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abstract

In this work, the electrodeposition of zinc is carried out from a chlorides-free organic solution based on ethylene glycol (EG) and acetate precursor salts. 
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The formation of an EG-complex with zinc was observed through 1H NMR. The electrochemical characterization was performed
voltammetry (CV) and linear sweep voltammetry (LSV) on platinum and steel respectively. Electrodeposition was investigated with
(from �1 V vs Pt to �2 V vs Pt) and galvanostatic (from �2 mA/cm2 to �16 mA/cm2) approaches together with Hull cell test: cathod
were reported. Scanning electron microscopy (SEM) and X-ray diffraction (XRD) analyses showed that the films were compact, wi
hexagonal microstructure preferentially oriented along the [002]/[102] directions. The high purity of the deposits was assessed by
spectroscopy (EDS). Po-larization tests in de-aerated 5 %wt NaCl solution resulted in a corrosion potential of Ecorr ¼�1.03 V vs Ag/Ag
A/cm2).
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anodic secondary reactions [8e10]. In the last decades, zinc elec-
trodeposition has been investigated in many non-aqueous media 
Since the discovery of non-aq
applicability to electrodeposition, zi
electrolytes and their mainly belonging to ionic liquids (ILs) [11e20] and deep eutectic 

nc and zinc alloys have been 

among the most studied plating systems. The low reduction po-
solvents (DESs) [21e31]. In the former one, the organic solvent 
employed acts also as electrolyte [3] while in the latter a hydrogen 
tential of zinc may consist in a limit considering the traditional 
aqueous solutions because of the unavoidable water electrolysis. 
Together with a lower efficiency, hydrogen evolution can also be 
responsible for embrittlement phenomena with a consequent 
change in the mechanical properties [1,2]. The adoption of non-
aqueous solutions is indeed a valid alternative to limit secondary 
reactions and to potentially obtain high-quality [3e7]. However, 
there are also drawbacks affecting this organic media as the lower 
metals solubility or the lower solution conductivity, resulting in 
higher energy consumption. At the industrial level, electrolyte 
drag-out due to the significant bath viscosity together with the 
relatively high cost of the organic solvents/electrolyte are one of 
the main problems to be solved. Moreover, long-term stability of 
the bath should be also guaranteed, evaluating both cathodic and
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bond donor (HBD) is mixed in a proper molar ratio with a hydrogen 
bond acceptor (HBA), e.g. quaternary ammonium salt, forming a 
conductive eutectic solution [4e6]. The latter ones were proposed a 
decade ago as possible candidate alternative to room temperature 
ionic liquids (RTIL) whose cost and potential toxicity limited the 
diffusion to the industrial level [5]. Nowadays, DESs are considered 
as one of the possible candidates for the replacement of traditional 
plating solutions and in some cases they have been already scaled 
up to an industrial level [4,7]. However, the presence of choline 
chloride in high concentrations in the bath 1ChCl:2X (X ¼ EG, Urea 
(U)) may result in an aggressive environment towards the substrate 
and the electrodeposit. Moreover, because of its high hygroscop-
icity, a long drying procedure is required prior to obtain a DES so-
lution. As a consequence, the elimination or substitution of choline 
chloride is an option to be considered. In a previous work, we 
investigated the effect of changing the choline chloride/ethylene 
glycol molar ratio in the bath on film composition, fixing the other 
electrodeposition parameters [32]. In more recent times, we have
-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/
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demonstrated the possibility to obtain high purity films [33] from a 
simple ethylene glycol solution containing the precursor salt, 
limiting the concentration of chlorides of about one/two orders of 
magnitude with respect to 1ChCl:2EG DES. The final deposits 
showed a much better corrosion performances than the analogous 
ones obtained from urea/choline chloride-based DES (1ChCl:2U)
[34], demonstrating the effectiveness of this approach. The use of 
ethylene glycol as solvent containing relatively low concentration 
of chlorides has been reported by different research groups, 
showing the suitability of the system for both metals and alloys 
together with an easier experimental procedure and lower solution 
cost [33,35e40]. However, along with the progressive reduction of 
chlorides in the solution, with a less aggressive/corrosive envi-
ronment towards the electrodeposited film and the surrounding 
apparatus, a much lower conductivity of the electrolyte was 
reached. For this reason, alternative precursor salts to chlorides, 
with high solubility in ethylene glycol, must be considered in order 
to have an inert environment with good conductivity.

In this work, we propose a novel organic solution based on 
ethylene glycol together with the use of acetate salts, employed for 
the first time in an organic plating solution for the best of author's 
knowledge.
2. Experimental

Anhydrous ethylene glycol (EG) [C2H6O2] (Sigma Aldrich 99.8%),
zinc acetate (Zn(OAc)2) [Zn(CH3COO)2$2H2O] (Sigma Aldrich) and
sodium acetate (NaOAc) [CH3COONa] (Sigma Aldrich) were used as
Fig. 1. 1H NMR spectra. a) reference EG. b) EG complex where the glycol methylene signa
received. Ethylene glycol (EG) was kept at 70 �C (vapor pressure
P� ¼ 0.064 bar) during both solution preparation and electro-
chemical characterization/electrodeposition using a thermal jacket
controlled by a thermocouple. Sodium acetate (0.5M) was added
first, followed by the addition of zinc acetate (0.75M) once
completely dissolved. The NMR experiments were carried out on a
Bruker AC (400MHz) spectrometer using deuterium oxide (D2O) as
solvent and the resulting chemical shifts were reported as d values
in parts per million with respect to tetramethylsilane (TMS) as an
internal standard. The electrochemical characterizationwas carried
out in a conventional three-electrode cell equipped with
AMEL2550 Potentiostat/Galvanostat. For the cyclic voltammetry
(CV), platinum wires, cleaned in regia solution, were chosen as
working (WE), counter and pseudo-reference electrodes. No ohmic
compensationwas performed since the close proximity of the RE to
the WE resulted in a negligible potential drop. On the other hand,
linear sweep voltammetry (LSV) and potentiostatic depositions
(PDs) were carried out on polished iron substrates, previously
etched in 10% hydrochloric acid aqueous solution. Galvanostatic
depositions (GDs) were carried out in a conventional two-
electrodes cell while Hull cell test was carried out in a 33ml test
cell (Tenori Hull-cell) by Yamamoto-MS. After deposition, samples
were washed thoroughly with water and acetone, and subse-
quently dried under nitrogen flux. Films thickness was determined
by both X-ray fluorescence (XRF) apparatus Fischerscope X-ray
XAN and optical profilometer UBM Microfocus; for both PDs and
GDs a charge density of 12 C/cm2 was selected, resulting in a film
thickness ranging from 3 mm to 4 mm depending on the
ls proving the zinc complexation effect are labeled as a (4.06 ppm) and b (3.67 ppm).



experimental conditions. Deposits morphology dependence on 
current density and deposition potential was studied through 
scanning electron microscopy (SEM) (Zeiss EVO 50 EP) and energy 
dispersive spectroscopy (EDS) (Oxford instruments INCA x-sight 
detector). X-ray diffraction (XRD) (Philips model PW1830. Ka1Cu ¼ 
1.54058 Å) was adopted for the microstructural investiga-tion. 
Potentiodynamic polarization tests (1 mVs�1) were conducted in 5 wt% 
NaCl aqueous solution after immersing the sample for 15 min. The 
solution (50 ml) was purged with nitrogen for 15 min with 40 L/h flux 
and during the test at 5 L/h to assure de-aerated conditions [41].

3. Results and discussion

3.1. Physical and electrochemical characterization

The use of acetate salts implies anionic species in the solution 
having a larger ionic radius than chlorides, normally present in 
DES. Hence, the lower conductivity values provided by the anionic 
species has to be balanced with a higher amount of metal precursor 
salt and, potentially, with the addition of a supporting electrolyte 
based on the same chemistry (e.g. acetates). Ethylene glycol con-
taining zinc acetate (0.75 M) was not characterized by high con-
ductivity (k ¼ 0.55 mS cm�1 at 30 �C); moreover, for concentration 
of [Zn(OAc)2]> 0.75 M, no further dissolution of the salt was 
observed and a white precipitate (ZnO) was likely to be formed. 
The addition of sodium acetate, [NaOAc] ¼ 0.5 M, increased the 
elec-trolyte conductivity up to k ¼ 1.33 mS cm�1 at 30 �C without 
compromising the cathodic efficiency of the electrodeposition 
process where no side cathodic reactions were addressed to so-
dium acetate degradation, together with a higher bath stability. The 
solution was then analyzed through 1H NMR for the identification 
of complex species. In Fig. 1a, the spectrum of ethylene glycol 
showed the singlet signal at 3.53 ppm resulting from the four 
equivalent methylene protons and the characteristic satellite peaks 
at 3.72 ppm and 3.36 ppm related to the 13C-1H coupling, due to the low 
natural abundance of 13C[42,43]. The interaction with zinc cations 
leading to the complex formation is showed in Fig. 1b where the 
appearance of signals “a” at 4.06 ppm and “b” at 3.67 ppm was 
representative of the methylene protons affected by the electronic 
interactions with Zn2þ promoting different chemical environment and 
resonance in the sample and resulting in a chemical shift of the peaks. 
The complex formation was strictly correlated to the Zn2þ
Fig. 2. Cyclic voltammetry of ethylene glycol solution containing 0.75M zinc acetate
and 0.5M sodium acetate [70 �C, quiescent conditions, 20mV s-1, WE: Pt].
effect considering that the chemical shift was not recognizable with 
the only use of Naþ; sodium acetate can be identified in the low 
ppm region of the spectrum (Fig. 1b) [44,45]. In aqueous and 
alcohol solutions Zn(OAc)2 is able to reach an equilibrium state 
between its corresponding ions and the solvated salt [46]. The 
resulting Zn2þ interact with the EG terminal hydroxyl groups, 
considering the dissociation of the starting salt. On the other hand, 
sodium acetate can form Naþ cations that are not reactive as Zn2þ 

to complex EG. Moreover, according to the experimental 
procedures, the number of used zinc acetate moles is higher than 
the sodium acetate one: as a result, the potential combination of 
Zn2þ with acetate anions provided by sodium acetate could be 
saturated, preserving however the availability of Zn2þ for EG 
complexes. Reduced formation of EG complex is observed in the 
complexation of diols using divalent metal ions, in the presence of 
anion auxiliary ligands, working in gas phase [47]. The formation of 
a zinc complex was also in agreement with the different increase in 
conductivity of ethylene glycol after the addition of a similar 
amount of sodium acetate and zinc acetate, where the former 
resulted to be more effective. The complexed zinc cations are 
characterized by a considerable steric hindrance with respect to 
sodium ones, with a minor contribution to the ionic conductivity.

Both the electrochemical characterization and electrodeposition 
were carried out at 70 �C to further increase the solution conduc-
tivity and to limit the water intake from the atmosphere. In the 
cyclic voltammetry (Fig. 2), the onset of zinc electrodeposition 
(Zn2þ

⟶Zn0) occurred at �0.94 V vs Pt corresponding to the sud-
den increase in the cathodic current; the linear dependence be-
tween cathodic potential and current density suggests that the 
process is kinetically controlled. In the reverse scan, a broad anodic 
peak (Zn0

⟶Zn2þ) was detected whose recorded total charge 
indicated a high cathodic efficiency (CE >85%) if compared to the 
corresponding cathodic process. Linear sweep voltammetry (LSV) 
was carried out on mild steel at 5 mV s�1 with a lower cathodic 
limit (�4 V vs Pt). The same linear dependence noted in the CV was 
observed for relatively low cathodic overpotentials; conversely, the 
curve showed a broad reduction peak centered at �2 V vs Pt (Fig. 2). 
For cathodic potentials lower than �2.3 V vs Pt, secondary reactions 
due to either ethylene glycol deprotonation or residual water 
electrolysis, could take place. Despite the lack of significant sec-
ondary reactions, a small amount of hydrogen was expected also for 
lower overpotentials due to the presence of protons in solution. At
Fig. 3. Linear sweep voltammetry of ethylene glycol solution containing 0.75M zinc
acetate and 0.5M sodium acetate [70 �C, quiescent conditions, 20mV s-1, WE: mild
steel].



Fig. 4. SEM micrographs of zinc electrodeposits at different deposition potential from ethylene glycol solution containing 0.75M zinc acetate and 0.5M sodium acetate [70 �C,
quiescent conditions, 20mV s-1, WE: mild steel]. Scale bar: 10 mm.
the counter electrode, the formation of acetate byproducts was 
expected as reported in a previous work investigating the sec-
ondary reactions in a DES [10] where 1,2-ethanediol diacetate and 
ethanediol monoacetate were identified as anodic electrolysis 
byproducts when acetic acid was added [10]. In the present solu-
tion, no sign of degradation was detected after the electrochemical 
testing, however, the solution turned light yellow after carrying out 
electrodeposition for a few hours, suggesting the formation of 
byproducts. The use of a zinc sacrificial anode greatly reduced the 
color change, indicating that the majority of the anodic process was 
the dissolution of zinc electrode (Zn0

⟶Zn2þ).

3.2. Potentiostatic deposition

Potentiostatic depositions were performed in the potential 
window ranging from e 1 V vs Pt to �2 V vs Pt according to the LSV 
(Fig. 3). The electrodeposition onset, observed at �0.94 V vs Pt from 
the electrochemical characterization (Figs. 2 and 3), was verified
Fig. 5. a) Current efficiency (CE) dependence on the deposition potential.
through potentiostatic depositions. At �0.9 V vs Pt no deposition 
occurred while, at �1 V vs Pt, an incomplete zinc film was formed 
due to the low applied overpotential (Fig. 4). Decreasing the 
cathodic potential to �1.75 V vs Pt, electrodeposition resulted in 
compact films with a hexagonal microstructure, also observed from 
the film morphology (Fig. 4). Secondary reactions started to have a 
significant role on film morphology at �2 v vs Pt, resulting in less 
compact and with a significant second order of roughness due to 
hydrogen bubbles pinning at the cathodic surface. Moreover, a 
consequent decrease in the faradaic efficiency from a maximum of 
CE ~85% (at �1.25 V vs Pt) to CE~60% was observed. On the other 
hand, no significant differences were perceived in both surface 
texture (Fig. 4) and current efficiency (Fig. 5a) from �1.25 V vs Pt to 
e 1.75 V vs Pt. In addition, an almost linear dependence between 
the deposition potential and the average current density was 
shown, resulting in relatively high values for an organic-based so-
lution (Fig. 5b).
b) Corresponding average current density at the deposition potential.



Fig. 6. SEM micrographs of zinc electrodeposits at different current densities resulting from the Hull cell test in ethylene glycol solution containing 0.75M zinc acetate and 0.5M
sodium acetate [70 �C, quiescent conditions, 20mV s-1, WE: mild steel]. Scale bar: 10 mm.
3.3. Hull cell study and galvanostatic deposition

Since the organic solutions were proposed as alternative to 
water-based ones also at the industrial level, a more practical 
approach was considered performing Hull cell tests. An uncon-
ventional glass cell (volume ¼ 33 ml) was chosen where the current 
density distribution ranges from �1 mA/cm2 to �20 mA/cm2 

applying a total cathodic current of I ¼�0.1 A according to the 
following empirical law indicated by the supplier (Eq. (1)):

C:D: ¼ I½C1 � C2LogðLÞ� (1)

Where C.D. is the cathodic current density (A/dm2), C1 and C2 are
constants depending on electrolyte properties and L (cm) is the
Fig. 7. SEM micrographs of zinc electrodeposits at different current densities from ethyl
quiescent conditions, 20mV s-1, WE: mild steel]. Scale bar: 10 mm.
distance measured from the high-current side of the cathode. For 
the considered cell, C1 ¼13.88 and C2 ¼ 20.55 were the parameters 
indicated by the manufacturer. The test has been carried out for 
10 min to assure a relevant film thickness for all the exploited 
current densities. In Fig. 6 the morphology dependence on the local 
deposition current density is shown: for the lowest value (�2 mA/
cm2), the substrate coverage was incomplete while, for higher 
current density values, compact zinc films were obtained. At the 
visual inspection, the coating on the Hull panel was characterized 
by a matt finish from �2 mA/cm2 to �10 mA/cm2, while for values 
higher than �16 mA/cm2 the deposit was burnt.

After Hull test, galvanostatic deposition was also carried out in a 
conventional 2-electrodes cell considering current density values 
in agreement with the average ones recorded during the
ene glycol solution containing 0.75M zinc acetate and 0.5M sodium acetate [70 �C,



Fig. 8. Current efficiency (CE) dependence on the deposition current density for both 
standard 2-electrodes cell and Hull cell.
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potentiostatic tests (Fig. 5b) and with the results of the Hull cell test 
(Fig. 6). As expected, from �4 mA/cm2 to �10 mA/cm2 zinc deposits
Fig. 9. a) XRD spectra of zinc electrodeposits by galvanostatic and potentiostatic approaches.
from the peaks intensity from the XRD spectra and the standard relative diffraction intensit
showing the basal plane tilted with respect to the orthogonal direction. Scale bar: 2 mm.
were compact and homogeneous (Fig. 7) showing the same type of 
hexagonal features previously reported (Figs. 4 and 6). A discrep-
ancy in the faradaic efficiency was found at �16 mA/cm2, probably 
relying on the different approach in the measurement of the mole 
of material electrodeposited where in the case of conventional 
galvanic deposition was gravimetric (Fig. 8). The dendritic features 
of the film probably led to a higher error in the thickness mea-
surement through XRF in case of Hull cell test (Fig. 6).

3.4. Film microstructure

Among all the experimental conditions, zinc deposits obtained 
from the potentiostatic deposition at �1.25 V vs Pt and the galva-
nostatic deposition at �6 mA/cm2 were analyzed by X-rays 
diffraction (XRD). The diffractograms showed a significant orien-
tation along the [002] direction (Fig. 9a,c), as also observed from 
the micrographs were the basal plane of the hexagonal cell could 
be clearly identified (Figs. 4, 6 and 7 and 9d). A more precise 
indication of the microstructural orientation is given by the relative 
texture coefficient (RTC), defined as follow (Eq. (2)):

RTChkl ¼
Ihkl
I0hkl

n
Pn

i¼1

�
Ihkl=I0hkl

� (2)

Where the Ihkl is the relative diffraction intensity of a given plane
b) (002) reflection with corresponding FWHM. c) Relative texture coefficient calculated
y of the 04e0831 JCPDS. d) SEM micrograph of the zinc electrodeposit at �1.25 V vs Pt



Fig. 10. EDS spectrum of a representative zinc deposit (GD: �6 mA/cm2).

Fig. 11. Tafel plot of zinc coating (�6 mA/cm2) in de-aerated 5% wt. NaCl solution.
4. Conclusions

A chloride-free solution based on ethylene glycol containing

[hkl] measured experimentally, I0hkl the standard diffraction in-
tensity for the 04e0831 JCPDS (Joint Committee for Powder 
Diffraction Study). It showed the coexistence between [002]/[004] 
and [102] orientations (Fig. 9a) in accordance to the micrographs 
showing the presence of the basal plane (hexagonal shape) slightly 
tilted with respect to the orthogonal direction (Figs. 4, 6 and 7 and 
9d). Electrodeposits with a preferential orientation along [002] 
direction were also observed on Pt(111)/Si substrate (Fig. S1), sug-
gesting the electrolyte chemistry to be the main parameter 
affecting film growth. Both GD (�6 mA/cm2) and PD (�1.25 V vs Pt) 
deposits were characterized by a similar texture (Fig. 9c); however, 
a difference in the full width at half maximum (FWHM) resulting in 
a different average crystallite size (t) (Fig. 9b) was detected; the 
galvanostatic approach led to a smaller crystalline dimension. By 
applying the Debye-Scherrer equation, the galvanostatic deposit 
was characterized by t ¼ 32 nm while for the potentiostatic one 
was t ¼ 49 nm. The purity of the film obtained was also confirmed 
by electron dispersive spectroscopy (EDS) where no oxygen and 
carbon impurities were detected (Fig. 10).

3.5. Corrosion characterization

Polarization tests in de-aerated 5 wt % NaCl solutions were 
carried out to evaluate the corrosion behavior of the zinc coatings 
[48]. The dissolution mechanism normally involves the formation 
of insoluble oxides/hydroxides film [49], however, in presence of 
chlorides, this film does not influence the zinc dissolution because 
of its porous structure [50]. Considering the surface texture, the 
basal plane was expected to perform better against corrosion with 
respect to other surface orientations [51] together with a compact 
film morphology [48,52,53]. Fig. 11 shows the Tafel polarization 
plot for the zinc deposit obtained from the acetate-based ethylene 
glycol solution, resulting in an Ecorr ¼�1.03 V vs Ag/AgCl and Icorr ¼ 
1.01 � 10�6 A/cm2, in agreement with the results previously found 
for [002] oriented zinc coatings from aqueous solution [48]. 
Regarding the corrosion behavior of zinc electrodeposits from non-
aqueous solutions, only few works reported the corrosion behavior 
of the coating showing similar or worse performances with respect 
to the present study (Ecorr ¼�1.02∻-1.09 V vs Ag/AgCl, Icorr ¼ 
1.30e6.57 � 10�6 A/cm2 in 3% NaCl [30]; Ecorr ¼�1.05 V vs Ag/AgCl, 
Icorr~4 � 10�6 A/cm2 in 3.5% NaCl [31]).
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acetate salts was proved to be suitable for the electrodeposition of 
high-quality zinc coatings. 1NMR showed the formation of the zinc-
ethylene glycol complex while no interaction between the solvent 
and sodium cations was observed, also proved by the effect of the 
two salts on bath conductivity. The electrochemical characteriza-
tion showed the onset of zinc reduction around e 0.94 V vs Pt, 
resulting in high faradaic efficiency processes (>85%). However, the 
formation of acetate compounds at the counter electrode occurred 
for long-lasting electrodeposition experiments, where the use of a 
zinc sacrificial anode reduced greatly the electrolyte degradation. A 
wide potential interval (from e 1 V vs Pt to �2 V vs Pt) was inves-
tigated for the potentiostatic depositions resulting in a good match 
with the results from the LSV investigation. On the other hand, the 
galvanostatic experiments were supported by an investigation 
through Hull cell test showing a good agreement in terms of 
morphology and faradaic efficiency. The zinc deposits were 
compact, with no contamination and a pronounced preferential 
orientation along the [002]/[102] directions. A good corrosion 
behavior with a corrosion potential of Ecorr ¼�1.03 V vs Ag/AgCl 
(Icorr ¼ 1.01 � 10�6 A/cm2) in de-aerated 5% NaCl aqueous solution 
was observed.
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