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A B S T R A C T   

The use of triethanolamine (TEA) as a cyanide-free electrolyte for copper electrodeposition was studied. The 
effect of TEA concentration on electrodeposition rate and cathodic adsorption during 3D copper growth was 
investigated. Linear sweep voltammetry (LSV), electrochemical quartz crystal microbalance (EQCM), scanning 
electron microscope (SEM), chronoamperometry and in situ surface-enhanced Raman scattering (SERS) were 
used to achieve a kinetic, thermodynamic, and mechanistic understanding. TEA forms stable complexes with 
copper, the most stable being Cu(TEA)(OH)3‾. Also, it acts as a surface modifier, promoting instantaneous 
nucleation and lower reduction rates to metallic copper. Thus, three-dimensional growth is controlled and, 
consequently, a smooth and homogeneous copper deposit is achieved.   

1. Introduction 

Copper is one of the most commonly electroplated metals and is used 
for numerous decorative and engineering applications [1]. Copper 
electrodeposits have been widely used in the electronic industry due to 
their high electrical conductivity. Furthermore, copper films have 
widespread application as a sublayer for other metal finishes, since they 
are capable of covering small imperfection of the substrate. Copper 
electrodeposition is achieved with two types of complex systems: acid 
(fluoroborate and sulphate solutions) and alkaline (cyanide and 
cyanide-free solutions). Acid electrolytes for copper electrodeposition is 
highly used in electroforming, metal finishing due to more current 
density can be applied in those solution, the current efficiency is high 
however its throwing power is poor, and it is not possible to apply this 
electrolyte directly onto active metals such zinc and steel [2]. Alkaline 
electrolytes for copper deposits are used as an undercoat deposit for 
other metals coatings in order to protect the substrate and improve the 
adhesion, the deposit produced for cyanide coatings are generally <12.5 
µm [1]. Alkaline copper solutions have higher throwing power than 
other electrolytes. Alkaline baths are especially important for the in
dustrial plating of steel and other substrates that can be prone to 
displacement reactions. Notwithstanding obvious toxicity and 
waste-treatment issues, cyanide complexes have been, and in practice 

still are, the main constituents of alkaline aqueous electrolytes for cop
per electroplating. Non-cyanide alkaline electrolytes have been devel
oped, using complexing agents such sorbitol [3], glycine [4], glycerol 
[5], glutamate [6] and pyrophosphate [7], that are safer and more 
environmentally-friendly. However, most of these electrolytes have 
shown serious practical limitations, such as high operating costs, low 
efficiency, and sensitivity to impurities. These limitations have hindered 
the implementation of cyanide-free electrolytes at industrial scale. 

The nucleation mechanism for alkaline electrolytes have been less 
studied compared with acid electrolytes, however some studies have 
reported the nucleation mechanism based on Scharifker and Hills model, 
which describe the 3D grow mechanism in instantaneous or progressive 
nucleation [8]. The nucleation mechanism and electrocrystallization 
process depends on the electrolyte composition and the applied poten
tial. Pesic et al. studied the mechanism of copper deposition in ammo
niacal solutions at pH 8 where non uniform size particle distribution and 
progressive nucleation were found [9]. The same mechanism were re
ported in a electrolyte based on glycine at pH 10 [4]. Meanwhile smooth 
surface and instantaneous nucleation were found in electrolytes based 
on glutamate [6] and pyrophosphate [10] with sorbitol as additive. 
Recently, Lin et al. investigated the influence of some alcohols on copper 
electrodeposition from pyrophosphate-based electrolyte [11]. They 
conclude that all the coatings obtained under the influence of different 
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additives are pure copper, but glucose has advantage in reducing the 
grain size of copper coatings compared with other alcohols. Similarly, all 
the baths have the same electrocrystallization behavior, i.e., the irre
versible and instantaneous nucleation process with 3D growth of nuclei 
controlled by the diffusion of [Cu(P2O7)2]6− specie. 

TEA has been explored as a complexing agent for electrodeposition 
of Cu-Zn [12,13] in alkaline solution, and has been shown to be a ver
satile ligand even to obtain CuInSe2 and CuAlGaSe2 thin films [14,15]. 
Moreover, TEA is a non-toxic compound and is widely commercially 
available. In copper electrodeposition, Muralidharan et al. [16] have 
reported the use of TEA as an additive in citrate-based alkaline elec
trolytes, where it was shown to have a tendency to form more stable 
complexes than with citrate. Moreover, Liang et al. [17] used TEA as a 
second ligand added to 1-hydroxyethylene-1, 1-diphosphonic acid 
(HEDPA), and observed that an excess of TEA results in cathodic 
adsorption, promoting the formation of dense and homogeneous copper 
coatings. Notwithstanding its appeal, literature about the use of TEA for 
copper plating is scarce. Moreover, the TEA molecule has been used in 
conjunction with other additives and its individual contribution is hard 
to assess. Furthermore, a systematic study of the effect of TEA concen
tration on kinetics of copper deposition for the plating process is 
currently missing from the literature. Finally, direct molecular-level 
study of the adsorption behavior of this additive during the plating 
process has never been carried out. 

With the aim of proposing a complexing agent as an alternative to 
cyanide electrolyte for copper electrodeposition, this work presents a 
systematic study of the use of TEA as the sole complexing agent of 
copper in an alkaline aqueous electrolyte, addressing the kinetics and 
adsorption processes. Specifically, the effects of TEA concentration on 
electrodeposition rate and on cathodic adsorption during 3D copper 
growth are investigated. In order to achieve a more insightful mecha
nistic understanding, electrochemical quartz crystal microbalance 
(EQCM) and in situ surface-enhanced Raman scattering (SERS) were 
used in addition to classical techniques. The former method allows the 
measurement of slight mass changes resulting from the electrochemical 
process and provides observables that can help elucidate the number 
and nature of electrodeposition steps [18]. Meanwhile, In situ SERS is 
particularly sensitive to Cu surfaces with nanometer-scale roughness 
[19], and can provide direct information on the dynamics and 
potential-dependent adsorption of organic molecules on the electrode. 

2. Experimental 

A three-electrode cell was used in the electrochemical studies. A 
rotating gold disk electrode (RDE) (Metrohm AG CH-9110 Herisau) and 
a gold disk were used as working electrodes. The counter electrode was a 
platinum mesh, and the reference electrode was Ag/AgCl 3 mol L− 1 KCl. 
Before each deposition, the working electrode was polished with Al2O3 
powder (1 μm), cleaned ultrasonically with ethanol for 5 minutes, and 
finally washed with Milli-Q (12.8 MΩ cm) water. 

The electrochemical measurements were carried out with a Gamry 
Instrument - reference 600 Potentiostat /Galvanostat. The electrolyte 
composition was 1.0 mol L− 1 NaOH, 0.05 mol L− 1 CuSO4.5H2O, to 
which variable amounts of TEA were added. The rotation speed of the 
working electrode was kept constant at 625 rpm. Linear sweep vol
tammetry was performed at a scan rate of 10 mV•s− 1. For potentiostatic 
transient experiments, the gold electrode disk was polished to a mirror 
finish with 0.3 μm alumina powder. SERS spectra were recorded using a 
LabRAm microprobe confocal system. A 10× long working-distance 
objective was used, with the excitation line at 632.8 nm. The slit and 
pinhole were set at 200 and 400 µm, respectively. SERS activity of the Au 
working electrode was achieved by means of electrochemical oxidation 
– reduction cycles (ORC). The ORC protocol consisted of performing 
cyclic voltammetry measurements (CV) from 0.2 V to 1.2 V, for 50 cy
cles, with a scan rate of 500 mV s− 1, in the cell used for Raman spec
troscopy, to form SERS- active metal with 1.0 mol L− 1 NaOH and 0.05 

mol L− 1 TEA as the electrolyte. The other bath components were added 
after the ORC protocol. The measurements were carried out under 
potentiostatic conditions, waiting for steady state current. The acquisi
tion time of SERS spectra was c.a. 300 s. 

Measurements of mass variation during copper electrodeposition 
were performed using an electrochemical quartz crystal microbalance 
(EQCM) from Metrohm Autolab. EQCM experiments were carried out 
using a Teflon® cell with a quartz crystal with active area of 0.361 cm2, 
coated with an evaporated gold film as the working electrode (WE). The 
basic oscillation frequency was set at 6 MHz. Cyclic voltammetry mea
surements (CV) were performed at a scan rate of 10 mV•s− 1, with 
simultaneous recording of the quartz resonance frequency. 

The morphology of the coatings was evaluated using a scanning 
electron microscope (SEM) JEOL JSM 6490 LV. 

3. Results and discussion 

3.1. Effect of TEA concentration on voltammetric behavior 

Fig. 1 shows the effect of TEA concentration on the LSV behavior of a 
copper electrodeposition bath containing: CuSO4•5H2O (0.05 mol L− 1) 
and NaOH (1.0 mol L− 1). 

It can be observed that, at lower concentrations of TEA (0.05 and 0.1 
mol L− 1), the initial reduction potential is less negative than for systems 
with higher TEA concentration. Moreover, changes in TEA concentra
tion cause some variations in the voltammetric features. With electro
lytes containing 0.5 and 1 mol L− 1 TEA, two reduction process can be 
observed, labeled as A, which reaches a small plateau at approximately 
-0.6 V, and B, which reaches this at approximately -0.80 V, where the 
current density increases due to massive copper electrodeposition 
occurring in this potential range. The nature of these cathodic peaks will 
be described more extensively in Section 3.2, on the basis of EQCM 
study. 

Regarding the LSV curves shown in Fig. 1, it was observed that the 
onset potential tends to shift to more negative potential with increasing 
the TEA content, indicating that TEA molecule induces a cathodic po
larization of copper electrodeposition process. This phenomenon has 
also been observed in copper electrodeposition from alkaline electrolyte 
with alcohols and organic additives [11]. From LSV it is also evident 
that, the higher the TEA concentration, the lower the cathodic current 
density of Cu deposition at a given potential. Similar effects of variations 

Figure 1. Linear sweep voltammograms for electrodeposition of copper at 
different TEA concentrations. Electrolyte: 1.0 mol L− 1NaOH, 0.05 mol 
L− 1CuSO4•5H2O and variable amounts of TEA. RDE was the working electrode 
at 625 rpm. 
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of TEA concentration on copper electrodeposition from 
HEDPA-containing alkaline baths were reported by Zheng et al. [17]. In 
that work, they explained the electrodeposition process with a “Coor
dination–Adsorption” theory, considering the two following 
phenomena: 

- Cu(II) ions are more strongly complexed in the presence of a higher 
quantity of TEA. This means that the complexation decreases the activity 
of Cu(II) ions in solution, and consequently the reduction potential is 
shifted to more negative potentials. 

- High quantities of TEA promote adsorption onto active sites of the 
electrode surface electrode, thus inhibiting the massive electrodeposi
tion of copper. 

The transport of the Cu-TEA complex by migration is hard due to its 
negative surface charge, so it is possible that some solvation of the 
complex specie must occur in order to facilitate its transport and the 
reduction of the Cu ions at the cathode. Although, as Cu-TEA complex is 
reduced at the cathode other transport phenomena like diffusion or 
convention will help to address the Cu ions to the electrode. 

Thermodynamic computations were used to clarify the impact of Cu 
(II) complexing by TEA in alkaline environment, following the meth
odology described in [12], using the stability constants of the 
copper-TEA complexes from [20]. The computations were performed 
with the MEDUSA software [21]. The results of the thermodynamic 
analysis are reported in Fig. 2, which shows a diagram of the copper 
species distribution as a function of TEA concentration, at pH 14, with 
0.05 mol L− 1 of Cu2+ ions, and TEA concentrations in the range 0 to 1.5 
mol L− 1. For TEA concentrations in excess of 0.05 mol L− 1, by far the 
most abundant complex formed is the ionic form [Cu(TEA)(OH)3]‾. 
When the TEA concentration is less than 0.1 mol L− 1, the formation of 
copper oxide CuO(s) precipitates is expected. Copper oxide formation at 
low TEA concentrations is due to the fact that, at high pH, the coordi
nation sphere of Cu(II) consists mainly of OH‾ ions, and this molecular 
arrangement promotes hydroxide/oxide formation, as a result of a 
condensation reaction [22]. Therefore, in order to obtain a stable elec
trolyte at pH 14, the Cu:TEA molar ratio should exceed 1:2. Excessive 
concentrations of TEA result in a reduction of the solubility of Cu(II), 
owing to the increase of the molar fraction of the Cu(TEA)2(OH)2 
complex, in which two TEA molecules complex each copper ion. 
Accordingly with Fig. 1, the onset potential tends to shift to more 
negative potential with higher concentrations of TEA. As is seen in 
Fig. 2, the difference in [Cu(TEA)(OH)3]‾ concentration is not 

significant, in the same way, the cathodic shift is of the order of a few 
mV. 

3.2. EQCM study of Cu electrodeposition from TEA electrolytes 

The EQCM technique is used to record simultaneously electro
chemical signal and changes in the resonance frequency Δf of a working 
electrode mounted on a piezoelectric oscillator, arising from mass- 
changes (Δm) related to deposition, adsorption, or dissolution of spe
cies at the working electrode. The dependence of Δf on Δm is expressed 
through the Sauerbrey equation, Eq. (1): 

Δf = − Cf ⋅Δm (1) 

Where Δf is measured in Hz, Cf is the sensitivity factor of the crystal 
(0.0815 Hz•ng− 1•cm− 2 for a 6 MHz at 20◦C) and Δm is given per unit 
area (g•cm− 2) [23]. 

In the case of electrodeposition, the correlation between changes in 
frequency and mass can be expressed in terms of charge, by combining 
the Faraday law and Sauerbrey equation, giving Eq. (2): 

Δf =
106.Mw.Cf .Q

n.F.Ar
(2) 

Where: Mw is the apparent molar mass of the deposited metal (g. 
mol− 1); Q is the integrated charge during electrodeposition (C); n is the 
number of electrons transferred during the discharge process; F is Far
aday’s constant (96485.33 C. mol− 1) and Ar is the electrodeposition area 
of the working electrode. 

EQCM experiments were carried out in order to characterize the 
cathodic current peaks A and B observed in Fig. 1, and to analyze the 
electrode reaction. The voltammograms and corresponding frequency 
variation traces Δf are presented in Fig. 3 for three different concen
trations of TEA (0.1, 0.5 and 1 mol L− 1) in the electrolyte containing Cu 
(II) 0.05 mol L− 1 and 1 mol L− 1 NaOH. The CVs were recorded following 
the sequence: OCP → -1.2V → 0.3 V → OCP. 

Notable differences were found in the positive scan between systems 
with high (0.5 and 1.0 mol L− 1) and low (0.1 mol L− 1) concentrations of 
TEA. In the systems with 0.5 and 1.0 mol L− 1 of TEA the positive sweep 
is similar, and just one anodic peak, labeled C, was observed in the CV 
(Fig. 3b and 3c). On the other hand, in the electrolytes with 0.1 mol L− 1 

of TEA we observed two anodic peaks, labeled C and E. Additionally, a 
reactivation peak is present in the return scan, labeled F. Coherently 

Figure 2. Distribution diagram of species stability. Molar fraction of copper species as a function of TEA concentration, computed as detailed in the text. Electrolyte: 
1.0 mol L− 1 NaOH, mol L− 1 CuSO4•5H2O 0.05 and TEA. 
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with the LSVs reported in Fig. 1, the CVs show similar cathodic behavior, 
with two peaks (labeled A and B), and some differences in current in
tensity depending on TEA concentration. 

In order to determine the nature of peaks A, B, C and E of Fig. 3, we 
evaluated the change of frequency Δf as a function of the circulated 
charge Q. From the linear relationship between Δf and Q stated by Eq. 
(2), it is possible to obtain the ratio M/z, where M is molar mass of the 
deposited species and z is the number of electrons transferred during the 
process. The ratio M/z allows mechanistic information to be derived 
regarding the electrochemical reactions prevailing in a given potential 
range. Table 1 reports the potential ranges where each peak appears in 
the CVs of Fig. 3 for the three concentrations of TEA studied. The results 
compiled in Fig. 3 and Table 1 confirm the linear relationship between 
Δf and Q in the potential range of peak A (around -0.5 V to -0.7 V) for all 
three studied electrolytes. Specifically, a decrease of Δf is observed, 
indicating that an insoluble species is deposited on the electrode. Given 
that the reduction of Cu(II) to Cu(I) does not yield stable products, even 
in the presence of TEA [24], and the stoichiometric M/z value for 2-elec
tron transference is 31.7 g mol− 1, the numerical results summarized in 
Table 1 suggest that peaks A and B (Fig. 3) are associated with the 
reduction of Cu2+ to metallic Cu, reaction 1: 

Reaction 1 Cu2+ +2e− → Cu(s) 
According to EQCM results, Cu(II) ions are reduced directly to Cu(s) 

both in the simple-salt bath and in the presence of TEA complexes, 
regardless of the amount of TEA. The formation of an intermediate Cu(I) 
species may be possible. However, the half-life of this species is so short 
that it is practically not detected and it is not considered in the reaction 
mechanism. Similar reaction mechanism of copper electrodeposition has 
been reported in pyrophosphate baths with alcohols as additives, where 
[Cu(P2O7)2]6− was directly reduced to Cu, without formation of Cu(I) 

specie [11]. Notwithstanding the similarity of the copper electrodepo
sition mechanism, discharge from aquo- and TEA-complexes impacts 
quantitative aspects of electrodeposition. Thus, a higher quantity of free 
Cu(II) ions is expected in electrolytes with low concentration of TEA. In 
fact, comparing the CV curves in Fig. 3, it can be observed that the in
tensity of peak A diminishes as TEA concentration increase. On the other 
hand, the intensity of peak B is accentuated in electrolytes with high TEA 
concentration. In the same way, the two slopes observed in the linear 
relationship between Δf and V in the potential ranges of peaks A and B 
are evidently associated with the different electrodeposition rates cor
responding to peaks A and B, which in turn correlate with the relative 
amounts of the two different Cu(II) precursors. It can be inferred that the 
first cathodic peak A is due to copper discharge from the Cu(II) 
aquo-complex, while the cathodic peak B is associated with the reduc
tion of the Cu(II)-TEA complex. Due to the presence of high concen
trations of TEA, the complexes and TEA molecules are expected to 
adsorb on the electrode, blocking the active sites for reduction process of 
Cu(II) aquo-complex species. Therefore, the reduction of copper ions on 
the non-blocked sites is a slow process, as suggested by the low slope of 
the Δf vs. V curve in the potential range in the area of peak A. Then, at 
more negative overpotentials, massive copper reduction occurs (peak B), 
mainly from Cu-TEA complex, again obeying reaction 1. For obvious 
electrokinetic reasons, this last process is faster, as confirmed by the 
higher slope of the Δf vs. V curve in the potential range corresponding to 
peak B. Similar results have been reported for the reduction of copper 
ions in alkaline media in the presence of glycine as complexing agent 
[4]. 

Regarding the positive-going scan, peak C is in all cases related to the 
oxidation of metallic copper formed during the previous negative scan. 
In the experiments carried out with higher concentrations of TEA (0.5 
and 1.0 mol L− 1), only one oxidation peak C is found. The voltammetric 
peak C precisely matches the progressive increase of Δf. This confirms 
that peak C is related with the dissolution of metallic copper formed in 
the foregoing negative scan to form Cu(II) in solution. In the electrolyte 
with lower TEA content (0.1 mol L− 1), the CV exhibits a double anodic 
peak (features C and E in Fig. 3a). Peak C begins at -0.3 V and corre
sponds to Cu(II) formation, which is corroborated by Δf increase. At 
-0.17V the anodic current density starts to decrease and, correspond
ingly, Δf forms a peak, labeled as D, denoting an increase in the electrode 
mass. This oxidation reaction leads to a mass increase, confirmed by Δf 
decrease after peak D, which could be related to copper oxide formation 
and metal passivation: a well-known process for copper oxidation in 
alkaline media [25]. Moreover, the second oxidation peak (E) corre
sponds to the beginning of a progressive increase of Δf, indicating the 
start of the second active dissolution process concomitant with a 
decrease in the anodic current density due to diffusion limitation. This 

Figure 3. Cyclic voltammograms recorded simultaneously with Δf for electrolytes containing 0.05 mol L− 1 Cu(II), 1 mol L− 1 NaOH and different TEA concentrations 
in mol L− 1: a) 0.1 b) 0.5 c) 1.0. 

Table 1 
M/z values extracted from the slope of the resonator frequency change Δf versus 
circulated charge Q (Eq. (2)) for copper deposition and dissolution in electro
lytes containing 0.050 mol L− 1 of Cu(II), different amounts of TEA (indicated in 
table) and NaOH 1.0 mol L− 1 ((c) – negative-going scan, (a) positive-going scan)  

TEA concentration Potential range (V) Peakposition M/z (g mol¡1) 

0.1 mol L− 1 -0.53 to -0.71 A (c) 29.1 ± 0.2 
-0.67 to -1.20 B (c) 28.11 ± 0.02 
-0.36 to -0.11 C (a) 28.71 ± 0.04 
0.11 to 0.37 E (a) 332 ± 4 

0.5 mol L− 1 -0.50 to -0.63 A (c) 28.6 ± 0.5 
-0.63 to -1.20 B (c) 29.59 ± 0.02 
-0.32 to 0.05 C (a) 29.68 ± 0.04 

1.0 mol L− 1 -0.58 to -0.67 A (c) 20.6 ± 0.13 
-0.67 to -1.20 B (c) 27.22 ± 0.01 
-0.35 to 0.054 C (a) 27.83 ± 0.02  

C. Ramírez et al.                                                                                                                                                                                                                                



Electrochimica Acta 425 (2022) 140654

5

behavior denotes weight loss of the working electrode, due to the 
dissolution of the previously oxide formed. It is worth noting that the 
M/z value measured for peak E (332 g.mol− 1) cannot be correlated 
straightforwardly with the stoichiometry of the oxides formed in the 
positive scan. These discrepancies were discussed by Bertotti et al. [26] 
in terms of viscosity of the Cu(II) oxy-hydroxides forming in alkaline 
environment, leading to non-linearities in the dependence of Δf on Q. 
Similar considerations apply for the reactivation peak F, which is related 
to copper oxide dissolution during the reverse scan. No reactivation 
process (anodic peak F) was observed at high TEA concentration 
conditions. 

The EQCM measurements show that copper oxide formation at 
anodic potentials can be avoided by using moderate concentrations of 
TEA in the electrolyte, higher than 0.5 mol L− 1. This effect is of great 
importance for industrial copper plating, because the efficiency of the 
process would be affected by the copper oxide formation if TEA con
centration is below a critical level, while an appropriate amount of this 
additive promotes the complexation of Cu(II) ions, leading to active 
dissolution of the anode (avoiding electrode passivation) and effective 
bath replenishment. 

With the aim of evaluating the plating bath efficiency and electro
deposition rate, the mass gain Δm at an electrical charge of -13 mC in CV 
experiments at different TEA concentrations was evaluated using the 
data in Fig. 3. The values of the key electrodeposition parameters are 
reported in Table 2: (i) Δm; (ii) the potential value E at which the target 
charge was reached and (iii) the cathodic efficiency. 

From Table 2 it is evident that the higher the TEA concentration, the 
higher the potential needed to reach a charge of -13mC. Moreover, the 
quantity Δm of copper deposited on the electrode is inversely propor
tional to TEA concentration. These results show that the activity of Cu 
(II) decreases as a result of complexation with TEA, with a consequent 
decrease in the electrodeposition rate and the current efficiency. The 
reaction efficiency is not 100%, therefore a side reaction must consider. 
According to electrolyte composition the more probable side reaction 
that occur is the Hydrogen Evolution Reaction (HER). This scenario also 
suggests that TEA is adsorbed onto the cathode, thus diminishing the 
fraction of active sites available for electrodeposition. In order to gain 
direct evidence of the molecular composition of the electrochemical 
interface, we used in situ spectroelectrochemistry, as detailed in the next 
section. 

3.3. SERS study of TEA behavior during copper electrodeposition 

The cathodic behavior of TEA during copper electrodeposition has 
been studied by in situ SERS spectroscopy. In order to identify the spe
cific influence of the presence of Cu ions on the interfacial behavior of 
TEA, TEA adsorption from Cu-free solutions at the bare gold working 
electrode was also studied. Figs. 4 and 5 summarize the key SERS results 
regarding TEA adsorption at the OCP (Fig. 4) and under cathodic po
larization (Fig. 5) from 1.0 mol L− 1 NaOH solutions with 0.05 mol L− 1 

TEA in the absence (Fig. 4, red plot) and the presence (Fig. 4, thick black 
plot and Fig. 5) of 0.005 mol L− 1 CuSO4•5H2O. At OCP, SERS spectra of 
TEA were measured both in the absence (red plot, OCP -423 mV) and in 
the presence (thick black plot, OCP -250 mV) of Cu(II) in solution 
(Fig. 4). In both electrolytes, a set of typical TEA bands is observed, 
matching the bulk TEA signals, with minor differences due to surface 

selection rules. These TEA characteristic bands are found at 1321, 1384, 
1462 cm− 1 and in the range 2850-2930, cm− 1. The assignment of these 
bands is given in Table 3. It is worth noting that the relative intensities of 
the TEA bands are different depending on the presence or absence of Cu 
(II) ions in the electrolytic bath, suggesting that the complexing of the 
cation has an impact on adsorption geometry. It is noted that the pres
ence of Cu(II) ion inhibits the bands at 1384 and 1462 cm− 1, which are 
characteristic of σ − CH vibrational mode. Thus, according to the se
lection rules for SERS, it is possible to assume that C-H bounds are 
parallel to the surface electrode. 

In addition to the TEA bands, we found other bands at ca. 1548 and 
1579 cm− 1, the latter dominating in the presence of Cu(II). These new 
bands correspond to CO2 asymmetric stretching of a carboxylate group 

Table 2 
Electrodeposited mass after voltammetric circulation of -0.013 C with three 
different concentrations of TEA. Data extracted from the CV and EQCM exper
iments of Fig. 3.  

TEA concentration (mol L¡1) E (V) Δm (µg) Efficiency (%) 

0.1 -0.75 33.0 ± 0.4 77.10 
0.5 -0.83 30.1 ± 0.6 70.30 
1.0 -0.90 25.2 ± 0.5 58.87  

Figure 4. In situ SERS spectra measured on gold electrode at OCP (-250mV). 
Electrolyte: NaOH 1.0 mol L− 1, TEA 0.050 mol L− 1 without (red) and with 
(black) CuSO4•5H2O 0.005 mol L− 1. Working electrode: Au. A normal Raman 
spectrum measured in the bulk of pure TEA is also shown for reference. 

Figure 5. In situ Raman spectra measured at OCP (-250 mV) and different 
cathodic polarizations: -0.5, 1.0 and -1.3 V. Electrolyte: 0.05 mol L− 1 TEA + 1.0 
mol L− 1 NaOH and 0.005 mol L− 1 CuSO4•5H2O. Working electrode: Au. 
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bonded to a metal atom [27]. Moreover, it can be observed that, in the 
presence of Cu(II) ions in the electrolyte, the bands in the 1548-1579 
cm− 1 range decrease in intensity. This suggests that the electrode sur
face coverage with carboxylate compounds is smaller in the presence of 
Cu (II) ions. These results concerning carboxylate formation during ORC 
are coherent with previous works [19,20], which reported that TEA 
tends to react under anodic polarization, producing nitrilotriacetic acid. 
Alcoholamines are in fact known to form coordination complexes with 
the surface of the electrode by sharing the electron lone pairs of nitrogen 
or oxygen with the metal electrode [28]. The carboxylates produced 
anodically can form soluble complexes with copper ions. In this way, in 
the absence of Cu ions, carboxylates are directly attached to the metal 
surface [29], while when the electrolyte contains Cu ions, the corre
sponding complex tends to adsorb weakly. It is worth noting that the 
electrochemical behavior of TEA also depends on the kind of metallic 
cation present in the electrolyte. Indeed, in a previous work [30] it was 
shown that, under similar conditions for Cu and Zn electrodeposition, 
the SERS spectra of TEA were not appreciably modified in the presence 
or absence of Zn ions in the electrolyte. This can be straightforwardly 
explained by the fact that TEA and Zn(II) do not form stable complexes. 

In order to obtain surface chemical information during copper 
electrodeposition, in situ Raman spectra were taken in the steady state 
conditions reached after 300 s of potentiostatic cathodic polarization at 
four representative potentials. The key results are shown in Fig. 5, 
highlighting the Raman shift interval in which evident changes in 
spectral pattern appear when changing the potential. It can be observed 
that, at cathodic potentials up to -1.0 V, the dominant band is the 
adsorbed TEA band at 1321 cm− 1 related with the CH - OH vibration 
representative of OCP (-0.25 V) conditions, while this tends to disappear 
at higher cathodic polarizations. When -1.0V is applied, other weaker 
TEA bands appear at 1067 cm− 1, 792 cm− 1, and 484 cm− 1, related to O- 
C stretching, C-H stretching and Cu-N stretching, respectively. At this 
potential the electrode surface is covered by copper, the described 
interaction is now between Cu surface and TEA molecule. Apart from the 
presence of the band at 1321 cm− 1, the spectral scenario under cathodic 
polarization is the same as that found by Ramírez et al. during Zn 
electrodeposition [30]. A similar interpretation in terms of a change of 
TEA adsorption geometry applies here. Briefly, at OCP and low cathodic 
potentials, TEA adsorption is dominated by metal-O bonding, while at 
higher cathodic potentials the metal-N bond takes over and eventually 
TEA desorbs at very high cathodic polarizations. In Fig. 6 a scheme of the 
Cu-TEA complex adsorption on the gold electrode during copper depo
sition is presented, based on SERS information. 

3.4. Morphological study 

In order to analyze the effect of TEA adsorption during copper 
electrodeposition, we performed SEM observations of two copper 

coatings obtained at different TEA concentrations in the electrolyte. The 
coatings were obtaining by plating for 150 s at a potentiostatic cathodic 
polarization of -1.0V from electrolytes containing 0.1 and 1.0 mol L− 1 

TEA. The choice of -1.0V as the potential applied for electrodeposition is 
dictated by the fact that, at this potential polarization, massive copper 
reduction occurs (after peak B in Fig. 3) mainly from Cu-TEA complex. 
Fig. 7 shows the SEM images of the surface of the obtained 
electrodeposits. 

The SEM micrographs show an evident effect of TEA concentration 
on the coating morphology. Fig. 7(a) shows that a low TEA concentra
tion in the electrolyte correlates with a homogeneous, but defective 
morphology. This can be explained by the fact that low amounts of TEA 
are not effective in suppressing internal stress and dendritic growth of 
the copper coating. With higher concentrations of TEA, smooth and 
homogeneous copper deposits can be instead obtained. Coherently with 
EQCM experiments, the adsorption of TEA on the electrode surface di
minishes the metal electrodeposition rate, leading to a less massive de
posit and better atomic organization of the metallic copper. This 
behavior suggests that TEA also acts as a surface modifier, promoting 
instantaneous nucleation as a consequence of the adsorption of TEA 
molecules simultaneously with copper reduction. This promotes an 
arrangement of the reduced copper into nanocrystallites, correlating 
with better functional and decorative properties. 

In order to assess the role of TEA in the nucleation and growth ki
netics of copper during electrodeposition, chronoamperometric tran
sients were measured at -1.0 V, at different TEA concentrations, Figs. 8 
and 9. The characteristic maximum in the transient curves is due to the 
nucleation and growth of copper nuclei [31]. Similarly, to the CV 
analysis in Fig. 3, the higher the TEA concentration, the lower the cur
rent density value of the maximum. From Fig. 8, it can also be observed 
that the time at which the maximum current value is reached tends to 
correlate with TEA concentration. 

The data from Fig. 8 were replotted in dimensionless form in Fig. 9, 
together with the theoretical curves derived for instantaneous (Eq. (3)) 
and progressive (Eq. (4)) nucleation models [8] obtained from Eq.s 3 
and 4. 

Table 3 
Assignment of Raman bands (cm− 1) measured in situ during Cu electrodeposition 
and with bulk TEA, for reference.  

In situ experiment / 
cm¡1 

Measured bulk TEA and ref. 
[20] / cm¡1 

Assignment of 
vibrational mode 

308 309 vs (Cu-O) 
484 481 vas (Cu-N) 
575  Au-OH 
792 796 σ CH 
1067 1066 v OC 
1321 1325 σ CH + σ OH 
1384  σ CH 
1462 

1548 
1468 σ CH 

COOH 
1579 1586 COOH 
Broad band 

2850-2930 
2825 v CH 
2878 v CH 
2948 v CH  

Figure 6. Scheme of Cu-TEA complex adsorption on gold electrode. (a) Low 
cathodic polarization, (b) high cathodic polarization (copper 
electrodeposition). 
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(iinst/imax)
2
= 1.9542(t/tmax)

− 1
{1 − exp[ − 1.2564 (t/tmax)]}

2 (3)  (
iprog

/
imax

)2
= 1.2254(t/tmax)

− 1
{

1 − exp
[
− 2.3367 (t/tmax)

2
]}2

(4) 

Figure 7. SEM micrographs of copper coatings obtained from an electrolyte composed of 0.05 mol L− 1 CuSO4, and 1 mol L− 1 NaOH containing (a) and (b) 0.1 mol 
L− 1 TEA. (c) 1.0 mol L− 1 TEA. Potentiostatic deposition at -1.0 V for 150 s 

Figure 8. Chronoamperometric transients obtained applying a potentiostatic step of -1.0 V to a gold cathode in contact with electrolytes with different concen
trations of TEA: 0.2, 0.4, 0.6 and 0.8 mol L− 1 
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Good coherence can be observed between the instantaneous nucle
ation mechanism for the first nucleation states and the different TEA 
concentrations considered. This result suggests that the copper nuclei 
are formed rapidly at the beginning of the electrodeposition and, once 
formed, grow until merging with neighbor nuclei. Instantaneous 
nucleation can promote uniform coatings, given that all nuclei can grow 
at the same time and at the same velocity. Accordingly, these results are 
consistent with the SEM images observed in Fig. 7, where the presence of 
TEA promotes uniform copper coatings, inhibiting dendritic growth. 
However, at low TEA concentration, like 0.1 mol L− 1 or less, the kinetics 
of copper electrodeposition is fast (CV of Fig. 3) promoting some defects 
of the coating, as can be seen in the Fig. 7a, b. In those conditions the 
correlation between nucleation mechanism and macroscopic behaviors 
is still valid, and the nucleation mechanism could change from instan
taneous to progressive. However, the nucleation mechanism was not 
evaluated at that low TEA concentrations. 

Similar results were obtained for copper electrodeposition in an 
alkaline electrolyte using different alcohols as additives [10,11]. Ac
cording to the authors, the hydroxyl groups adsorbed on the cathode 
alter the double layer structure, since the molecular nature of the ad
ditive can influence the adsorption energy on the electrode. Considering 
different alcohols, the higher the molecular weight, the lower the 
adsorption energy, which in turn affects the particle size [7]. 

4. Conclusions 

This work proposed an electrolyte based on TEA to electrodeposit 
copper from a cyanide-free alkaline electrolyte. The electrochemical 
behavior of the system depends on the concentration of TEA in the 
electrolyte. At low TEA concentrations, Cu2O can form in the electrolyte, 
yielding suboptimal deposits and poor performance of soluble anodes. 
However, with a relatively high concentration of TEA, the most stable 
complex is Cu(TEA)(OH)3

‾, which is reduced directly to Cu. 
In situ SERS was used to study the electrode-electrolyte interface at 

molecular level. In the absence of Cu(II) ions, higher surface coverages 
with TEA are found, since Cu(II)-TEA complexes tend to adsorb less than 
free TEA. On increasing the cathodic potential, adsorbed TEA undergoes 
a reorientation from mainly O-bonded to N-bonded, and eventually 
desorbs at high polarizations. 

The effect of TEA on the investigated electrolyte is to form the stable 
complexes Cu(TEA)(OH)3

‾; moreover, it also acts as a surface modifier, 
promoting instantaneous nucleation and lower reduction rates to 
metallic copper. Thus, the three-dimensional growth is controlled, and 
consequently smooth and homogeneous copper deposit is achieved. 
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