in
iterature. No correlation is observed between the parameters 𝐿 and 𝑅𝐿

and the double layer capacitance 𝐶𝑑𝑙, which is expected if this increase
would derive from an evolution in adsorbed elements on the cathode
9

surface. Unfortunately the initial increase of the inductive parameters 𝐿
and 𝑅𝐿 is still unclear. The decrease of this parameters can be interpret
logically by the decrease in TU concentration but is again not correlated
with other EEC parameters. Gabrielli [48–50] developed a physical
model to describe the complete copper plating system, containing:
kinetics, adsorption, etc. Nevertheless, a physical model is avoided in
this work because of the numerous parameters involved in such a model
and the unavoidable large parameter error [57].

4.2.4. Surface analysis
Microscopy images of the RDE surface as a function of the plating

time are displayed in Fig. 15, the plating parameters are 1000 rpm and
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Fig. 13. The measured potential of the ORP-EIS experiments as a function of time, averaged in time intervals of 40 s. Blue: 200 rpm and no thiourea. Light green: 200 rpm and
0.5 mg/L thiourea. Green: 200 rpm and 1 mg/L thiourea. Orange: 1000 rpm and 0.5 mg/L thiourea. Red: 1000 rpm and 1 ppm TU.
Fig. 14. Parameters 𝑅𝐿 and 𝐿 extracted from fitting the BLTVAs from ORP-EIS data with thiourea. The error bars represent 95% confidence intervals.
350 A/m2. Fig. 15(a) shows the RDE surface after a short (960 s) plating
time. At this time interval the charge transfer resistance is still at its
initial value and a relative homogeneous and flat surface, containing
minor roughness, is observed. When the TU activity and concentration
is near 0 (after 2160 s), the copper surface exhibits an increased
roughness, Fig. 15(b). This surface roughening is accompanied by the
decrease in charge transfer resistance. Hereby it is possible to conclude
that the inhibiting effect of the TU-Cl additive mixture has a positive
effect on the morphology of the deposited copper on the cathode
surface. Unfortunately, The moment microscopic roughness increases
on the cathode surface, the 𝛼 values extracted from fitting the operando
ORP-EIS still increase. This observation indicates the complexity of the
𝛼 parameter. Several mechanisms are stated to explain the presence
of frequency dispersion [54,58–60] and surface roughness is one of
them. The reaction rate distribution of a two-step reaction mechanism
with adsorbed intermediates gives also rise to frequency dispersion [59]
and this is a possible explanation for the discrepancy between the
parameter 𝛼 and the microscopic roughness of the cathode surface. The
𝛼 parameter which initially was linked to surface roughness seems to
be coupled more with the reaction kinetics than the homogeneity of the
cathode surface.

4.2.5. Remarks
A physical explanation of the time-variation of the adsorption/

desorption and diffusion parameters (𝐿, 𝑅𝐿 and 𝑍𝑊 ,𝑅) is not possible
yet. Operando ORP-EIS experiments with a different input signal are
necessary to study the effect of TU on copper plating in the lower
frequencies. This new input signal optimally starts from lower frequen-
cies and as such lengthen the experimental duration significantly. For
example: an input signal with 1 mHz as lowest frequency increases
the experimental duration by factor of five. As it is not possible yet
10

to lower the frequency range without increasing the measuring time,
developing an algorithm which allows the calculation of a BLTVA with
a low amount of periods will gain importance in this research.

5. Conclusion

The operando ORP-EIS technique in combination with the algo-
rithms to estimate the BLTVA is applied successfully in more complex
conditions, containing industrial copper concentrations, to study the
copper reduction reaction with the aid of common electrorefining
additives.

The presence of a mid frequency capacitance as part of a two-step
electrode reaction, which previously was assumed to be present, could
be visualized and modeled in this paper.

The effect of plating time and TU consumption is clearly observed
by several EEC parameters: the charge transfer resistance (𝑅𝑅), 𝛼,
𝑅𝐶 , 𝐶 and 𝐶𝑑𝑙. In the system under investigation in this paper, TU
works as an inhibitor, increasing the charge transfer resistance. As
a function of time, this resistance decreases till it reaches the initial
charge transfer resistance value of the system without TU, thus the
TU activity becomes zero. Nevertheless, the initial presence of TU in
the electrolyte has an influence on other system parameters while the
TU activity is zero. The 𝛼 and 𝐶𝑑𝑙 parameter are heavily influenced
by the initial presence of TU. Hereby it is assumable that reaction
products of the TU consumption are still present in the electrolyte and
affect the cathode double layer. Additionally, in the system which never
contained TU and the system containing TU the copper deposition is
observed as a two-step reduction reaction with one charge transfer
limiting step. The moment the TU activity reaches zero, the second step
of the two-step reduction reaction seems to become more important and
the reaction kinetics is presumably controlled by the two reaction steps.

The history of the electrolyte, the presence of reaction products from

the TU consumption in the case of this paper, has a large impact on the
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Fig. 15. Microscopy images of an RDE surface after copper plating with initial aid of thiourea, 350 A/m2 and 1000 rpm. (a) after 960 s, (b) after 2160 s.
copper deposition mechanism. The cathode double layer, as well as the
two-step deposition are influenced significantly by the initial presence
of TU.

Optical microscopy proves the positive effect of the TU-Cl additive
mixture on the copper cathode surface. The moment that the TU
activity reaches zero, the cathode surface exhibits a higher roughness.

Unfortunately, the behavior of certain system elements (adsorption,
diffusion, etc.) as a function of the TU concentration cannot be ex-
plained yet. Nevertheless, the effect of TU on the copper reduction
reaction is shown, as well as some effects on the cathode surface. This
information is a good starting point for industrial experiments.
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