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Abstract

Electroreduction is an essential electrochemical technique, applied in many in-

dustries. The process can be used to produce coatings, circuit boards, to refine

metals, etc. Electroreduction during plating or refining is assisted by organic or

inorganic additives present in the electrolyte, with the aim to produce smooth

metal deposits. A complex component of most additive mixtures in copper

refining is thiourea. This work applies a coupled approach to study the time de-

pendent characteristics of thiourea in a copper plating solution. Operando Odd

Random Phase Electrochemical Impedance Spectroscopy (ORP-EIS) is used to

study the electrochemical behavior of the plating solution during the process of

plating while the concentration of thiourea is determined using ion chromatog-

raphy. The combination of these techniques allows an in-depth study of the

plating process, describing the additive behavior in the bulk electrolyte and the

additive impact on the cathode plating process.
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1. Introduction

High purity copper is an essential material to support the global goal of

electrification since it can be found in turbines, batteries, electric cables and

many other apparatus. Electrorefining (ER) is the main production method to

produce this high purity copper [1]. During this process, an impure copper anode

is electrochemically dissolved. The impurities remain in the electrolyte either in

dissolved form or as a (semi-)solid phase while the copper is electroplated on a

steel cathode. The copper electrorefining process is assisted by additives, such

as animal glue, chlorides and thiourea (TU) [1–4], which support the formation

of a smooth metal deposition [1, 3, 5, 6]. It is known that animal glue and TU

decompose in the electrolyte or are consumed during the oxidation and reduction

of copper [3, 7–11]. Animal glue degenerates by the heat and acidity of the

electrolyte and TU can react by several mechanisms to create side products, like

formamidine disulfide (FDS), or it becomes encapsulated in the cathode [2, 12–

21].

Although TU is an elemental additive in the copper ER, its active mechanism

during copper electroreduction is still under debate [16, 18–21].

Some well-documented reactions and phenomena are recited here. TU can

complex with cupric or cuprous ions [12, 15, 17], TU can be oxidized by cupric

ions to form formamidine disulfide (FDS) [12, 15, 17, 21] and the organic

molecules and complexes adsorb on the copper cathode surface [12, 15, 21, 22].

TU and FDS also form a redox couple [12, 15, 17]. Different theories are stated

to explain the effect of TU in the electrolyte and on the electrode. Linear Sweep

Voltammetry (LSV) experiments showed that TU has a polarizing effect at low

overpotentials and a depolarizing effect at high overpotentials [17, 21, 23].

Tarallo et al. [15] investigated the electrocrystallization process of copper with

and without TU and their description matches with previously mentioned re-

search [15]. Tarallo elucidates this by the steric effect of adsorbed TU. TU ad-

sorbs perpendicularly on the cathode surface at more negative potentials. While

adsorbed, these species might increase the amount of nucleation sites and thus
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the nucleation rate by acting as corner stone for nuclei formation. More posi-

tive potentials promote the lateral adsorption of TU, resulting in an increased

inhibition of the nucleation [15]. Both the presence of copper sulfide [19, 20]

as the existence of complexes complexes [16, 18, 20] are mentioned to explain

the effect of TU-Cl on the copper reduction. Raman studies showed that the

sulfur atom enables TU to bond to the copper surface [22, 24] and that there is

possibly coadsorption of TU and chloride [14]. The macroscopic effects of TU

and chlorides can in some cases also be visually observed. Cathodes obtained

with certain amounts of TU and chlorides in the electrolyte are brighter than

the ones only obtained with chlorides. Nonetheless, when the concentration of

TU in the electrolyte surpasses a critical value, the cathode surface loses its

brightness due to contamination of sulfur in the cathodes [25]. A thorough de-

scription of EIS experiments on electrorefining and electroplating solutions is

given in our previous paper [26].

Recently [26], we demonstrated the non-stationary cathode behavior intro-

duced by TU presence in the electrolyte. The origin of this time-varying be-

havior was assigned to the presumed change in TU concentration during the

plating process. Significant variations were observed after 15 minutes of plat-

ing. Gabrielli [27] studied aging of a Damascene plating bath and this process

evolved over several hours. The time variations in our previous research [26]

seem rather fast in comparison with literature.

The goal of this paper is to investigate more in depth the origin of non-

stationarities during copper plating in the presence of TU. The system under

investigation in this paper is based on the system studied earlier [26], which

is considered as a model system. A low copper ion concentration is applied

to perform a fundamental study of the electrochemical process [28]. Addition-

ally, the electrolyte acidity and chloride content are similar as an industrial ER

electrolyte, to minimize the amount of variables. The TU concentration is the

only system parameter which differs from the system under investigation in our

earlier work [26]. The TU concentration is increased in comparison with the pre-

vious system [26] but still industrially relevant. This enables a profound study
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on the effect of TU. In this research, the main interest is the copper growth

process at the cathode, as this is the dominant copper plating mechanism in the

ER process. Therefore, we focus on the growth stage of the copper plating pro-

cess. Operando Odd Random Phase Electrochemical Impedance Spectroscopy

(ORP-EIS) [26, 29–31] is used to study the effect of the TU concentration on

the electrochemical behavior. This is combined with ex situ chromatography to

analyze the TU concentration and correlate this to the electrochemical behavior.

The operando ORP-EIS input signal consists of a multisine signal added

to a direct current to study the electroplating process in operation. Electro-

chemical Impedance Spectroscopy (EIS) allows us to describe several steps in

one experiment [32], such as the electrode reactions, adsorption processes and

mass transport phenomena. In addition, ORP-EIS increases the amount of in-

formation collected from one experiment. ORP-EIS allows the quantification of

stochastic noise, non-stationarities and non-linearities [29, 30] and also provides

a possibility to correct for non-stationarities [31, 33, 34]. In this work we focus

on the cathodic response of the electrorefining system, therefore we neglect the

anodic reactions of copper electrorefinery.

The operando electrochemical response of the additive plating system is com-

bined with ex situ information of the additive concentration in the electrolyte.

This enables a study of the time variation in the electrode response and the

actual additive concentration and formation of possible side products. There

are several quantification methods available for electrolyte additives. Cyclic

Voltammetric Stripping (CVS), polarization, EIS and UV-vis are the most used

techniques [7, 9, 10, 35–39]. A direct quantification method is preferred over an

indirect, which can be influenced by other components, side and waste prod-

ucts [40–42]. This direct analysis method preferably also allows the detection

and quantification of the possible side products. One of the most used direct

analysis techniques to study TU is UV-vis. A direct spectroscopical analysis

via UV-vis is impossible in our case due to the high metal ion content absorb-

ing UV-vis in the same frequency range as TU. Therefore, a chromatographic

method was developed enabling the separation of TU from the electrolyte, prior
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to UV quantification.

This combinatorial study, in which the synergy of powerful electrochemical

and chemical analysis is exploited, bridges the gap between fundamental and

applied studies of additives in the copper ER.

2. Materials and methods

2.1. Chemicals and solutions

Copper sulfate (CuSO4; p.a.) and thiourea (TU) are obtained from Merck

(Darmstadt, Germany), potassium chloride from UCB (Leuven, Belgium), and

sulfuric acid (95%) from Fischer Scientific (Loughborough, UK). Acetic acid,

sodium acetate, potassium hydroxide, and potassium sulfate (>99%) are pur-

chased at Sigma Aldrich (Steinheim, Germany). Ultra-pure water (18 MΩ·cm) is

generated by a Milli-Q water purification system (Millipore, Molsheim, France).

The electrolyte solution is composed of 0.010 M CuSO4 or 0.63 g/L of copper

ions, 195 g/L H2SO4 and 0.095 g/L KCl. The initial concentration of TU is 2.5

mg/L.

The mobile phase, used for the ion chromatography, is a 15 mM acetate

buffer, pH 3.7, and is prepared with a acetic acid and sodium acetate. 20 mM

potassium sulfate is added as supporting electrolyte.

2.1.1. Odd Random Phase Electrochemical Impedance Spectroscopy

ORP-EIS measurements are performed with the same setup as described in

previous work [26]. An in-house developed hardware equipment and software

package is used and the experiments are performed with a three-electrode setup.

A copper rotating disc electrode (RDE), with radius 2 mm, serves as working

electrode. A shunted SCE (+0.244 V vs NHE) with K2SO4 salt bridge provides a

stable reference potential during the electrochemical experiments and a counter

electrode enables a current flow through the electrochemical cell. The counter

electrode consists of a round-shaped Pt mesh with a radius of 10 mm, positioned

15 mm from the working electrode. Its influence on the working electrode can

be neglected.
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The operando ORP-EIS input signal consists of the sum of an ORP multisine

and a DC current. The DC current is applied to obtain an electrochemical

reduction on the working electrode, while information of the system is extracted

with ORP-EIS. Impedance data is fitted with an Equivalent Electrical Circuit

(EEC) to extract relevant parameters of the system. The fitting software is

developed in-house.

Several ORP-EIS plating experiments are performed consecutively to allow

sampling of the electrolyte and to analyze the time dependent behavior of TU

and the effect on the electrochemical parameters. The rotation rate of the RDE

is fixed at 1000 rpm for the whole set of experiments. This is done to minimize

the effects of diffusion. Furthermore, two current densities, respectively 20 and

32 A/m2, are applied to observe the effect of higher TU concentrations and

plating time on the copper plating kinetics. The frequency range 50 mHz-15

kHz is used.

2.1.2. Chromatography instrumentation and conditions

The chromatography method is developed by Phillip Schmidt [43] at Aurubis

AG and adapted to the experimental system at Vrije Universiteit Brussel. TU

is quantitatively assessed using an Ultimate 3000 RSLC system (Thermo Fisher

Scientific, Germering, Germany) composed of a degasser, a binary high-pressure

pump, an autosampler equipped with a six-port injection valve containing a 20

µL injection loop, a thermostated column compartment (at 20°C), and a diode

array detector with a 2.5 µL flow cell. UV detection is performed at 210 nm

using 1500 Hz data collection rate. The isocratic separation is conducted using a

4 mm i.d. x 150 mm Metrosep A column, packed with 5 µm particles, combined

with a 4 mm i.d. x 5 mm guard column operating at a flow rate of 0.7 mL/min

using a 15 mM acetate buffer (pH 3.7), containing 20 mM potassium sulfate, as

mobile phase.

An electrolyte sample is taken, diluted 25:1 and the pH is adapted to 3.7

before injecting it in the column. Sampling and chemical analysis are performed

before the start of the electrochemical experiments and after every ORP-EIS
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experiment.

3. Results and discussion

The experimental scheme is displayed in Figure 1. A fresh electrolyte solu-

tion containing 2.5 mg/L TU is used as starting solution. This solution is used

to perform copper plating in several consecutive steps. The copper plating is

done by operando ORP-EIS. After a certain time interval the plating is stopped,

the working electrode is removed from the solution and an electrolyte sample

is taken to perform chromatography on. A new working electrode is used for

the next plating step in the same solution. The separate plating steps enable

sampling of the electrolyte without disturbing the electrochemical measurement

and the use of new electrode surfaces limit the historical effect of the plating

conditions on the ORP-EIS measurement. When analyzing the output potential

signal of the ORP-EIS experiment, see Figure 2 as an example, a clear transient

regime is observed at the beginning of every ORP-EIS experiment. This tran-

sient arises from the initial copper plating on the bare electrode surface [44] and

introduces non-stationarities in the ORP-EIS data. The nucleation of copper

has been studied thoroughly in the past [15, 45–48] and is important in several

scientific and applied fields. Nevertheless, as mentioned earlier, this paper has

no objective to study the nucleation process. Therefore, the first two periods of

every ORP-EIS measurement are neglected in the analysis. Additionally, a cor-

relation between chromatography data and ORP-EIS data became visible when

only the final periods of the ORP-EIS measurements were used. The incoherent

relationship between the thiourea concentration, determined at the end of the

electrochemical experiment, and impedance data obtained anytime else then the

end of the experiment arises from the non-stationarities present in the system.

Because of this, the ORP-EIS data of exclusively the final 4 periods of every

measurement are analyzed. This is visualized in Figure 1 by the orange periods,

transient regime, the yellow periods, ORP-EIS data which is unrelatable to the

TU concentration because of non-stationarities, and the green periods, used to

calculate the ORP-EIS.
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Figure 1: Scheme of experimental procedure. The length of the large arrows indicate the
duration of the operando ORP-EIS experiments and every box in each arrow represents a
measured period. The orange boxes represent the two initial periods, containing transient
effects and are neglected in the ORP-EIS analysis. The yellow boxes represent periods mea-
sured during the growth process of the copper cathode. The green boxes represent the periods
used to calculate the ORP-EIS response. An electrolyte sample is taken after every ORP-EIS
experiment and a new electrode is used for every ORP-EIS experiment.
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Figure 2: The potential as a function of time while performing DC plating. 20 A/m2

3.1. Electrochemical analysis

The analysis of the ORP-EIS data starts by analyzing the non-stationarities

and the non-linearities, as can be seen in Figure 3. This figure displays ORP-EIS

data of two experiments performed in the same electrolyte solution, but with a

different age, at 32 A/m2. Figure 3a and Figure 3b show respectively the Bode

modulus and Bode phase of the first electrochemical experiment, with a duration

of 120 seconds. Figure 3c and Figure 3d show Bode plots of the final experiment

in the solution, with a total duration of 2960 seconds. The non-stationarities

above 50 Hz are slightly higher than the stochastic noise in both experiments.

Additionally, the non-linearities are negligible in the entire frequency range. Al-

though present, the non-stationarities are sufficiently low to assume the systems

under investigation as stationary and linear during the analyzed time span [31].

This assumption is different than previous work [26], where TU introduced sig-

nificant non-stationarities. The use of shorter ORP-EIS experiments, less pe-

riods, allows the sampling and quantification of TU during the plating process

and, at the same time, reduces the presence of non-stationarities and as such

excludes the need of a best linear time-varying approximation [33, 34].
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Figure 3: Bode plots of ORP-EIS data measured at 32 A/m2. a) Bode modulus plot after
120 seconds of plating, blue dots: modulus, yellow dashed line: stochastic noise, red dashed
line: non-stationarities and green dashed line: non-linearities. b) Bode phase angle after 120
seconds of plating. c) Bode modulus plot after 2960 seconds of plating, blue dots: modulus,
yellow dashed line: stochastic noise, red dashed line: non-stationarities and green dashed line:
non-linearities. d) Bode phase angle after 2960 seconds of plating.
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Bode plots are used to compare EIS data of copper plating with 0.5 mg/L

TU [26] and 2.5 mg/L TU, see Figure 4. Both systems seem to behave similarly.

Based on the EEC system in our previous work [26], the peak of the phase angle

at high frequencies, visible in Figure 4b around 2000 Hz, represents the double

layer capacitance. The peak at low frequencies, around 1 Hz in Figure 4b, rep-

resents the diffusion of copper ions towards the electrode surface. The plateau

reached around 100 Hz in the Bode modulus plot (Figure 4a) defines the elec-

trode reaction. The low frequency inductive time constant originates from the

adsorption and desorption of TU on the electrode surface. Beside these similari-

ties, the presence of high TU concentrations results in a different mid frequency

(2 - 200 Hz) behavior. Initially, the EEC applied in our previous paper [26],

displayed in Figure 5a, is used to model the ORP-EIS data with 2.5 mg/L TU.

Unfortunately, neither the data fit, nor the parameter values were acceptable

for this model. In literature, several EECs are applied to describe systems with

electrode reactions and adsorption: The presence of an adsorption layer can be

modeled via a Frumkin–Melik-Gaikazyan style model [49, 50] and Gabrielli [27]

introduced a nested circuit containing three capacitive time constants, to name

few. As Gabrielli [27] comments on the latter circuit, it is difficult to connect

physical phenomena to the different parameters. Nevertheless, the good fits ob-

tained with Gabrielli’s model and the unacceptable fits obtained with the initial

model [26], containing only two capacitive time constants, indicates the pres-

ence of a possible third time constant. This additional time constant is most

probably convoluted with the other time constants. The study of the system

containing 0.5 mg/L TU already mentioned the possible necessity of a third time

constant to understand the mid-frequency behavior [26]. We used an additional

parameter, by means of a general Warburg [51–54], to model this frequency

range. The Φ parameter which is characteristic for the general Warburg should

ideally vary between 0.4 and 0.5. This was not the case in previous study as Φ

values around 0.2 and 0.3 were often applied. Gabrielli [55] addresses the origin

of a mid frequency time-constant to the presence of chlorides in the solution.

Based on this theory, a possible third time constant was defined as part of a two
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step reaction with adsorbed intermediate [32]. These intermediates are probably

assisted by the presence of the high amount of TU in the electrolyte, knowing

that TU stabilizes cuprous (Cu+) [11, 15]. Therefore, the initial circuit [26] is

adapted by adding a third capacitive time constant in series with the Warburg

element and the charge transfer resistance. The EEC to model the ORP-EIS

data is shown in Figure 5b
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Figure 4: Bode plots of two ORP-EIS experiments, one with 0.5 mg/L TU, black solid line,
and the other with 2.5 mg/L TU, red dashed line. a) Bode modulus, b) Bode phase angle.
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Figure 5: Equivalent Electricel Circuits. a) EEC used in our privious paper [26] to model
impedance data of a system containing 0.5 mg/L TU b) EEC used to model the impedance
data of the system introduced in this paper. Rel represents the electrolyte resistance, RR

the charge transfer resistance, CPEdl the constant phase element linked to the double layer.
RC and C are respectively a resistance and capacitance used to produce a Voigt element,
which in series with RR represents a two-step electrode reaction with adsorbed intermediate.
The Warburg element, ZW represents diffusion and the inductance, L, arises from adsorp-
tion/desorption of thiourea on the electrode surface.

Parameter Rel represents the electrolyte resistance. CPEdl, Equation 1,
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represents the nonuniform double layer with two parameters: α and Q. α is

one for an ideal capacitor and lower than one for nonuniform double layers.

The serial connection of RR, C and RC represent the two-step reduction reac-

tion with adsorbed intermediate [32], ZW is the Warburg element representing

diffusion and L models the inductance. The general transmissive, finite War-

burg [51, 52, 54], Equation 2, is applied in this paper and has three parameters,

a resistive parameter (ZW,R), a parameter (ZW,T ), Equation 3, linked to the

diffusion coefficient (D) and diffusion layer thickness (δ) and a parameter (Φ)

describing inhomogeneous diffusion over the electrode surface. All parameters

vary freely during the model fit, except, ZW,T , which is kept at 0.35 as this is

the exact analytical value for this parameter in our system [26], and Φ, which

is fixed at 0.5 to assume homogeneous diffusion. The constant value of ZW,T is

derived from the time constant of the Warburg element, which remains the same

for 0.5 mg/L TU and 2.5 mg/L TU, Figure 4. Additionally, the TU concentra-

tion is much smaller than the copper ion concentration, therefore, its influence

on the mass transfer of copper ions towards the cathode surface is assumed to

be negligible [15].

CPEdl(f) =
1

(j2πf)αQ
(1)

ZW (f) = ZW,R
tanh (ZW,T j2πf)

Φ

(ZW,T j2πf)
Φ

= ZW,R
tanh

√
0.35j2πf√

0.35j2πf
(2)

ZW,T =
δ2

D
(3)

Two examples of modeled ORP-EIS data are shown in Figure 6. The model

residual is sufficiently small in comparison with the nuisance factors for both

datasets, making this EEC acceptable.

Figure 7 shows the model parameters used to fit the experimental ORP-EIS

data. The blue dots represent experiments performed at 20 A/m2 and the or-

ange dots experiments performed at 32 A/m2. The electrolyte resistance (Rel,

Figure 7a) can be found between 1.5 W and 1.7 W. The inductance (Figure 7b),

12



100 101 102 103 104

frequency (Hz)
10 3

10 2

10 1

100

101

102

103

|Z
| (

)

(a)

100 101 102 103 104

frequency (Hz)
10 3

10 2

10 1

100

101

102

103

|Z
| (

)

(b)

Figure 6: Fitted ORP-EIS data, Bode modulus. Blue dots: experimental data, cyan line:
fitted model, yellow dashed line: stochastic noise, green dashed line: stochastic noise + non-
linearities, red dashed line: stochastic noise + non-stationarities, black dashed line: model
residual. a) After 120 seconds of plating, b) after 1560 seconds of plating.

introduced by TU [26], seems to increase as a function of plating time. This

is in contradiction with the observations of Gabrielli [27]. The applied current

affects the charge transfer resistance (Figure 7c) as expected. Noteworthy, the

RR behaves parabolic, concave upwards, for both the low and the high current

density. Hereby, the RR reaches a minimal value after a certain plating time.

The time necessary to reach this minimal value varies for both systems. The

lowest resistance is reached earlier for higher current densities than for lower

current densities. The minimal RR value for both current densities is similar as

the RR values of these experiments performed without TU and with chlorides

(≈170 W and ≈100 W for respectively 20 A/m2 and 32 A/m2) [26] and near the

final value of the time varying RR when the experiments contained 0.5 mg/L

TU [26]. Hence, initially the 2.5 mg/L TU works as an inhibitor, impeding the

electrode reaction, till the TU activity becomes zero, after which the inhibiting

effect amplifies with increasing plating time. The outlier found in the dataset

of the experiments performed at low current densities, at 2000 seconds, both in

RR as in ZW,R, arises possibly from a Levenberg-Marquardt fit which found a

local minimum. Several parameter starting values are tested but no difference in

parameter values was observed for this measurement, resulting in a significant

discontinuity in the trend of these two parameters. The α values of the CPE

(Figure 7f) show also a parabolic behavior but in a different direction, depend-

13



ing on the current density. The parameter behaves concave upwards for the

low current density and concave downwards for the high current density. The

high current densities have in general a lower α value, corresponding to a less

uniform electrode surface. As a function of time, a relatively uniform surface is

reached after 1000 seconds; remarkably, RR also reaches its minimum around

this time; after which surface inhomogeneities increase. The low current density

experiments reach a minimal α value after 1800 seconds, again together with

the minimum of RR, and the surface becomes more homogeneous afterwards.

The parabolic behavior of the α parameter extracted from low current density

experiments might be explained by the decrease and increase of RR. The higher

the inhibiting effect (the higher the parameter RR), the more uniform the ob-

tained copper deposit. Unfortunately, the reason why the α parameter behaves

different for the high current density experiments remains unclear.

The resistor linked to the third capacitive time constant (RC , Figure 7d)

increases as a function of time. This resistor is again lower for the high current

densities, demonstrating its physical function as part of the electrode reaction.

The capacitance for the third capacitive time constant (Figure 7h) does not

show a clear behavior. This parameter is also complex to interpret physically.

The parameter ZW,R (Figure 7g) is difficult to interpret physically as it is linked

to both diffusion as reaction kinetics. The Q and α parameter, shown in figures

7e and 7f, will be used to calculate the effective double layer capacitance and

will be plotted in next section as a function of the TU concentration.
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Figure 7: Fitted model parameters. Blue dots: parameters extracted from the experiments
performed at 20 A/m2, orange dots: parameters extracted from the experiments performed
at 32 A/m2. a) electrolyte resistance, b) L, c) charge transfer resistance, d) RC , e) Q, f) α,
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The presence of TU in the electrolyte results clearly in a time dependent

electrochemical response [26]. The high TU content changes the electrochemical

behavior in comparison with lower TU contents, which is in agreement with

literature [15, 16]. In this case also a new electrochemical step was introduced

by the TU content. The 2.5 mg/L TU is in general inhibiting the electrode

reaction. In addition, the parameter α describes changes in surface homogeneity

that might be introduced by the TU content.

The origin of the time dependent behavior is assumed to be the consumption

of thiourea, which is analyzed in next section. The time dependent behavior

of the TU concentration is monitored and the TU values are used to correlate

with electrochemical parameters derived from the EEC.

3.2. Monitoring thiourea during copper electroplating

The separation of copper (in cationic form) from TU is realized by apply-

ing strong anion exchange chromatography using porous particles functionalized

with quaternary ammonium groups. Under the conditions applied, positively

charged copper ions are repelled from the pores of the stationary phase and

elute early in the chromatogram, whereas TU is polarized yielding a net nega-

tive charge and is slightly retained on the positively-charged quaternary ammo-

nium moieties that are present in large amount. The resulting chromatographic

separation and the zoom-in of the TU peak at 2.5 mg/L concentration level

is depicted in Figure 8. The corresponding signal-to-noise ratio (S/N) [56]

was directly determined from the chromatogram by the peak height (h) and

the largest baseline noise fluctuation (hn), as expressed in Equation 4. The

S/N value is calculated to be 3.6. To enhance the detectability, the summation

of peak methodology was applied. This involved summation of the UV signal

of five consecutive recorded chromatograms referred to as “ensemble averag-

ing” [56, 57]. Hereafter, data treatment involved an optimization of the number

of data points (retention times) via block averaging or data bunching [58], such

that no tailing was observed and S/N was optimized [59]. The resulting chro-

matograms are fitted with a 6th order polynomial [59, 60] to remove the baseline
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drift. The order was determined considering the main retention time of TU ±

4σ [57], where 4σ represents the peak width at the base recorded at 13.4% of

the peak height. Finally, the TU peak is integrated by a Riemann sum. The

procedure is graphically shown in Figure 9.

S/N = 2
h

hn
(4)
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Figure 8: Chromatogram of electrolyte sample containing 2.5 mg/L TU, diluted 25:1 before
injection in column.

To limit the number of experiments, a calibration curve is established to

determine the limit of quantification (LOQ) and for quantification purposes,

rather than using the standard-addition methodology. Figure 10 depicts the

corresponding calibration curve for a concentration range TU between 1.0 and

2.5 mg/L, and corresponding 95% confidence region representing the goodness

of fit. The variance of the linear regression is sufficiently low to accept the

regression model. The LOQ is defined as the value at which the coefficient of

variation exceeds 20% [61–63] and is determined to be 0.7 mg/L. 2.5 mg/L was

set as upper limit for the TU concentration [64, 65] to enable a sufficiently large

concentration range without the use of exuberant and impractical TU content.

To assess aging of the electrolyte, samples were collected after every ORP-

EIS experiment. The corresponding evolution of the TU concentration in the

electrolyte as a function of plating time is shown in Figure 11a for the two

different current densities. A clear depletion of TU is observed in the chro-
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Figure 9: Chromatograms of electrolyte sample. a) Stacked overlay of 5 separate injections
of one sample, displayed together. b) Black line: sum of the 5 separate injections, cyan line
with asterisk: averaged chromatogram, red line: polynomial to fit background trend. c) Cyan
line with asterisk: averaged and summed data, red line: integrated area under the curve.
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Figure 10: Calibration curve of thiourea in copper sulfate solution, based on an ion exchange
experiment with UV-vis detector. The x-axis displays the initial thiourea concentration, the
y-axis shows the absorbance of the samples after the 25:1 dilution. y = 0.24x-0.04

matography data, in approximately 25 minutes we already observe a decrease

of the mass TU in solution with 50%. However, the TU concentration displays

a certain variance, this measurement error most probably arises from the small

TU concentration present in the injected samples. A first order kinetic regres-

sion [7, 66] is applied on this data and the 95% confidence region is calculated

to result in a noiseless trend. This trend and the confidence region is used as in-

dependent variable to demonstrate the variation of the parameters RR, RC and

CCPE . The variation of RR and RC (respectively Figure 11b and Figure 11c) as

a function of the TU concentration is similar as with a function of the time. The

RR value reaches a minimum at a certain thiourea concentration. From this we

can deduce that there is an optimal TU concentration to positively influence

the plating kinetics. Important to notice is that the system under investigation

in this paper behaves differently in the presence of 0.5 mg/L thiourea than the

system under investigation in our first paper [26], which had an initial thiourea

concentraion of 0.5 mg/L. Several effects of TU and TU-Cl mixtures on the cop-

per plating reaction are described in literature and the effect is often dependent

on the system under investigation [2, 12, 13, 15–17, 19–21, 67, 68]. Tarallo [15]

summarizes that TU depolarizes at low concentrations by promoting nucleation

on the cathode, which is experimentally demonstrated in his paper at a TU
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concentration of 0.5 mg/L. At higher TU concentrations, adsorbed TU works

as an inhibiting film on the cathode surface and polarizes the copper reduction

reaction [15]. This is in agreement with our previous paper [26], in which the

depolarizing effect of TU is present at 0.5 mg/L. On the other hand, Sun and

O’Keefe [67] report an inhibiting effect of thiourea when present at 0.5 mg/L,

which they already contribute to the existence of an inhibiting film and which is

in agreement with the results in this paper. The parabolic behavior in param-

eter RR as a function of the thiourea concentration is reported by Suarez [12]

and explained by the presence and predominance of different complexes at cer-

tain thiourea concentrations and certain current densities. Unfortunately, this

research [12] does not cover very low (< 2 mg/L) TU concentrations. The ex-

perimental results of Suarez [12] also explain the different results between the

RR behavior at high and at low current densities. However, although results

and theory are found in literature to explain the trend and differences in pa-

rameter RR, there is no explanation yet why the aged electrolyte containing

0.5 mg/L TU behaves totally different than the fresh electrolyte containing 0.5

mg/L [26]. The presence of side products in the aged electrolyte, formed by

the degradation of TU or FDS, is one assumption to explain this difference. A

second assumption is the variation in cathode surface by the inclusion of sul-

fur containing components in the deposited copper. Both assumption are, to

the best of our knowledge, not yet discussed in literature. The parameter RC

decreases with an increasing thiourea concentration, which might indicate the

transition from a two-step electroreduction process to a one-step electroreduc-

tion at high TU content. The effective double layer capacitance is calculated

from the CPE parameters with the Brug equation [69], see Equation 5. This

double layer capacitance (Figure 11d) shows a decrease as a function of the TU

concentration. The capacitance at higher current densities is generally higher.

The double layer capacitance is related to three physical parameters, see Equa-

tion 6. ε represent the double layer permittivity, A the surface area and d the

width of the double layer. Which of these three parameters vary over time is not

distinguishable with this study. It should be noted, the time-varying behavior
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of the double layer capacitance was not present at the experiments performed

with 0.5 mg/L TU [26], the reason of this stationary capacitive behavior at low

TU concentrations is not yet clear.

Ceff = Q1/α(
RelRR
Rel +RR

)
(1−α)

α (5)

CCPE = ε
A

d
(6)
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Figure 11: chemical and electrochemical parameters, as a funcion of time and as a function
of the thiourea concentration. Blue dots: experiments performed at 20 A/m2, orange dots:
experiments performed at 32 A/m2. a) Quantified thiourea concentrations: dots. First order
kinetic regression: dashed black line. 95% confidence region of regression: solid red lines. b)
RR as a function of the thiourea concentration, c) RC as a function of the thiourea concentra-
tion, d) the calculated double layer capacitance as a function of the thiourea concentration.
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4. Conclusions

A combinatorial analysis of TU as electrorefining additive is performed.

Operando ORP-EIS is used to analyze the effect of TU and electrolyte aging on

the electrode electrochemistry and chromatography is applied to analyze the TU

concentration as a function of plating time. A new equivalent electrochemical

circuit is introduced in this paper, accounting for a two-step reduction reac-

tion of Cu2+. This circuit describes the system with low copper concentrations

and elevated TU content well. Correlations are made between electrochemical

parameters and decreasing TU concentration. The charge transfer resistance

behaves parabolic as a function of the TU concentration and reaches a mini-

mum between 1.6 and 2.0 mg/L TU. Both the RC and double layer capacitance

evolve inversely proportional with the TU concentration. From this it is possible

to conclude that the copper deposition mechanism and kinetics are significantly

influenced by the TU concentration in the electrolyte and the age of the elec-

trolyte. Consequently, to maintain optimal electrochemical plating conditions

it is key to have stationary TU concentrations in the electrolyte.

These observations will facilitate the research of TU as electrorefining ad-

ditive in realistic electrolyte, while applying industrially relevant current den-

sities. New insight in the the kinetics of this system and the origin of the

non-stationarities can be used as starting point for ORP-EIS experiments in

an industrial copper electrorefining system. Furthermore, the approach applied

in this paper is a possible corner stone to investigate the activity of general

and innovative plating and ER additives. Plating is a time-dependent process

and our methodology allows monitoring of the electrochemical behavior at the

cathode which can be coupled to the additive concentration in the electrolyte.

However, the behavior of some parameters (α and L) is not clear yet. The

effect of the aged electrolyte on the cathode morphology (derived from α) is

very important , and both parameters need further research.
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Sousa (VUB) is greatly acknowledged for his advise with the chromatography

experiments.

References

[1] M. Schlessinger, M. King, K. Sole, W. Davenport, Extractive Metallurgy

of Copper, Elsevier, 2011.

[2] S. E. Afifi, A. A. Elsayed, A. E. Elsherief, Additive behavior in copper

electrorefining, JOM 39 (1987) 38–41.

[3] T. Muhlare, D. Groot, The effect of electrolyte additives on cathode sur-

face quality during copper electrorefining, Journal of the Southern African

Institute of Mining and Metallurgy 111 (2011) 371–378.

[4] M. Moats, A. Luyima, W. Cui, Examination of copper electrowinning

smoothing agents. part i: A review, Minerals and Metallurgical Processing

33 (2016) 7–13.

[5] W. Plieth, Additives in the electrocrystallization process, Electrochimica

acta 37 (1992) 2115–2121.

[6] R. Winand, Electrocrystallization-theory and applications, Hydrometal-

lurgy 29 (1992) 567–598.

[7] P. Stantke, Using collamat to measure glue in copper electrolyte, JOM 54

(2002) 19–22.

[8] S. Krzewska, L. Pajdowski, H. Podsiadly, J. Podsiadly, Electrochemical

determination of thiourea and glue in the industrial copper electrolyte,

Metallurgical Transactions B 15 (1984) 451–459.

23



[9] S. A. Mozaffari, H. S. Amoli, S. Simorgh, R. Rahmanian, Impedimet-

ric thiourea sensing in copper electrorefining bath based on dc magnetron

sputtered nanosilver as highly uniform transducer, Electrochimica Acta

184 (2015) 475–482.

[10] I. Pedre, L. M. DeLeo, M. G. Sánchez-Loredo, F. Battaglini, G. A.
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