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Abstract

Chromium (Cr) plating using trivalent chromium has been investigated as a replacement for the
highly-toxic hexavalent chromium bath. Herein, we report novel chromium plating baths using
hydrate-melts. Hydrate-melts have been investigated in recent years as an electrolyte for aqueous Li-
ion batteries with a wide electrochemical window, and can be used as an electroplating bath in which
the reduction of protons, i.e., bath decomposition, is suppressed. By using a hydrate-melt for
electroplating with trivalent chromium, the increase of local pH during electrolysis is suppressed and
generation of the electrochemically-inert oligomer of chromium hydroxide can be avoided. Crystalline
chromium electrodeposits were successfully obtained from the hydrate-melt-based aqueous baths,
which had not been possible with the conventional trivalent chromium process requiring organic
coordination agents. Moreover, a current efficiency greater than 80% was achieved. The hydrate-melt-
based aqueous bath, with low material cost, is a promising candidate for industrial trivalent chromium

plating.



1. Introduction

Chromium plating, especially at thicknesses greater than 2 um, is industrially important. Its
excellent corrosion and wear resistance offer a long-lasting and durable surface [1,2]. The current
industrial process for thick chromium plating is based on aqueous solutions of highly-toxic hexavalent
chromium acid [3]. The risks to human health and to the environment have led to legislation against
Cr(VI), e.g., RoHS and REACH restrictions in the EU and similar regulations in the USA, China,
Japan and elsewhere. Trivalent chromium plating, which uses the less-toxic Cr(lll), has been
investigated as a candidate for an alternative, environmentally benign process.

Electroplating of chromium in an aqueous bath is inevitably accompanied by hydrogen evolution
due to the negative electrode potential (Cr®* + 3e = Cr, E° = -0.744 V vs. SHE) [4]. This hydrogen
evolution decreases the current efficiency of the electroplating process. It also increases local pH near
the cathode, resulting in production by olation of an electrochemically-inert oligomer of hydroxo-
bridged complexes of chromium, lowering the plating rate [5-10]. For these reasons, trivalent
chromium plating requires additives to avoid the local pH increase and/or olation.

Many studies on aqueous trivalent chromium baths have focused on the use of organic complexing
agents such as formic acid and oxalic acid, which form stable chromium complexes at high pH [11-
21]. Additionally, non-aqueous trivalent chromium baths have been studied using organic solvents,
deep eutectic solvents and ionic liquids [22-29], which can decrease hydrogen evolution. The lower
material cost and the air/moisture sensitivity have been of particular interest for practical use [28,29].
However, the chromium electrodeposits from existing trivalent chromium baths are non-crystalline
and mixture of chromium and chromium carbide [30-32], due to contamination by organic compounds,
which results in reduced physical properties compared with the crystalline chromium usually obtained
from hexavalent chromium baths [1,33]. Consequently, novel trivalent chromium baths that do not
require use of organic reagents are of great interest.

We examined hydrate-melt based baths composed of inorganic salts as a novel approach for trivalent
chromium plating. Studies of the solution chemistry of hydrate-melts date back to the reports by Angel
et al. in the 1960s [34]. In recent years, many studies have been carried out on the use of hydrate-melts
as “Water-in-Salt” electrolytes for aqueous Li-ion batteries, with a wide electrochemical window [35-
37]. Most of the H,O molecules in hydrate-melts coordinate to the ions of the component of the

salt,[38] which increases their electrochemical stability. However, only a few reports [39-41] on the



use of hydrate-melt as an electroplating bath have been published. By using hydrate-melt as the plating
bath for trivalent chromium plating, the hydrogen evolution and the olation of Cr(lIl) should be
suppressed. In this study, the electrochemistry of trivalent chromium in hydrate-melts of Li-Cr(l1)
and Ca-Cr(111) chlorides and the associated electrodeposition behavior were investigated. Despite its
higher cost compared with other chloride compounds such as CaCl, or MgCl,, we mainly investigated
the hydrate-melt of LiCl since lithium hydroxide scarcely precipitates by hydrolysis due to the increase

of local pH during electrolysis.

2. Experimental method
The series of H,O-LiCI-CrCls electrolytes and H,O-LiCl electrolytes with different H,O/LiCl molar

ratios (= n) and their pH values, the conductivities and the viscosities at 50°C are shown in Table I and
Table II. The electrolytes were prepared by adding LiCl (98.0% purity, FUJIFILM Wako Pure
Chemical Corporation) and CrCls-6H,0 (93.0% purity, FUJIFILM Wako) to deionized water. All
reagents were used as purchased. These solutions containing CrCls show low pH value because the
water molecules strongly coordinated to the Cr3* ions, which tend to be dissociated to provide H*. By
adding small amounts of hydrochloric acid (35-37% purity, Nacalai Tesque), the pH values of H,O-
LiCl electrolytes were made similar to those of the H,O-LiCI-CrCl; electrolytes. For chromium
electroplating tests, H,O-LiCI-CrCls electrolytes containing boric acid (HsBOs) were prepared by
adding the reagent (99.5% purity, FUJIFILM Wako). H3BOs is a typical pH buffering agent used to
prevent the precipitation of metal hydroxides during electroplating. Although the pKa (acid
dissociation constant) of HsBOs is 8-9, it is empirically known that it can prevent precipitation of
metal hydroxides even in acidic region like the case of Watts nickel plating bath [42].

Electrolysis was carried out with the electrolyte at 50 °C in air. Prior to electrolysis, the electrolyte
was degassed by N2 bubbling for 20 min. In the same procedure, H,O-CaCl>-CrCls electrolytes with
different H,O/CaCl, molar ratios (= n) were prepared using CaCl, (95% purity, FUJIFILM Wako) (see
Table SI). The pH values, the conductivities and the viscosities of the electrolytes were measured using
pH meter (HORIBA Laquaact D-71), conductivity meter (HORIBA 3553-10D) and viscometer (Kyoto
Electronics Manufacturing, EMS-1000).

Electrochemical measurements were performed using a potentiostat (Bio-Logic Science Instruments,

SP-50) with a typical three-electrode cell; Ni plated substrate (15x20 mm?) as the working electrode



(WE), glassy carbon block as the counter electrode (CE), and Ag|AgCl (HORIBA, 2565A) in 3.33
mol dm=2 KCI aqueous solution with a salt bridge as the reference electrode (RE). The Ni plated
substrates were prepared using brass sheet (0.5 mm thickness and 15x25 mm?) pre-treated with
degreasing solution (Okuno Chemical Industries, Ace Clean 850), and electrolysis was carried out in
a Watts bath [42] at a current density of 50 mA cm for 10 min to fabricate a matte Ni film with a
thickness of about 10 um. To compensate for the ohmic drop between WE and RE, the solution
resistance was determined by electrochemical impedance spectroscopy (EIS) measurements at a
frequency of 100 kHz and AC voltage amplitude of 20 mV, noting that the electrochemical cell was
arranged to make the positions of WE and RE near to reduce ohmic drop, resulting in the certain
differences of the ohmic drops for each measurement.

The deposits obtained thorough electrolysis were characterized by X-ray diffraction (XRD) with Cu
Ko (1.542 A) using a RIGAKU RINT2200, scanning electron microscope (SEM) observation using a
KEYENCE VE-7800, energy dispersive X-ray spectrometry (EDX) using an EDAX Element, and
transmission electron microscopy (TEM) analysis using a JEOL JEM-2010. The samples for TEM

analysis were prepared by focused ion beam (FIB) using a Sl Nanotechnology Inc. SM19200.

3. Results and discussion

3.1 Electrochemical measurements

Linear sweep voltammograms (LSV) for each H,O-LiCI-CrCls electrolyte measured are shown in
Fig. 1a, and those with ohmic compensation in Fig. 1b. In the case of “LiCl-free,” the onset of cathodic
current appeared at around -0.4 V vs. Ag|JAgCIl and monotonically increased with the cathodic
overvoltage. The gas generation at the electrode suggested that this cathodic current was mainly due
to the H* reduction and hydrogen evolution. For n = 3, 5, and 10, however, the cathodic currents
initially increased, and then remained constant until the potential reached around —1.0 V. As the LiCl
concentrations increased, the constant values of the current densities decreased. Below -1.1 V, the
cathodic current increased sharply. These results show that H> generation, i.e., bath decomposition,
was suppressed in the presence of a copious amount of LiCl.

Korshunov et al. used the mercury static electrode with a large overvoltage for H* reduction to study
the electrochemical behavior of trivalent chromium in concentrated LiCl aqueous solution [7]. The

peaks of cathodic current derived from the reduction of trivalent chromium to divalent chromium



appeared at around —0.5 V vs. Ag|AgCI. In Fig. 1, however, such peaks could not be detected due to
the comparably large background currents of the H* reduction as the Ni-plated substrate was used.

To confirm the effect of LiCl concentration on the bath decomposition, blank tests were performed
using the baths without CrCls. A set of LSV using the H>O-LiCI-HCI electrolytes of different LiCl-
concentrations measured is shown in Fig. 2a, and that with ohmic compensation is shown in Fig. 2b.
The H* reduction behavior depended on n. At lower LiCl concentrations (n = 100 and 10) the cathodic
current monotonically increased below —0.5 V, while at higher LiCl concentrations (n = 5 and 3)
substantial cathodic currents were observed below -1.1 V. This result clearly shows that the H*
reduction was suppressed by the presence of concentrated LiCl. The suppression of H* reduction was
not due to thermodynamic factors because the differences in pH of these H,O-LiCI-HCI electrolytes
of n=3, 5and n =10, 100 were not more than 1, which cannot explain the difference in onset potentials
of cathodic current of more than 0.5 V. For these reasons, the suppression of H* reduction in H,O-
LiCI-CrCl; electrolytes of n = 3, 5 was mainly due to kinetic factors: the lack of free H,O molecules
caused slow H* diffusion and tight H* supply to the electrode, resulting in the low limiting current. As
shown in Fig. Sla, the LSVs were measured in H»O-CaCl,-CrCls and pH-adjusted H,O-CaCl,
electrolytes with a H>O / CaCl, molar ratio of 10, using the same setup. Similar tendencies were
observed; the cathodic current of the H* reduction was suppressed due to the presence of a copious
amount of CaCl, compared with the LSV measured in the CaCl,-free electrolyte of H,O-CrCl; until
the potential reached around —1 V, and the cathodic current increased below —1.1 V in H,O-CaCl,-
CrCls electrolyte, suggesting that the suppression of H* reduction is common in hydrate-melt chloride
compounds.

Fig. 3 shows a series of cyclic voltammograms (CVs) with different cathodic switching potentials.
The CVs for H,O-LiCI-CrCl;s electrolytes of n = 3, 5, 10 with the switching potentials of -0.7 V, -=1.0
V and -1.3 V without ohmic compensation are shown in Fig. 3a (i-iii), and those with ohmic
compensation are shown in Fig. 3b (i-iii). For the CVs with switching potentials of -0.7 V and -1.0 V,
anodic currents were scarcely observed for the anodic scans. However, for the CVs with the switching
potentials of —1.3 V, anodic currents were observed from 0.8 V to —-0.6 V. From these results, the
cathodic currents below —1.0 V during the cathodic scans and the anodic currents above —0.8 V during
the anodic scans were, respectively, due to the electrodeposition and the anodic dissolution of metallic

chromium, which strongly suggests successful electrodeposition of metallic chromium in all H,O-



LiCI-CrCl; electrolytes. This is because the H* reduction and the increase of local pH near the cathode
were suppressed by the Kinetic factors mentioned above, preventing the olation of hydroxo-bridged

complexes of chromium.

3.2 Characterization of the deposits

Galvanostatic electrolysis using H.O-LiCI-CrCls electrolytes of n = 3, 5, and 10 was conducted to
obtain electrodeposits. Photographs and SEM images of the deposits are shown in Fig. 4a (i-iii). Black
and/or gray colored deposits covered with fine particles of grain size less than 1 um were obtained.
The XRD patterns are shown in Fig. 4b. The deposits obtained using electrolytes of n = 3 and 5 were
measured with the Ni plated substrate, and that obtained using electrolyte n = 10 was separated from
the Ni plated substrate and measured with a glass substrate. The deposits corresponded to metallic
chromium. Although hexavalent chromium plating is generally composed of an a-Cr phase of bcc
structure, these deposits contained &-Cr phase of A15-type cubic structure. According to the literature,
metallic chromium of &-Cr phase has been obtained through vaporization of metals in an Ar
atmosphere or in vacuum [43,44], and through heat treatment of amorphous electrodeposits originally
prepared from an organic solvent bath [45]. Since these preparation conditions are different from the
current work, the mechanism of the formation of metastable 6-Cr phase remains unclear. The EDX
spectra of the deposits shown in Fig. 4c indicate that they were mainly composed of chromium and of
certain amounts of Cl and O as mentioned below. The presence of Cl and O suggests an increase in
chromium hydroxide or chromium chloride generated by the hydrolysis reaction due to the increase
of local pH in the vicinity of the cathode [8].

To avoid increases in impurities and to avoid an increase of local pH, HsBOs was added as a typical
pH buffer. HsBO3 of 30 g dm=2 was added to H,O-LiCI-CrCls electrolytes of n = 3, 5 and 10, which
were then used for galvanostatic electrodeposition. Photographs and SEM images of the deposits are
shown in Fig. 5a (i-iii). Smooth and gray films with a metallic luster were obtained for electrolytes n
= 3 and 5, composed of particles with a grain size of several microns, as seen in the SEM image in
Fig. 5a (i-ii). However, for the electrolyte n = 10, as shown in Fig. 5a (iii), blackish deposits composed
of particles with a grain size of several microns or submicrons were obtained. The EDX spectra shown
in Fig. 5¢ indicate that the intensities of Cl and O were much smaller than those of the deposits

prepared without H3sBOs. Therefore, the precipitation and increases in chromium hydroxide and



chromium chloride were significantly suppressed by adding HsBOsz. Among n = 3, 5 and 10, the
intensity of O was highest for n = 10. This was because the concentration of LiCl was not sufficient
to form a hydrate-melt in which H* reduction could be suppressed, despite the presence of H3BOs,
leading to the precipitation and increases in impurities and the black appearance of the deposits. The
XRD patterns of the deposits prepared from the electrolytes with H3BOs are shown in Fig. 5b. The
deposits were composed of mainly a-Cr phase and partially 3-Cr phase, as in the case without HzBO:s.

To clarify the effect of H3sBOs, high-angle annular dark field-scanning TEM (HADDF-STEM)
images of sample cross-sections were collected. Fig. 6a shows the images for H,O-LiCI-CrCl;
electrolytes of (i) n = 3 and (ii) n = 5 without H3BO3s and Fig. 6b shows those for H>O-LiCI-CrCls
electrolytes with HsBOg3 (i) n = 3 and (ii) n = 5. Each inset shows typical electron diffraction (SAED)
patterns of the deposits. As shown in Fig. 6a (i, ii), the deposits prepared from H,O-LiCI-CrCls
electrolytes without H3BOswere composed of two kinds of domain, with white and black appearances.
The SAED patterns of white domains corresponded to the pattern of highly crystalline chromium with
a bee-structure, and those of the black domains showed only halos indicating them to be amorphous.
While the deposits prepared from the electrolytes with H3BOs were composed of homogeneous
crystalline chromium, those prepared from the electrolytes without HsBO3 contained some amorphous
domains. These compositions were examined by TEM-EDX analysis, as shown in Fig. 7. The TEM-
EDX analyses showed molar ratios of Cr:O:Cl = 97:3:0 for the white domains (Fig. 7a) and Cr:O:Cl
= 31:64:5 for the black domains (Fig. 7b). This indicated that the white domains were crystalline
chromium with slight CI impurities and the black domains were mixtures of chromium compounds
such as oxides, hydroxides, and chlorides.

Similar results were obtained using CaCl, analogous electrolytes, as shown in Fig. S1b-d.

3.3 Current efficiency and plating rate

Fig. 8 shows photographs and SEM images of cross-sections of the chromium deposits prepared at
several current densities using the H;BOs-added electrolytes with (a i-iv) n =3 and (b i-iv) n = 5. All
deposits had a gray-colored smooth surface and uniform thickness. The adhesion of the edge of the
deposits was decreased, especially for n = 3. Fig. 9 displays the current efficiency and the plating rate.
The current efficiencies were calculated using the weight of the deposits and by assuming the half-cell

reaction of the electrodeposition of chromium to be Cr(l11) + 3e = Cr. The plating rates were calculated



using the thickness of the deposits obtained from the SEM images.

As shown in Fig. 9a, the current efficiencies of chromium electrodeposition were approximately 60—
80% for n = 3 and 20-60% for n = 5, which was consistent with the cathodic current due to the H*
reduction being more suppressed in n = 3 than in n =5 as the LSV showed in Fig. 1. It is worth noting
that the current efficiency increased with current density because the H* reduction took place in a
diffusion-limited condition, resulting in a maximum current efficiency of 83% for n = 3. As shown in
Fig. 9b, the plating rate for n = 5 was higher than that for n = 3, with a maximum value of 0.3 pm min-
L. Although no proper benchmark for industrial trivalent chromium plating has been established yet,
the reported current efficiencies in some studies are less than 50% [11,12], and the plating rate of
industrial hexavalent chromium plating is 0.1-0.3 pm min=! [1], which emphasizes the advantages of
the LiCl hydrate melt-based electrolyte.

The most valuable property of the H.O-LiCI-CrCls bath is the suppression of H* reduction during
electrolysis. This allows for electrodeposition of crystalline chromium with low levels of impurities
that have not been achievable with the conventional trivalent chromium processes using organic
ligands or non-aqueous electrolytes. The high current efficiency and plating rate are also attractive.
Further research and application of this hydrate-melt bath to the electrodeposition of metals other than

chromium is anticipated.

4. Conclusions

We investigated the hydrate-melt-based trivalent chromium aqueous bath. Very high concentrations
of LiCl or CaCl; suppressed H* reduction. By adding H3sBOs as a typical pH buffer, the increase of
local pH was suppressed sufficiently, which allowed for electrodeposition of chromium without
generating an electrochemically-inert chromium oligomer. From the organics-free H,O-LiCI-CrCls
electrolytes, crystalline chromium with high purity was successfully electrodeposited at a high current
efficiency of more than 80%. The use of metal chloride hydrate-melts for electroplating bath is a novel
scheme for suppressing hydrogen evolution and local pH increase, without using organic complexing

agents.
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Table I. Composition, pH, conductivity and viscosity of H,O-LiCl-CrClz electrolytes at 50 °C.

composition
n=HO / LiCl Conductivity Viscosity
(molar ratio) pH
(molar ratio) / mS cm / mPa s
H>O : LiCl : CrCl3
3 555:185:1.0 <0 120.5 12.3
5 555:11.1:1.0 <0 167.3 10.0
10 555:555:1.0 0.0 226 8.0
LiCl free 555:0:1.0 0.3 187 1.7
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Table 1. Composition, adjusted pH by adding concentrated HCI aqg., conductivity and viscosity of

H20O-LiCl electrolytes at 50 °C.

n =H,O/LiCl Conductivity Viscosity
adjusted pH
(molar ratio) /mS cm? /mPas
3 0.0 1475 7.1
5 0.1 238 2.7
10 1.0 285 1.3
100 1.0 63 0.7
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Figure 1. Linear sweep voltammograms in H,O-LiCI-CrCls electrolytes at 50 °C for each H,O / LiCl
molar ratio n = 3, 5, 10 and LiCl-free system at a scan rate of 1 mV s~%: (a) without ohmic compensation

and (b) with ohmic compensation.

Figure 2. Linear sweep voltammograms for the blank tests in H,O-LiCI-HCI electrolytes at 50 °C for
each H,O / LiCl molar ratio n of 3, 5, 10, 100 at a scan rate of 1 mV s: (a) without ohmic

compensation, and (b) with ohmic compensation.

Figure 3. Cyclic voltammograms in H,O-LiCI-CrCls electrolytes at 50 °C at a scan rate of 1 mV s
with switching potentials of -0.7 V, -1.0 V and -1.3 V for n = 3, 5, 10: a(i-iii) without ohmic

compensation and b(i-iii) with chmic compensation.

Figure 4. (a) Photographs and SEM images, (b) XRD patterns and (c) SEM-EDX spectra of the
deposits prepared by galvanostatic electrolysis for n = 3 at 20 mA cm=2, n=5at 40 mAcm=, and n =

10 at 40 mA cm, without adding H3BOs.

Figure 5. (a) Photographs and SEM images, (b) XRD patterns and (c) SEM-EDX spectra of the
deposits prepared by galvanostatic electrolysis for n = 3 at 20 mA cm=, n =5 at 40 mAcm=, and n =

10 at 40 mA cm2, with addition of HsBOs.
Figure 6. HADDF-STEM images of the deposits prepared by galvanostatic electrolysis (a-i, a-ii) for
n = 3, 5 without adding H3BOs and (b-i, b-ii) with addition of H3BO3 for n = 3, 5; insets show the

SAED patterns of crystalline white domains and amorphous black domains.

Figure 7. TEM-EDX spectra of the deposits prepared by galvanostatic electrolysis for n = 3 without

HsBOs: (a) on the crystalline area and (b) on the amorphous area.

Figure 8. Photographs and the cross-sectional SEM images of the deposits prepared by galvanostatic

electrolysis for 1h using H,O-LiCI-CrCls electrolytes with addition of H3BOs for n = (a) 3 and (b) 5.
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Figure 9. (a) Current efficiencies and (b) plating rates of chromium using H.O-LiCI-CrCls;

electrolytes with addition of H3BOs for n =3, 5.
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Table SI. Compositions of HO-CaCl»-CrClz and H,O- CaCl; electrolytes and pH values at 50 °C.

compositions
n=Hy0 / CaC|2
(molar ratio) pH
(molar ratio)
H20 : CaCl, : CrCl3

10 55.5:5.55:1.0 0.0 (as prepared)

10 55.5:5.55:0 0.0 (adjusted by adding HCI aq.)
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Figure S1. (a) Linear sweep voltammograms in H,O-CaCl,-CrCls electrolyte and H,O-CaCl, with
H,0/CaCl, molar ratio n = 10 at 50 °C at a scan rate of 1 mV s~ without ohmic compensation, (b)
photographs and SEM images, (¢) EDX spectra, and (d) XRD patterns of the deposits prepared by
galvanostatic electrolysis at 20 mA ¢cm=2 for 1 h using H,O-CaCl,-CrCls electrolyte n = 10 with and

without addition of H3BOa.
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