Chemistry & Theory of
Part II—Theory

By N.V.

In Part II, various theories of chromium electrodeposi-

tion, based on wide-ranging research, are discussed, an
an effort is made to show the complexity of chromium

deposition and that it is still not completely understood.
Part | was published in the May 1997 issue d?&SF.

The dominant role of trichromates in chromium depositio
advanced by Hoaré.According to his phenomenologic
model, in the absence of the bisulfate ion (or sulfate, w
at low pH dissociates to bisulfate), trichromate ion in suc
sive steps (of electron transfer and loss of oxygen
reaction with HO* ion) will decompose, as in Eq. (25),

chromous hydroxide and dichromates that may undkg
condensation with other chromates to regenerate trichrom

The process then includes an intermediate step of form

of chromic (+3), then chromous (+2) dichromates, fina

discharging at the cathode as black chromium at very
current efficiency. Those steps are briefly described be
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(25)

The next step of the reduction mechanism is the formatid
a complex between the €rhydroxide and the bisulfat
through hydrogen bonding:

Cr(OH), = Cr=0 + H,0 (26)
o}
m

Cr=0+HSO, « #Cr-0 = 0-S-0O (27)
m
o

where = represents the hydrogen bond @ndrepresents &
dipole generated on the chromium end (left side) of
complex. Now, the positively charged complex can be s
cifically adsorbed on the cathode, two electrons transferr
this end-on configuration with formation of metallic Cr a
regeneration of HSO
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+
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According to this model, the chromic-dichromate complex is
checessary to protect €from forming the stable Cr(lll) aquo
complexes. As a refinement of this model, HS6n has a
dual role—it also “blocks” other chromium atoms in the
trichromate ions from being reduced (leading t&® @quo-
complexes formation).
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alThe ideally protected trichromate ion would be:
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This would leave one end [the right side of (29)] protected,
preventing formation of unwanted dichromic chromate com-
néx, decomposition of which would lead to unwanted
[Cr(H,0),]*® formation. This also explains the narrow range
(CrO;HSO, = 100:1) of bisulfate concentration in the chro-
mium plating solution; too little HSQwill cause insufficient
protection of Cr on the right end of the trichromate ion
(under-catalyzation); too much would block the left end Cr,
which is necessary for reactions (25)-(28) and Cr deposition
(over-catalyzation).

According to Hoaré; for fluoride-catalyzed Cr@based
plating systems, almost the identical mechanism is proposed
in which F plays the role of blocking agent and catalyst.
Although not complete, this mechanism is the most recog-
nized to date. The incompleteness of his remarkable theory is
that it treated the chromium deposition mechanism without
elaboration on the structure of and influence of the liquid
layer adjacent to the cathode (L-film), which is formed at the
y» beginning of the cathodic process and is continuously form-
tireg and reforming in the steady-state condition.
spe-Both older and newer Russian research is extensive on the
bdtdilm formation and reactions that occur in the film. They
nguite early recognized its decisive importance for the depo-
sition mechanism in general and for current efficiency in
particular.

On the other hand, it is a well-known fact that halide ions
(X) such as Cland Fhave a marked improving effect on the
cathode current efficiency of chromium electrodeposition as
recently reported®

Because the hydration of halide anions is incomplete, they
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can penetrate the hydrogen layer and be absorbed on
metal surface. XPS results show thatufd Ciions, which
are stable in the chromic acid bath, may participate in the
formation. The probable activation steps of halides ar
follows—the absorbed halide first penetrates the hydrg
layer at the chromium surface and forms a bridged trans
surface complex:

[Cr,0, (H,0),Cr*3 -X-Cr*3 (OH,),Cr,0,] *2 (30)
The electrons on the cathode are transferredtthiZough

halides, and Ct is reduced to metallic chromium. By tk

formation of the transition complex, the activation energy

the reduction of C? to Cris decreased. The overpotential|of

chromium deposition apparently is decreased, which fa
tates chromium electrodeposition.

The rate of reaction follows a first order rate equatidm.
the case of a rotating cylinder, the specific reaction
constant was found to increase with increasing rotation s
until a limiting value was reached with further increase in
rotation speed. A study of the reaction mechanisms
shown that, at arelatively low rotation speed, the reductid
chromium is partially diffusion-controlled; at higher spee
the reaction becomes kinetically controlled. Agitation (cyl

der rotation) increases the rate of chromium reduction Ry

decreasing the degree of cathode coverage by hydr

area®?*
In this sense, it seems that non-stationary currents cé

of great advantage, because the current interruptions angdg&sian workers use the term

current reversal can promote hydrogen liberation. Also,
use of current pulses interrupts the nucleation and resuy

e

oofh®cience. Potentiodynamic and impedance measurements
are used to further corroborate their mechanism of deposi-

fitan, based on formation of a cathode film (with solid and
e lmglid phases), consisting of oxide-hydroxide**Ccom-
geounds. A few other Russian groups headed by Professors

ti8hluger, Vargamyan, Levin, Kudryavtsev, Matulis, and
Falicheva, among others, contributed a significant amount of
research, but the problem of a final and definite answer is still
open. ltis clear at this point that for a successful approach and
significant further contributions, an situmethod is needed
to study the deposition mechanisms under both transient and
steady state conditions.

€ Pressure from environmentalists is stirring new research
Rr replacing Ct®solutions by the less toxic CrAt the same

time, it becomes obvious that mechanisms of deposition from

CHivalent and hexavalent solutions are thoroughly intertwined

and that, in both cases, chromium coordination chemistry is
heavily involved.

;ateDespite the flurry of research on chromium deposition

hanisms in the 1950s, 1960s and 1970s, the flow of
ers on chromium was reduced to a trickle. The reason is
ious—the complexity of the problem and the difficulties
N¥olved with highly colored, highly concentrated solutions

t

d8¢ chromium salts, the number of different valence states

ir]hvolved, and general lack of in-depth knowledge of chro-
um coordination chemistry.

: , _ CO9&WVhat further complicated the matter is that at the (onset) of
bubbles, consequently increasing the effective cathoglg

deposition process (the first 1-3 sec), one set of reactions
occurs—formation of the film, more or less compact and
NMfependent of the anions present and rather thin (5 g/m
“product of partial reduction of
tb‘f‘*G —> Cr?,” and this film forms in the first branch of the
'_tlﬂﬂomium polarization curve, at potentials up to about 700

crystal growth. Each pulse yields room for fresh renucleam%\/, as shown in Fig. 5. Once this film is formed (the C-film,

with the net effect of refining the structure and size of gra

iNshort for compact film), another cathodic film (layer) is

Grain consolidation appears to interfere with the accumuig

tion of internal stresses and to act as an inhibitor of c a@}é

formation, as noted in earlier studiés.
As reported in a recent papérat!an x-ray diffraction

UiBrmed on the surface of the C-film and closer to the bulk of
solution—the L-film (short for liquid film).

Significant Japanese contributions toward explanation of
these mechanisms unfortunately passed largely unnoticed as

study was done to identify the predominant species in aegyit of language barriers. Because of their apparent
industrial CrQ-H,O system. Structural analysis showed that,

Ndnportance, a review follows.

e

dichromate ions have maximum likelihood, but that linear

trichromate ions may also exist in significant concentratig
This study also concluded that formation of a complex sh
in Eg. (29) can be hardly assumed, because of steric
drance and that it is more realistic that one LD reacts
with polychromate.

A very recent papérby Russian researchers studied
existence of various chromium complexes in o,
plating solutions for different X = Cr@H_SO, ratios. They
concluded that although five different chromium comple
exist, the reduction to metal proceeds only from the follow
type of complexes:

[ HSO,]n [ Cr,0,]m™2 (31)

wheren=1, m=1and 25 < X < 150 - 200.

They concluded that those complexes are characterized
single hydrogen bond between two ions in the complex

Another recent paper on chromium mechanisms is
latest contribution of a group headed by Z.A. Solotdwam

ns.
D\
o -300 3-100:1 (55 °C) .
5 ! .'
5 1-100:1 (20 °C) |
h -4 1 ‘,—"' |
E 200 | F Y 2-50:1 (20 °C) .'I
% 7). S
. 2 | e Y Y |
ir § -100 7 By !
= = [ b |
I= 3 |I ! \\1: i
'l b
E 0 Iﬁ "-}‘: I"l_“. I:'\-.
5§ el
-400 600  -800 1000  -1200
Potential, mV
by a

the
Plg. 5—Linear Cyclic Polarization potential scans for chromium cathode
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Japanese School of Thought

On Chromium Deposition ~ Mechanisms

Yoshida, Suzuki, Doi and Ardistudied the behavior an
composition of a cathode film with the help of radioact
tracers in the form of¥3radioactive-labeled sulfuric acid an
over-the-counter, high-grade Cy@eated with radiation tg
obtain CP' as a tracer. A special, rather simple plating ¢
was constructed with a rapid rinsing station. In esseng
steel cathode was plated for a short time, so that the C-
or L-films were formed and could be analyzed. Because
L-film is liquid and soluble in either hot plating solution
hot alkali, by dissolution or simple brushing, its formati
and influence on the deposition of metallic chromium
studied. By initially forming the C- and L-films with radid
active-labeled Cr or }$O,, and plating in pure (unlabeleg
solution and vice versa, they came to these important co
sions:

1. The cathode film is composed of two layers w
different forming properties in terms of thickness 4
composition. The outer layer, referred to as the L-fi
and the inner layer, the C-film, differ in that the L-fil
contains sulfate ions and dissolves easily in the eleg
lyte and is about 10 times thicker than the C-film.

2. The C-film has a mass of about 5 m§/oontains very
few sulfate ions and does not dissolve easily in
electrolyte.

3. The cathode film itself is not reduced to metallic ch
mium, which is deposited from a separate chromi
complex compound that passes through the cath
films (C and L) from the bulk of the solution.

. In the electrolyte, the L-film vigorously repeats t
dissolving and forming cycles, while the C-film r
mains constant, once formed.

. The cathode film may be a chromium hydraquo

Kimura and Hayasffialso used sulfates labeled with radio-
dactive $° to overcome the difficulties of determining the
vamount of sulfate in the cathode film by standard analytical
dmethods (because of its relatively small content) and to study
sulfate content in the cathodic film formed during
glbtentiostatic polarization of 0.4, 1.5 and 2.5 M Cb@ths
epraFe, Au and Pt cathodes. They found that sulfate content is
atticéctly related to the potential in the region of -0.6 to -1.0 V,
thich inturnis controlling the state of the cathode surface (L-
ofilm formations) and accompanying electrochemical reac-
ptions. In the region of -0.2 to -0.8 V, where current is
véiscreasing (C-film), sulfate content was negligible for Pt, Au
-and Fe cathodes. In the region > -0.8 V, where current starts
)to decrease and L-film starts to form, sulfate concentration
néhereases sharply. In the potential regions between -1.0 and
-1.1V (beginning of Cr deposit region), sulfate concentration
in the film drops as a result of liberation of sulfates from the
itbomplexes. At potentials of > -1.1 V, sulfate concentration
nidcreases slightly again because of inclusion in the cracks and
nimperfections in metallic chromium deposits. They also
mfound that as sulfate concentration in a 0.4 M (o@th is
tmereased from 0.002 M (200:1) to 0.008 M (50:1), sulfate
content in the L-film tended to increase. Temperature in-
crease has a similar effect, while an increase in, Co@cen-
theation at constant ratio has the opposite effect. At every CrO
concentration, the maximum amount of sulfates in the L-film
ras predictably at 100:1 ratio of sulfuric acid. The authors also
umvestigated the influence of other anions in addition to
ddisSO,; HCl or KBr (0.01 M) added to 1.5 M C;@ 0.01 M
H,SO, solution considerably increased the sulfate content of
hthe L-film, while 0.01 M N&SiF, addition had the opposite
p-effect, demonstrating the substantial film dissolution effect
of Na,SiF,. The effects of HCI, KBr and N&iF, on the film
were also proportional to increases in their respective con-

complex, as shown in Fig. 6, or primarily an oxolatecentrations.

version of this compound. Assuming that the cath
film is formed from such chromium complexes, t
authors suggest that the L-film is a compound w
lower molecular weight, such as in structures (i) 3
(i), while the C-film is more like structure (iv), a larg
complex with a high degree of polymerization.

(i)

Fig. 6—Structures of chromium complexes in cathode film layer.
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Fig. 7—Formation rates of Ct complexes.

Nagayama and Izumitefistudied the coordination chemis-
try of chromium complexes as related to deposition mecha-
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nisms. They started with observations made by LevVithat
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during galvanostatic (I = 75 mA/&nchromium deposition]
from a sulfate-catalyzed bath, a chromic acid dimer of
type like thatin Eq. (11) is formed together with a polyme
unknown structure, as well as mononuclear [Q(] **, the

stable aquo complex. Rather than use the galvanost
method, where current is kept constant and potential chal
they chose to keep potential fixed at-0.75 V (vs. SCE), wi
only Cr®—> Cr?®and 2H —> H, reactions are in progreg
(for the Ct® —> Cr3reaction to happen, this potential is t
positive). During electrolysis (0-60 min), they took samp
at different time intervals and, with the use of anion

a complex, such as that in structure (iii), and that from this
tkemplex metallic chromium is deposited. According to Okada,

r oéduced solubility of the L-film causes the OH cross-linking

level to rise together with the increase in pH.

atic Yoshida, Tsukahara and Koyathased ESCA to further
n@gdaborate their previous research, in which they noted that
héhere are two layers, the L- and C-films, within the cathode

sfilm. They obtained depth profiling of these films and dem-

ponstrated the C-film is a highly polymerized complex, with

lagry few anions present, if any. The L-film appears to be

amdostly in the C# state, but the exact valence could not be

cation exchange chromatography, they separated mononuceaurately established, suggesting the possibility of two- and

(b) binuclear (a) polynuclear, Crcomplexes (c). Thei
formation rates are shown in Fig. 7 and reproduced from
paper. They found that the complex formation rate for mg
nuclear complexes increases linearly with time, while for
other two complexes, the rate increase is more gra
Because formation rates were straight lines (at least
beginning), they can be expressed as the correspo
slopes. Noting that the sum of the slopes for lines a, b 8
add up to the slope of line d (total*&complex formation
line), they concluded that each complex is forming at its
constant rate. For complexes a, b, and c, they found
growth rates to be: 0.90, 0.519, and 0.311 méfain,
respectively. After the completion of the electrolysis,
binuclear and polynuclear complexes were found to be
composing to monomers in the absence of the current.
By measuring the decomposition rates, of a, b an

complexes, they found that the overall decomposition rat

first order and can be expressed as:

S = r-ke (32)
After integration they obtained:
C =1 (1-eX) (33)
where

Cis overall decomposition rate of binuclear or polynucl
complexes,
r is formation rate (slopes of dashed lines from Figure
kis decomposition rate constantand tis time of electrol

They repeated the experiment at -1.10 \° {@rmation
region) and obtained similar results. The authors concly
in this rather important paper that the cathode layer, con
ing of the dense film of various Gicomplexes, is a neces
sary condition for deposition reactionCr. Cr* -, Cr?_,Cr°
to happen. The catalyst.¢, H,SO)) promotes formation an
dissolution of binuclear and polynuclear solublé*@om-

plexes, thus maintaining a film of constant thickness wh ere

deposition proceeds via intermediate?Qjinner orbital)
complex rather than through the extremely stable [{OfHi
(outer orbital) complex.

Nagayama and Izutami have also assumed that the G
Cr2step is reduction within the cathode film*Qeacts with
a polynuclear hydroxgquocomplex, and that portion of th
Cr2 obtained in this way reacts with*€and is oxidized to
Cr3 (Cr2+ Cr® - 2Cr?), with the remainder being reduce
to metallic chromium.

Okada* holds that SQions will penetrate an olated cor

four-valence states also.
heiThey suggested that €complexes are the main constitu-
nents of L-film and that metallic chromium does not deposit
tiiom this cathode film, but from the €state, which contrib-
Jueks to the formation of the cathode film, but also forms olated
t toenplexes, hydroxgquocomplexes and polymers of higher
dimgecular weight. These olated complexes will penetrate the
ncathode film from the bulk of the solution before being
reduced to metallic chromium.
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Nishiharaet al*studied Ct*complexes and the reaction€r
e - Cr? as related to pH and temperature, using the

)

aqueous solution of chrome alum: [(NBr(SO),-12HO].
As the temperature of the chrome alum solutionis raised from
room temperature to 8, the pH of the solution decreases

rproportionately with the temperature. The half-wave of the
Cr® + e - Cr? reaction moves toward more negative
potentials and the reaction changes from reversible to irre-
versible with the color of the solution changing from violet to

L green. From these results, it is postulated that the degree of

[hydrolysis of Ci° complexes is temperature dependent. The

| structures of CEaquocomplexes are estimated (at >°4),

e

pound, such as that shown in Fig. 6 as structure (iv) to f

100

oS [Cr(HO),]™ and [Cr(HO),OHJ*?; at 40 to 70°C as
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[Cr(H,0),OH]*?, [Cr(H,0),(OH),]* and olated polymers, 3
represented in Eq. (11); and at > 8D, mostly as olated
polymers, such as in Eq. (11).

Summary

[

The whole complex problem is centered on the exact mecha-

nism that can, for reasons of clarity, be described in Fi
noting again that this is a simplification of one complic
mechanism that happens in different steps and that elg
chemically and kinetically, is still poorly understood. Exp
nation of CrQ electrodeposition mechanisms will undou
edly benefit closely related fields, such as electrodepos
from trivalent decorative and hard chromium plating ba
as well as chromium conversion coatings.

Editor's note: Manuscript received, July 1996; revisid

received, January 1997.
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