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The Cr thin films were electrodeposited from trivalent chromium deep eutectic solvents. The conditions
of deep eutectic solvents divided into without water (specimen C1), added 15 wt% water (specimen C2),
added 15 wt% water with ammonium formate (specimen C3). The HR-TEM shows the structure of “C1”
is amorphous structure, and both “C2” and “C3” belong to nano-crystalline structure. The best corrosion
resistance of Cr thin film is “C3” which icor Value is approximately at 3.69x107 A/cm?, the worst
corrosion resistance of Cr thin film is “C1” which icor Value is approximately at 3.05x10° A/cm?, it can
be attributed to “C3” has a dense structure and “C1” has a loose structure. The EIS analysis also presents
“C3” has the best corrosion resistance. The reason for the large difference in corrosion resistance can be
attributed to the loose structure of the "C1" thin film and the gaps of film is perpendicular to substrate,
the dense structure of the "C3" thin film can effectively protect the substrate. Moreover, the addition of
ammonium formate into trivalent chromium deep eutectic solvents will promote the reduction reaction
of Cr ions and form a dense film.
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1. INTRODUCTION

Compared with the traditional electroplating process, in the last two decades, a new kind of ionic
liquids has been suggested which is referred to as deep eutectic solvents (DESs), and to be applied on
surface treatment field [1]. Deep eutectic solvents is a eutectic mixture composed of the hydrogen bond
donor and recipient at a certain stoichiometric ratio by hydrogen bond [2]. Different from the general
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aqueous solution plating solution, deep eutectic solvents has some advantages such as higher thermal
fixation, good stability to water and atmosphere, non-toxic, biodegradable and biocompatible, so they
are considered a green solvent [3,4]. In surface treatment coatings, electrodeposited chromium coatings
are widely used in industry due to its excellent corrosion resistance and mechanical properties. But
traditional hexavalent chromium baths has highly toxic will cause serious environmental pollution,
therefore, recently the much less toxic trivalent chromium solutions are developed to substitute
hexavalent chromium baths [5-8]. The previous studies of trivalent chromium electrodeposited from
deep eutectic solvents focus on the electrochemical reaction mechanism of deep eutectic solvents bath
and seldom to analyze and discuss the structure evolution of the trivalent chromium coatings via
electroplating process, especially the effect water adding into the deep eutectic solvents [9-13]. Although
the addition of water helps the electrical conductivity of the deep eutectic solvent and promotes the
reduction of trivalent chromium ions to metallic chromium, but the reduction of chromium ions to
metallic chromium is still not good [14]. In the past studies of trivalent chromium electrodeposition in
aqueous systems, it was pointed out that the use of formic acid as a complexing agent can effectively
promote the reduction of trivalent chromium ions to metallic chromium [6, 15, 16]. Therefore, adding
ammonium formate into the deep eutectic solvent should also obtain the effect of promoting the
reduction reaction of chromium ions.

In the early 1990s, Emil Warburg introduced the concept of diffusional impedance into the basic
theory to describe the relationship between potential and current when the electrochemical system is in
mass transfer control, and then Randles used the equivalent circuit to simulate the charge in the
electrochemical system [17]. The impedance values of charge transfer and electric double layer establish
a basis for electrochemical impedance spectroscopy in electrochemical analysis technology, so that this
technology can be widely used in various electrochemical analysis and corrosion mechanism research.
Different from the general polarization corrosion analysis, electrochemical impedance spectroscopy
(EIS) analysis technology has been maturely applied to measure the corrosion resistance value of the
coating during the corrosion process.

In this study, the choline chloride deep eutectic solvents of trivalent chromium are used to
electrodeposit chromium coatings with adding ammonium formate and without ammonium formate in
the deep eutectic solvents. The obtained chromium coatings are analyzed using XRD, SEM, TEM and
XPS to study the microstructure evolution of chromium coatings effect by the added water in the deep
eutectic solvents. Moreover, the corrosion behavior of trivalent chromium electrodeposited conditions
are also studied using polarization corrosion analysis and EIS analysis.

2. EXPERIMENTAL

The copper sheet are used as a substrate with a dimension of 25 x 25 x 2 mm, to electrodeposit
trivalent chromium coating in the deep eutectic solvents. The chemical composition of deep eutectic
solvents is choline chloride and ethylene glycol which mole ratio is 1:2, the addition quantity of main
salt (CrClz-6H20) is 0.4 mole. The conditions of deep eutectic solvents divided into without water, added
15 wt% water, added 15 wt% water with ammonium formate, the sample code of electrodeposited
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coating is called “C1”, “C2” and “C3”, respectively. The parameters of electroplating process is as
following: temperature keep at 25°C with a stirring speed at 400 rpm, current density is at 15 A/dm? and
electroplating for 15 min (the electrodeposited parameters was also shown in Table 1).

Table 1. Plating bath composition and operating conditions

Composition and operating conditions

Sample code C1 C2 C3
CrCl3-6H,0 0.4 mol 0.4 mol 0.4 mol
Choline chloride 1.0 mol 1.0 mol 1.0 mol
Ethylene glycol 2.0 mol 2.0 mol 2.0 mol
Added content of H.0 none 15 wt.% 15 wt.%
Added content of ammonium formate none none 0.5 mol
Temperature 25°C 25°C 25°C
Stirring speed 400 rpm 400 rpm 400 rpm
Current density 15 A/dm? 15 A/dm? 15 A/dm?
Electroplating time 15 min 15 min 15 min

The phase identification of trivalent chromium coatings were examined by a X-ray diffractometer
(XRD, BRUKER D2 PHASE) using Cu Ka radiation (A=0.15405 nm) with a scanning range from 20°
to 90°. The morphology and cross-sectional images of thin films electroplated from deep eutectic
solvents were observed by a scanning electron microscopy (SEM, JEOL JSM-I1T100), the chemical
composition of thin films were analyzed using an energy dispersive spectrometer (EDS). The crystalline
structure of the thin films was analyzed using HR-TEM (JEOL JEM-2100). To understand the
passivation behavior of the trivalent chromium coating electrodeposited from the deep eutectic solvents,
X-ray photoelectron spectroscopy (XPS) was utilized (ULVAC-PHI, PHI 5000 Versa Probe). The X-
ray photoelectron spectra of samples were calibrated using carbon 1s (284.6 eV). The surface of each
coating was cleaned using Ar* ion sputtering for 300 s.

The measurement of potentiodynamic polarization were carried out with a standard three-
electrode cell system (Autolab-PGSTAT30 potentiostat/galvanostat) under 3.5 wt.% NaCl solution and
measured using a “General Purpose Electrochemical System” software at room temperature. Before
potentiodynamic polarization test, the system must be stabilized at open circuit potential (OCP), the
specimens must be cleaned using DI water. The analyzed potential range from —1.5 V to 0.5 V with a
scanning rate of 0.5 mV s™%. The roughness of electroplating thin films deposited from deep eutectic
solvents were measured by a 3D surface profilometer (Chroma 7503, Taiwan), each sample was
measured five times and calculated an average value. The electrochemical impedance spectroscopy (EIS)
of specimens were also analyzed in 3.5 wt.% NaCl solution. The EIS test were measured at the open
circuit potential and ambient temperature with a voltage amplitude of 10 mV in the frequency range
from 102Hz to 10°Hz for 24 h, the data processing was carried by ZSimpWin3.21 software.
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3. RESULTS AND DISCUSSION

As shown in Fig. 1(a), the chromium thin film electrodeposited from trivalent chromium deep
eutectic solvents without adding water form many crater-like holes (sample code: C1).

SED 10.0kVWD10mmP.C.30 HV SED 10.0kVWD10mmP.C.30 HV  x1,000 10pm  —
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Figure 1. SEM morphology of Cr thin films electrodeposited from the deep eutectic solvents (a)
specimen “C1”, (b) specimen “C2”, (¢) specimen “C3”.

These holes are formed by the hydrogen evolution reaction in the cathode that caused by the
highly viscosity of deep eutectic solvents without adding water [14]. Fig. 1(b) shows the morphology of
thin films electrodeposited from the deep eutectic solvents with adding 15 wt.% water, the surface of the
thin film is quite smooth, but there are still many areas where pores and loose structures are formed
(sample code: C2). Fig. 1(c) shows the morphology of thin films electrodeposited from the deep eutectic
solvents with adding 15 wt.% water with ammonium formate, the pores caused by hydrogen evolution
reaction disappeared, and the thin film showed a complete morphology dominated by a nodules structure
(sample code: C3).

Fig. 2(a) presents the cross-sectional SEM photograph of specimen “C1”, the thin film is
deposited in a columnar stack and forms many gaps perpendicular to the substrate, although the average
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thickness of the coating reaches 18.7 um, but the thin film is a loose structure and has a rough surface.
Fig. 2b shows the SEM image of the cross-section of specimen “C2”, it shows that the deposition type
of the film is still columnar stacking, the gap still perpendicular to the substrate but becomes finer, the
average thickness of the thin film decreases to 16.4 um and still maintains a loose structure.
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Figure 2. SEM cross-sectional images of Cr thin films electrodeposited from the deep eutectic solvents
(a) specimen “C1”, (b) specimen “C2”, (c¢) specimen “C3”.

Fig. 2c is a cross-sectional SEM photograph of specimen “C3”, showing that the deposition mode
of the film changed to a typical electrodeposited dense-packed, the gaps of film perpendicular to
substrate is disappeared, but cracks were formed due to internal stress, and the average thickness of the
film was reduced to 5.1 um.

Fig. 3 shows the XRD pattern of “C1”, “C2” and “C3”, respectively. The diffraction peaks of
copper substrate is still keep very clear. The diffraction intensity of (200) plane of Cr is very weak in all
specimens. The greatest intensity of (210) plane of Cr occurred at the specimen “C3”, the lowest



Int. J. Electrochem. Sci., 17 (2022) Article Number: 22076 6

diffraction intensity occurred at the specimen “C1”. The result of XRD indicated that the “C3” has the
best Cr crystalline structure.
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Figure 3. The XRD patterns of Cr thin films electrodeposited from the deep eutectic solvents (a)
specimen “C1”, (b) specimen “C2”, (¢) specimen “C3”.
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Figure 4. The TEM images of chromium thin films electrodeposited from the deep eutectic solvents (a)
specimen “C1”, (b) specimen “C2”, (¢) specimen “C3” (including SADE pattern).

Fig. 4 presents HR-TEM images and SADE patterns of “C1”, “C2” and “C3”, respectively. The
corresponding electron diffraction pattern characterized by a diffuse halo showing its amorphous
characteristics of “C1”. Both of the SADE pattern of “C2” and “C3” has the characteristics of nano-
crystalline structure belong to the Miller’s index (200), (210) and (211) of chromium, respectively. The
measured d-space is 0.19, 0.21 and 0.23 nm which is corresponding to the d-space of (200), (210) and
(211) plane of chromium.
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Figure 5. The adhesion test of chromium thin film electrodeposited from deep eutectic solvents bath:
(a) specimen “C1”, (b) specimen “C2”, (c) specimen “C3”.

The adhesion of thin film of “C1”, “C2” and “C3” was evaluated using the cross-hatch method,
the test result are shown in Fig. 5. According to the ASTMD-3359 classification, both the thin film of
“C1” and “C2” has a very bad adhesion strength which was classified as Class (0B), thin film of “C3”
has the best adhesion strength which was classified as Class (4B). The bad adhesion strength of “C1”
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and “C2” can be attributed to the loose structure of thin films (see Fig. 2(a),(b)).

Fig. 6 shows the XPS spectrum corresponding to the chromium core level spectra of the Cr thin
films electrodeposited from deep eutectic solvents without adding water (C1), added 15 wt.% water (C2),

added 15 wt.% water and ammonium formate (C3), respectively.
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Figure 6. The de-convolution curve fitting analyses on the binding energy peaks of Cr elements in the
measured XPS spectra of the Cr thin films electrodeposited from the deep eutectic solvents: (a)
specimen “C1”, (b) specimen “C2”, (¢) specimen “C3”.
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Figure 7. Potentiodynamic polarization curves of copper substrate, specimen C1, specimen C3 and
specimen C3 in 3.5 wt.% NaCl solution.

The binding energy of Cr2ps2 and Cr2py2 orbitals in the “C1” specimen, “C2” specimen and
“C3” specimen is composed of Cro=583.5 eV[18], 574.4 eV [18], Cr¥*=586.1 eV [19], 576.2 eV [20,21]
and Crb'=587.6 eV [22], 578.4 eV [23]. The intensity of XPS spectra of Cr®* and Cr®" are similar
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regardless of whether there is water in the deep eutectic solvents, this indicated that the surface of
chromium thin film form oxide layer including CrOs layer and Cr2O3 layer after or in electroplating
process. The intensity of Cro of the specimen “C1” is significantly small, the intensity of Cr(III) is
significantly higher than that of Cr(V1), indicating the composition of “C1” is composed with CrOz and
Cr203 compounds (Fig. 6(a)). When the 15 wt.% water added into deep eutectic solvents (“C2”), the
intensity of Cro formed in the Cr thin film become greater, this phenomenon can be attributed to the
addition of water will improve the conductivity of the deep eutectic solvents and promote the reduction
of chromium ions to metallic chromium (Cro) at the cathode [14]. When the deep eutectic solvents added
water and ammonium formate, the electrodeposited Cr thin film the intensity of Cro is almost the same
with the intensity of Cr(ll1), indicating the addition of ammonium formate will promote the reduction
reaction of Cr ions.

Fig. 7 shows the polarization curves of copper substrate, “C1”, “C2” and “C3”, the value of Ecorr
and icorr are also shown in Table 2.

Table 2. Results of potentiodynamic polarization tests of copper substrate, specimen C1, specimen C3
and specimen C3 in 3.5 wt.% NaCl solution.

Icorr (Alcmz) ECO" (V)
Copper substrate 2.53x10° -0.243
C1 3.05x10° -0.952
Cc2 4.02x10° -0.575
C3 3.69%x10”7 -0.734
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Figure 8. EIS measurements of specimens “C1”, “C2” and “C3” analyzed in 3.5 wt% NaCl solution: (a)
Nyquist diagram, (b) Bode plot, (c) phase angle plot.
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Figure 9. Equivalent circuits of Cr thin films electrodeposited from the deep eutectic solvents: (a)
specimen “C1”, (b) specimen “C2”, (¢) specimen “C3”.
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The Ecorr potential of “C1” is -0.95 V which belong the corrosion potential of Cr(\V1) [14,24], the
Ecorr potential of “C2” and “C3” is between -0.5 V to -0.75 V which belong the corrosion potential of
Cr(l11) [25]. The icor of “C1”, “C2” and “C3” is approximately at 3.05x107°, 4.02x10° and 3.69x10
Alcm?, respectively (see Table 2). Specimen “C1” has the highest icor Value, indicating the thin film has
the worst corrosion resistance due to its loose structure. Specimen “C3” has the lowest icorr Value,
indicating the thin film has the best corrosion resistance due to its dense structure.

The impedance spectra of Cu substrate, specimen C1, specimen C2 and specimen C3 in 3.5 wt.%
NacCl solution are showed in Fig. 8. Fig. 8(a) shows the Nyquist diagram of different specimens, “C3”
has the biggest size of semicircles radii, indicating “C3” has the best corrosion resistance. Fig. 8(b)
shows the Bode plot of various specimens. The impedance value |Z| at high frequency (100 Hz to 10°
Hz) shows low constant values which corresponds to the response of the electrolyte resistance or surface
defect [26-28], impedance values |Z| at the medium frequency region and low frequency region indicates
the evolution in coating and the process at the interface of the metal/thin film [29], respectively. In
frequency at 10 Hz, the value |Z| of Cu substrate, specimen C1, specimen C2 and specimen C3 is 0.71
kQ, 1.22 kQ, 2.16 kQ and 2.98 kQ, respectively, indicating the “C3” specimen has the best anti-
corrosion behavior at the interface of the copper/”’C3” thin film. In the medium frequency region (102
Hz to 10 Hz), the value |Z| of “C3” is still greater than that of “C1” and “C2”. The lower value |Z] in the
medium frequency region can be attributed to the unstable in characteristics of thin film such as the
uneven thickness, cracks and loose structure [30,31]. The results of Bode plot is agreement with the
observation of SEM cross-sectional images in Fig. 2., the “C1” and “C2” has loose structure. Fig. 8(c)
presents the phase angle plot of various specimens, the phase angle of “C1” and “C2” occurred at lower
frequency region, and the “C3” occurred at higher frequency region. At frequencies between 1 Hz and
1072 Hz the total impedance and phase shift can be attributed to electrochemical processes near the metal
surface (e.g. oxide layers) [32-34]. Therefore, the formation of oxide layer of “C1” and “C2” should
easy than that of “C3”.

Considering the microstructure characteristics and EIS analysis of the specimens “C1”, “C2” and
“C3”, the models chosen for the fitting of the different specimens are depicted in Fig. 9. The equivalent
circuits are commonly used on Cr thin film [35-37], where Rs is the solution resistance, Ry is the resistive
responses of the interface of copper/Cr thin film or the Cr thin film, constant phase element (CPE1)
represent the properties of Cr thin film (Fig (9a),(b)), both of “C1” and “C2” has a loose structure and
the gap is vertically connected to the substrate (see Fig. 2), causing corrosion to occur at the interface.
The sketches and equivalent circuits of specimen “C3” are also shown in Fig. 9(c). In addition to Rs, Ry
and CPEyq, the equivalent circuit composition also includes W (a Warburg impedance element). It can be
seen that the thin film of “C3” has a dense and one-layer structure. The equivalent circuit data of
specimen “C1”, “C2” and “C3” measured in 3.5 wt.% NaCl solution are shown in Table 3.
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Table 3. Equivalent circuit data of specimen “C1”, “C2” and “C3” in 3.5 wt.% NacCl solution

Rs CPE:1 CPEz1n R1

RQRIBPE  o.em?)  (mF-em?)  (F-cm?) (kQ-cm?)
COpper 0.06 2.9 0.84 0.65
substrate

C1 0.08 173.4 0.62 2.48
C2 0.07 175.2 0.73 3.72

R(Q(RW)) Rs CPE; CPEqx R W
type kQ) (mF-cm™) (F-cm) (kQ-cm?) (kF-cm)
C3 0.08 26.7 0.81 2.47 4.64

4. CONCLUSIONS

In this study, the effect of ammonium formate addition on the microstructure and the corrosion
resistance of Cr thin film deposited on copper have been investigated. The microstructure of the Cr thin
films electrodeposited from deep eutectic solvents without added water (C1) and added 15 wt.% water
(C2) has a loose structure and the gaps of film is perpendicular to substrate, leading to the corrosion
factors directly attack the substrate, their icor Value is approximately at 3.05x10° and 4.02x10° A/cm?,
respectively. The Cr thin film electrodeposited from the deep eutectic solvents added 15 wt.% water with
ammonium formate (specimen C3) has the lowest icor approximately at 3.69x107 A/cm?, the best
corrosion resistance of “C3” can be attributed to a dense structure of thin film. Electrochemical
impedance spectroscopy (EIS) has been applied to evaluate the influence of the addition of ammonium
formate in deep eutectic solvents on the electrochemical response of the Cr thin film in 3.5 wt.% NaCl
solution. The EIS result indicating that the corrosion behavior of “C1”” and “C2” occurred at the interface
of copper/Cr thin film due to the loose structure of Cr thin film, the “C3” occurred at the dense Cr thin
film which can protect copper substrate from a corrosion.
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