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Abstract: The structural characteristics of the trivalent chromium deposits and their interfacial behavior in the plating solution with
and without polyethylene glycol molecules were observed by using various electrochemical methods such as cyclic voltammetry,
open circuit potential transition, electrochemical impedance spectroscopy, scanning electron microscopy and X-ray photoelectron
spectrometry. It is shown that the polyethylene glycol molecules make the reductive current density lower in the trivalent chromium
plating system and promote a hydrogen evolution reaction through their adsorption on the electrode surface. And the trivalent
chromium layer formed from the polyethylene glycol-containing solution has somewhat higher density of cracks on its surface and
results in a lower film resistance, lower polarization resistance, and higher capacitance in a corrosive atmosphere. It is also revealed
that the formation of chromium carbide layer is facilitated in the presence of polyethylene glycol, which means easier

electrochemical codeposition of chromium and carbon, not single chromium deposition.
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1 Introduction

Hexavalent chromium has been widely used as a
surface coating material due to its excellent physical,
mechanical and electrochemical characteristics. But now
it confronts worldwide environmental restrictions
because of its hazardous effects on the environment.
Trivalent chromium electroplating has drawn a great
attention for several decades as the most challengeable
process to alternate the hexavalent chromium
electroplating owing to its low toxicity[1]. However, it is
difficult to electro-chemically reduce the trivalent
chromium ions due to the formation of kinetically inert
outer orbital octahedral complexes in the aqueous
medium and their bonding nature of d*sp’® hybridization
[2]. This kinetic inertness results from the 3d* electronic
configuration of trivalent ion, whose orbital charge
distribution makes ligand displacement very slow[3].
Actually, ligand displacement reaction of trivalent
chromium complexes was reported to have half-time in
the range of several hours. Various organic additives
have been employed to enhance the surface
characteristics such as leveling, brightness, anticorrosion,

and structural compactness of electrodeposits in the area
of metal and metal alloy electroplating[4—7]. Particularly,
polyethylene glycol (PEG) was used in the plating
solution as a surfactant to lower the surface energy of a
cathode in the zinc, chromium and zinc-chromium alloy
electroplating[7]. Hull cell tests show that the addition of
PEG molecules in the trivalent chromium solution can
enhance the homogeneity of trivalent chromium
electrodeposits and the current efficiency at low current
densities at optimum concentration. But, most researches
were concentrated on revealing the relationship between
complexants and trivalent chromium ions in the
viewpoint of electrode kinetics, while just a few dealt
with organic additives systematically to understand their
roles in the electrochemical reduction and the
development of thin film properties[8—19].In this work,
we aimed to structurally analyze the trivalent chromium
layers to elucidate the role of the organic additives and
PEG molecules during electrochemical deposition.

2 Experimental

The stock solution of trivalent chromium plating
was composed of 0.05 mol/L Cr,(SOy4); as a source of
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trivalent chromium ion, 0.1 mol/L HCOOH as a
complexant, 0.07 mol/L H;BO; as a buffering agent, (0.1
mol/L NH4C1+0.1 mol/L KCl) as an mixed electrolyte
system, and 1.3 mmol/L polyethylene glycol (PEG, M=
1 500) as an organic additive. The plating solution was
adjusted at pH 2.3 and maintained at 30 ‘C during
experiment. Trivalent chromium layers were deposited
onto  the working  electrode by
potentiodynamic or potentiostatic polarization in the
stock solution in the presence and in the absence of PEG
molecules, followed by rinsing with purified water and
drying with N, gas. Cu plate (area 1 cm®), platinum plate
(area 4 cm?®), and Ag/AgCl (in saturated KCI) were used
as working, counter, and reference -electrodes,
respectively, for the electrochemical experiments. The
electrochemical preparation and characterization of
trivalent chromium layer were made by using
PGSTAT30 (Autolab, Netherland). For the impedance
measurements, the instrument was controlled in the
frequency range of 100 kHz—100 mHz with an AC wave
of 5 mV peak-to-peak overlaid on a DC bias potential,
and the impedance data were obtained at a rate of 10
points per decade change in frequency. The physical
morphology of the trivalent chromium deposits was
analyzed by scanning electron microscopy (SEM,
JSM-5800, JEOL).

stationary

3 Results and discussion

3.1 Cyclic voltammetry

Fig.1 shows the cyclic voltammograms of electro-
chemical reduction of trivalent chromium ions in the
PEG-free and PEG-containing solution. Actually, there
was little difference in the onset potentials for the
reduction of trivalent chromium ions between two
systems except that PEG-containing solution represented
lower current density than PEG-free solution. Low
current density observed in the additive-containing
solution is related with some phenomena such as
adsorption of PEG molecules at the electrode/electrolyte
interface, interaction between PEG molecules and
trivalent chromium complexes in a solution, or
interference of the reduction of trivalent chromium due
to the competitive hydrogen evolution reaction[20—21].
We ascribe the low current density of this PEG-
containing system mainly to the severe hydrogen
evolution reaction, judging from the fact that there was
no onset potential shift compared with PEG-free solution,
which is a definite proof of ‘strong’ adsorption of organic
additives at the electrode. This means that PEG-
containing system is more susceptible to the hydrogen
evolution reaction than PEG-free system in the course of
trivalent chromium deposition process. As well, we also
measured the relationship between scan rate and peak

current and observed that the electrochemical reduction
was limited by the mass transfer of trivalent chromium
complexes both in the presence and in the absence of
PEG molecules (not shown here). This also indicates that
PEG molecules do not specifically interact with trivalent
chromium complex on the electrode surface.
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Fig.1 Cyclic voltammograms at copper electrode at 50 mV/s in

solution containing 0.05 mol/L Cry(SO,)3, 0.1 mol/L HCOOH,

0.07 mol/L H3;BOj3, 0.1 mol/L NH4Cl and 0.1 mol/L KCI with

and without 1.3 mmol/L PEG

3.2 Open circuit potential transition

Fig.2 represents the transition of open circuit
potentials of copper electrode in the trivalent chromium
solution with and without PEG molecules. Open circuit
potential reflects the amount of electroactive species at
the electrode/electrolyte interface and informs the
surface state, that is, the degree of adsorption of additives
on the electrode which hinder the approach of metallic
ions. PEG-containing solution showed higher open
circuit potential than PEG-free solution by 10 mV or so,
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Fig.2 Open circuit potentials measured at copper electrode as
function of time in solution containing 0.05 mol/L Cry(SOy)s,
0.1 mol/L HCOOH, 0.07 mol/L H3;BOs3, 0.1 mol/L NH,CI and
0.1 mol/L KC1 with and without 1.3 mmol/L PEG
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even though this potential deviation was not so
consistent during measurement. Considering the cyclic
voltammetric analysis, we assume that PEG molecules
are weakly adsorbed on the electrode surface and cannot
act as a practical barrier layer to induce specific surface
reaction with incoming trivalent chromium complexes.

3.3 Electrochemical impedance spectroscopy

Fig.3 depicts the electrochemical impedance spectra
of trivalent chromium layers in the 0.5 mol/L NaCl
solution at open circuit potential and anodic potential
(0.10 V). Each chromium layer was prepared by
potentiodynamic polarization from OCP to —1.6 V at 10
mV/s and the impedance spectra were fitted by using
Randles equivalent circuits. Both impedance spectra
were composed of two semicircles. A small semicircle
appearing at high frequency region represents the charge
transfer impedance (R.—Cg4) for the active dissolution
reaction of chromium layers by chloride ions, and a large
semicircle at low frequency is related with the
characteristics (or porosity) of chromium films
themselves and the diffusion behavior of anions through
the pores of deposits (R—Cy)[22].

From the fitted results (not shown here), the
trivalent chromium layer deposited from PEG-free
solution was revealed to have larger charge transfer
resistance and film resistance than the deposit from
PEG-containing solution at both open circuit potential
and 0.10 V. Especially, when the trivalent chromium
layer was under the active dissolution condition,
PEG-added chromium layer shows an abrupt increase in
the film capacitance, which describes the increase of
surface area, that is, rough surface. Therefore, this
suggests that the PEG-free deposits should have more
compact structure than the PEG-containing one, which is
coarsely structured and of somewhat apparent crack (or
pore) distributed along the thickness direction and makes
the movement of chloride ions through the deposit easier,
as confirmed from the surface images before and after
the active dissolution in Fig.4.

3.4 Microstructure analysis

SEM microscopic images are obtained for the
trivalent chromium deposits prepared by applying
constant potential of —1.0, —1.2, and —1.6 V for 30 min in
the presence and absence of PEG molecules. In Fig.5, no
deposition happened in the PEG-containing solution
(Fig.5(d)) at —1.0 V due to the more competitive
hydrogen evolution reaction, as described in the cyclic
voltammetric analysis in Fig.1. The occurrence of cracks
on the chromium surface was dependent upon the
applied potential in both solutions. As the applied
potential became higher, the crack density and crack
width got larger. Trivalent chromium layers formed from
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Fig.3 Impedance diagrams recorded at -electrodeposited
trivalent chromium layers at OCP (a) and at 0.10 V (b)
(Experimental and simulated Nyquist plots for copper electrode
covered with trivalent chromium layer are overlaid) and
equivalent circuit used for impedance data analysis (c)

PEG-containing solution had a larger deposit grains and
crack width compared with those from PEG-free solution.
It is known that cracks develop when the hydrogen
codeposited with chromium is released from matrix and
the internal stress constraints are decreased and
consequently the total volume of deposit is reduced[9].
Therefore, trivalent chromium deposition from
PEG-containing solution is supposed to accompany
much more hydrogen evolution and a hydrogen
incorporation into the matrix in the form of a chromium
hydride, which coincides with the result of cyclic
voltammetry in Fig.1.
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Fig.4 Surface SEM photographs of trivalent chromium layers before (a, b) and after (c, d) anodic polarization at —0.1 V for 400 s in

5% NaCl solution by potentiodynamic polarization from OCP to —1.6 V at 10 mV/s: (a), (c) Deposited in the presence of 1.3 mmol/L

PEG; (b), (d) Deposited in the absence of 1.3 mmol/L PEG

Fig.5 SEM photographs of trivalent chromium layers prepared by potentiostatic polarization for 30 min in solution containing 0.05
mol/L Cr,(SO4)3, 0.1 mol/L HCOOH, 0.07 mol/L H3BOs3, 0.1 mol/L NH4Cl and 0.1 mol/L KCI with (a, b, ¢) and without (d, ¢, f) 1.3

mmol/L PEG: (a), (d) —1.0 V; (b), (¢) 1.2 V; (c), () ~1.6 V

4 Conclusions

It is observed that PEG molecules added in the
solution make hydrogen evolution reaction more
apparent during trivalent chromium deposition process
without modifying the interaction with trivalent
chromium complexes. Though PEG molecules are

adsorbed on the electrode surface, they are not likely to
act as a practical barrier layer to induce specific surface
reaction with incoming trivalent chromium complexes
due to their low adsorptivity. PEG molecules make the
trivalent chromium layer more cracked, which may be
ascribed to more active hydrogen evolution reaction and
hydrogen incorporation into the matrix as a chromium
hydride. This loose structure results in low polarization
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resistance and capacitance of thin chromium layer. Also,
it is proved that the deposition of chromium carbide is
made easier with the addition of PEG molecules in the
solution.
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