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The capability of cyclic voltammetry for the character-
ization of bright and semi-bright nickel electrolytes is
reported. Evaluation was made of the effect of various
organic additives on the features of the resulting cyclid
voltammograms. A method for quantifying of these addi-
tives is outlined. In addition, cyclic voltammograms are
evaluated in terms of the corrosion performance of the
nickel deposits. These data were compared with STE
test data.

Electroplating with nickel plays a major role in finishi

is used. Although useful for quantification, this technique
gives information about the electrochemical activity of the
organic electrolyte additives.

An analytical procedure based on the electrochemical
activity of organic additives was developed, using cyclic
voltammetry? This methodology, also called CVS for brev-
ity, has become widely used in the last decade for determin-

Ping organic additives in acid copper electrolytds. this

procedure, the amount of electrical charge consumed or
generated in the deposition and dissolution of the copper
dayer is evaluated to determine the active substances in the

parts for the automobile and bicycle industries. Surfaetectrolyte. It has not previously been possible to transfer this
finishing of plumbing fixtures is another important industrislegant research method to control of nickel electrohfies.
application of nickel electroplating. Here, too, both plastife following, therefore, we first present the initial results of
and metallic base materials are used. These industries red@V& studies developed to characterize and quantify organic
not only a particularly decorative finish, but also that fredditives in nickel electrolytes.

formed deposits be resistant to corrosion. To attain these

quality features, manufactures use electrolyte combina
consisting of high-quality, sulfur-free, semi-bright elect
lytes and leveling bright nickel electrolytes.

Production of nickel layers with consistently super
quality characteristics requires simple but precise pro
control and analytical methods. Aside from the inorgd
components of the electrolytes (nickel sulfate, nickel cf
rides, boric acid), the organic additives in the electrolyteg
of critical importance for the properties of the nickel depo
produced. As is well known, these additives are added t
electrolytes at low concentrations. Their wet chemical de
mination, though, is difficult. Both polarographic and tit
metric methods, such as iodimetry, for example, have pr
good for determination of pyridine derivatives, saccharin
unsaturated organic compounds. Recently, chromatogrg
methods have been employed to determine the conce
tions of the active ingredients. In this connection, H
Performance Liquid Chromatography (HPLC) a techni
derived from methods of analysis of the liquid volume ph
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Procedure

ofhe conventional measurement vessel holds 50 mL of elec-
trolyte and is equipped with a thermostatic section. This set-
atp allows continuous temperature adjustment to working
@anditions of 55°C. The working electrode in the three-
nidectrode system was a rotating platinum disk, 3 mm in

nldiameter. The counter-electrode was a platinum rod (dia.: 1

anm). A silver/silver chloride electrode was used as the

siteference.
b thé\ potentiostat was used as the voltammetric device and a

topltammetric scanner was used as the potential source. The

riupper and lower potential scan limits of +1.3 V and -1.1 V
weere determined in preliminary experiments. The scan rate

,vfas 100 mV/sec. The voltammograms were recorded with

\dhie disk electrode rotating at 2000 rpm. Variation of the speed

n@farotation between 1000 and 3000 rpm has only a slight
geffect on the peak areas and, consequently, on the charge

ulantity, Q, involved in the stripping process. A Spectra

aBdysics SP 4200 integrator was used to determine Q. The

currant density ma
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Fig. 1—Set-up for recording cyclic voltammograms.
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Fig. 2—Measurement principle for recording cyclic voltammograms.
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Fig. 3—Cyclic voltammogram for a Watts nickel electrolyte.
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temperatures.

detector amplification was 20 mA/V, corresponding to
amplification at the recorder of 0.4 mA/V. Figure 1 shows
measuring system.

Figure 2 shows an overview of the measuring principle

Current density.

@ Without semi-brightening additive

@ 0.1g/L
®0.2g/L

®05gL
®1.0 gL

Fig. 6—Alteration of the cyclic voltammogram by a semi-bright additive.

Cyclic voltammogram in the potential range for
electrochemical deposiion  &dissolution of nickel
Figures 3 and 4 show typical recordings of cyclic
voltammograms obtained by using various process electro-
lyte compositions. The figures refer to three processes: Nickel
deposition occurs below -0.5 volt, while two distinctly differ-
ent potential ranges were identified for potential-controlled
nickel dissolution (stripping). Itis interesting to note that the
Yinodic charge below the stripping peaks is influenced both by
the temperature of the process electrolyte and by its compo-
sition® These findings are described in the following sec-
dipns. As seen in Figs. 3 and 4, the following anodic and
tis@thodic processes are of interest: Deposition range from-1.1
to -0.5 V; stripping range 2, from -0.4 to +0.2 V; stripping
fgnge 1, from +0.5 to +1.1 V. The recording in Fig. 3 was

recording cyclic voltammograms. It involves variation of {n@btained using a nickel electrolyte free of additives.

electrode potential with a specified constant scan rate w
a specified potential window, in this case, between -1.1

thin
JRiiect  of temperature
o&igure 4 shows a typical voltammogram recorded, using a

+1.3 volts. As Fig. 2 shows, the potential scan is a sawtpt

wave (lower part of the figure). The resulting current-volta

curve for nickel electrolyte is shown in the upper part of
figure.

Process Electrolyte
Tables 1 and 2 list the composition of a Watts nickel eleg
lyte, with typical concentration ranges for the inorganic

atts nickel electrolyte (Composition: 71 g/L*Kli14.3 g/L

it 38.4 g/L HBO,), at different temperatures. The electro-
Iyte was purified with activated charcoal. The diagram shows
that the charge quantities under the stripping peaks increase
with increase of the temperature of the process electrolyte.

tfgor explanation, it is assumed that the nickel deposition is an

Lifkothermic process with a correspondingly high activation

tigergy. The electrolyte temperature, therefore, becomes a

organic components. Only the leveler additive and wetti§§

agent are used in semi-bright electrolytes.
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deposition Peak 2 Peak 1

® Without saccharin, Na-salt
® 10 Mg/L saccharin @® 25 Mmg/L saccharin
® 20 Mg/L saccharin ® 30 Mg/L saccharin

critical experimental parameter. It was held constant at 55
+0.5°C by means of a suitable thermostat system. This also
corresponds to the electrolyte temperature used in practice.
Effect of inorganic  constituents

of the electrolyte

The effect of the inorganic constituents on the magnitude of
the stripping peaks is summarized as follows: Changing the
concentration of nickel ions in the range from 80 to 100 g/L
causes a negligible change in the magnitude of Peak 2. Below
50 g/L Ni?, however, a decrease is observed. Similarly, no
change in the magnitude of Stripping Peak 2 was observed for
boric acid concentration in the range from 30 to 50 g/L. The
result was different for variation of the chloride content.
Increasing the chloride concentration from, for example, 9 to
15 g/L causes the area nearly to double. All further studies
were done, therefore, with constant chloride concentration
(12 g/L). In a chloride-free electrolyte, electrochemically
deposited nickel is not dissolved in the range of Stripping

Fig. 5—Alteration of the cyclic voltammogram by saccharin.
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7—Alteration of the cyclic voltammogram by propynol.
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Fig. 8—Alteration of the cyclic voltammogram by pyridinium
propylsulfobetaine (PPS).

Effect of organic addives
It can be seen from Figs. 5 to 9 that anodic nickel dissolu

lytes. The anodic dissolution of copper films deposited under
these conditions occurs only in the potential range of 0 to -300
mV. The conjecture that one of the two stripping peaks is the
result of a contaminant in the electrolyte, introduced by the
inorganic electrolyte components used, proves untenable. It
could be shown that neither purification of the electrolyte
with activated charcoal, nor use of high-purity nickel salts or
boric acid (99.999%) made any change in the anodic current/
potential window.

We consider it highly probable that the anodic processes
observed by varying the electrolyte composition result from
formation of different nickel crystal structures during depo-
sition. This situation corresponds to electroless nickel films.
The nickel phase dissolved in potential range 2 represents
finely crystalline material, while that dissolved in potential
range 1 is coarsely crystalline columnar material. Both the
coarsely crystalline and the finely crystalline phase of the
material can be made dominant by adding suitable organic
electrolyte additives. Figure 10 shows microsections of the
material structures obtained from electrochemically gener-
ated duplex nickel layers.

A summary of the results derived from the CVS studies of
the organic additives used in this study, and their effects on
the film-forming process, can be classified as follows:

» Substances such as saccharin, aromatic sulfonic acid
derivatives, and the brightening agents shift the stripping
potential (Peak 1) to the vicinity of zero potential (Peak
2). As a consequence, Peak 1 vanishes completely (see
Table 2).

 Substances such as typical levelers like hydroxyalkynes
and pyridinium compounds only slightly affect the strip-

N ping potential. As their concentration increases, how-
© ever, they reduce the anodic charge transfer.

* Substances such as typical brightener additives that both
shift the stripping potential and reduce the anodic charge
below the stripping peak.

tion

occurs in the potential range of -0.4 to 1.2 V. Depending on* Substances such as wetting agents having practically no

the electrolyte composition, dissolution occurs either g
secutively in the potential ranges 2 andflKigs. 3-6 and 9
or dominantly in one of the potential ranges (compare H
5, 6, and 9 with Figs. 5, 7, and 8). The observation that ni
dissolution occurs within two separate potential regi

contradicts observations collected using acid copper ele g

3 '
=
c
o
©
-
g mog ' :
3 ; Potential mV
_deposition ; Peak2 & i | Peak1 |
@ Without saccharin ® 80mg/Lsaccharin
® 150mg/L saccharin
® 300mg/L saccharin

Fig. 9—Alteration of the cyclic voltammogram curve by saccharin in s¢

on- effect on the voltammogram.

i§aVSAnalysis  of Brightening ~ Agents and Levelers
c othods for Brightening  Agents

Hde effect of saccharin, a brightening agent often used in
cfpEight nickel electrolytes, can be seen from the cyclic
voltammogram of Fig. 5. In that study, up to 30 g/L of
saccharin were added to the electrolyte. The individual curves
show clearly that the charge quantity under the Stripping
Peak 1 decreases with increasing saccharin concentration,
while Peak 2 grows continuously. The maximum or mini-
mum value is reached at about 30 mg/L.

Bright
nickel

Semi-
bright
nickel

Substrate

bright nickel electrolyte.
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‘”lyl'g. 10—cCross section of crystallographic structure of a duplex nickel
layer.
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Fig. 11—System for determining brightener content by dilution titrati
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Fig. 12—Evaluation of the dilution titration for determining brighten
content.

The methodology for determining the brightening ag

concentration by CVS technique was derived on the basis,pf

the observations presented in Fig. 5. The method use

principle of dilution titration in such a manner that specif egc

volumes of a production electrolyte are added to the additi
free nickel electrolyte. The measured quantity is the resu
depression of the charge, @und for the anodic nicke
dissolution in potential range 1. Figure 11 shows the app
tus developed for this measurement. The plot ofQQV, in

Fig. 12, shows a titration type of curve for an electrol
having the standard composition. V is the volume of worki

Q./Q[%] Process
1004 electrolyte
80-
60- Electrolytic

standard

40+
20+ : :
0 . . ;Yx . ) ;Vs'
0 3 6 9 12 15

Electrolyte added to the basic electrolyte, mL

electrolyte added to the base electrolyte in the course of the
measurement. (s the anodic charge transfer corresponding
to nickel dissolution in potential range 1. Figure 13 shows the
different curves for the plot of {@ vs. V, using a standard
and a production electrolyte with € ¢ (c,and ¢ are the
brightening agent concentrations in mL/L, in the standard
and in the production electrolyte being analyzed). The de-
crease in charge in potential region 1 is described by the
quantity Q/Q, whichis normalized to 100 percent. The figure
shows a shift in electrolyte volume V that must be titrated to
reach the inflection point. In the case shown hege,¥,. V

was determined using the standard electrolyte, apdyV
using the process electrolyte. Studies with nickel electrolytes
mixed with different concentrations of brightening agents led
to the following result: The content of brightening agept, ¢

in any production electrolyte, can be determined from the
ratio V/V,, by multiplying it by ¢ the brightening agent
content under standard conditions:

CX = CSVS/VX

Through studies on electrolyte systems of known concentra-
tion, it could be shown that this linear relation gives devia-
tions of recovery < 10 percent in the concentration range of
1 to 30 g/L of brightening agent.

Figure 14 shows the concentration profile of the brighten-
ing agent, saccharin, as a function of the production life of a
nickel bath. The production life is equivalent to the amount
of charge, per volume of electrolyte, summed over the indi-
vidual production cycles. The process quantity of amp-hr per
liter of electrolyte (A-hr/L) is common in electroplating
epractice. The figure illustrates the concentration curve deter-
mined by HPLC and CVS in the range up to 300 A-hr/L. The
deviations from the concentration curve shown are consid-
EBted to be associated with the fundamentals of the applied
asuring method. It is probable that the use of the CVS
StEhnique corresponds to the sum of all electrochemically
tive additives, including the degradation products, that
I'¥cumulate in the electrolyte during electroplating. The HPLC
tiRGhnique shows only information about individual compo-
arggnts of the electrolytic volume phase.

Method for Levelers

¥i8igh-capacity electrolytes contain levelers, such as
I/ droxyalkynols and/or pyridine derivatives. These sub-
stances have only slight effect on the stripping potential, but
as their concentrations increase, they reduce the charge

30
< 20
[=2}
£
g cvs
(=
[+
QO 10 e
——
HPLC
0 T T T
0 100 200 300

Age of the electrolyte, A-hr/L
eFig. 14—Plot of brightener content as a function of bath age. Values were

Fig. 13—Evaluation of the dilution titration for determining brighten
content in process electrolytes.
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determined by CVS technique or HPLC.
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Vs=0.85mL/L Brightener mL/L

10+

Corrodkote-solution:

Fig. 15—Calibration curve for determination of brightener content in the 5g/L Cu(NOs), - 3H,0
presence of carriers. 5¢g/L FeCl;+6H,0
. L . 100g/L NH.CI
transfer required for anodic dissolution. That can be seg¢n in

Fig. 7, using propynol addition in the presence of brightening
agents as an example. Figure 8 shows another example.|Here
again, increasing concentrations of leveler, in this gase
pyridinium-N-propylsulfobetaine (PPS), reduces the charg
under Peak 2. As is shown in the following, this effect can b
used to estimate the leveler content in the electrolyte.

Recorder

Estimation  of the leveler  content [ 1] stirring
If electrolytes having a fixed brightening agent content|are | mVipH equipment
continuously enriched with a commercial brightener addi-
tive, the charge quantity represented by Peak 2 decreases. m cathode: semibright nickel
This effect is produced primarily by the levelers always or calomel electrode
present in the usual commercial brightening additives. |Exg 1,
periments show that beyond a certain minimum concentra-
tion, even slight decreases of the charges can be recargggh a more passive potential is deposited under the decora-
The right side of Fig. 15 shows the curve for Peak 2 Wifiye bright nickel layer. The two nickel layers are also clearly
continuous increase of the brightening additive. If the corigistinguished from each other by different crystal structures
sponding charge vs. the brightening additive is plotted, tigee Figure 10). Semi-bright nickel layers usually have a
straight lines with different slopes are obtained. Projection@lumnar structure, while bright nickel practically always
the intersection onto the concentration axis* givethéreby| grows with a laminar structure. It is well known that the
describing the standard situation. potentials of these nickel layers, deposited from different
Figure 16 shows measurement of a production electrolgiectrolyte systems, also differ. The potential difference is
with unknown leveler content. Projection of the point|qfarticularly high if incorporation of foreign components,
intersection onto the concentration axis gives a distinctyich as sulfur, is avoided in the semi-bright electrolytes. It is
smaller value for \. Then the deviation from the desiredknown from studies using the STEP test that this potential
value, V.., can be estimated from difference is on the order of more than 100 mV. As arule, the
_ values are more positive for semi-bright nickel layers in
Vieea ™ VsV, contact with standard electrolytes than for bright layers. This

Amplifier (10° Q) anode : bright nickel

Experimental set-up for measuring corrosion potential.

Experience shows that the actual concentration determ|ned,
V,, is always below Y The applicability of this metho
assumes, though, that the brightening agent concentrgtions — i
are similar in the unknown sample and in the standard 'f-:j]mm1
electrolyte. The brightening agent content, therefore, ig de- Em;l 'I
termined first and corrected to the desired value if necessary. mj:,i'::

Investigations of the comosion behavior of
nickel fims deposited from semibright  nickel [Constant
| current

sion protection. In this process, a semi-bright nickel Igyer

* Similar relations also occur with surfactants, among other things. [This
method is used with surfactants to determine the critical micelle conc ngffag- 18—Experimental set-up for performing the STEP test
tion (CMC). ' '
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Eloctralyte: NICI, - 6 H,0| 300giL measured in a Corrodkote solution. These examinations were
MaCl 50giL performed on nickel foils or on test rods coated with a 20 to
T H.BO, 2gil 30 mm thick nickel layer. Figure 17 shows the measuring set-
a up. A calomel electrode, or a bright nickel foil, or a test rod
- 4——— semibright nicke| ——# coated in a bright nickel electrolyte, can be used as the
1033 mV counter-electrode. The potential difference measured is cor-

respondingly different. A potential of -25 to -40 mV is
determined with respect to the saturated calomel reference

Potential vs. Ag [ AgCl, mV

£ electrode by using a properly working semi-bright nickel
2 i electrolyte. Potential differences of 60 to 90 mV are mea-
E i 7 sured vs. a bright nickel layer.
| [* ricker ™
1 STEPTest
—— T The STEP (Simultaneous Thickness and Electrochemical
3] 5 10 16 20 26

Potential) test is based on the anodic stripping of nickel layers

Thinning of the nioks! kyws pin deposited on a finished part with 25 mA. Figure 18 shows a

Fig. 19—Potential curve during stripping of a duplex nickel layer. suitable test sample. In this method, the nickel layer is

Ty TN T

stripped galvanostatically and the potential required for strip-
ping is determined. The electrolyte is a conductive salt
solution, usually a standardized nickel electrolyte, such as
shown in Fig. 19.

If the potential is plotted against the thickness of the
stripped layer, a curve such as shown in Fig. 19 results. The
chromium layer is stripped first, then the bright nickel layer,
and finally the semi-bright nickel deposit. The potential step
between bright and semi-bright nickel is measured. In the
ideal case, it should be about 140 mV. The dependence of the
potential step on the layer thickness and the ratio of the

0 & 10 15 20 25 30 35 40 45 G5O thicknesses of the semi-bright and bright nickel layers is
Thickness of the nickel layer, pm known. The example in Fig. 20 shows the situation for a layer
Fig. 20—Relation between corrosion protection and potential di]‘fers&nI:Q'CkneSS ratio of 1:1. _ThIS tes_t allows evaluation O_f the
for a duplex nickel layer. process electrolytes, with the disadvantage that any irregu-
gfa,cities in the electroplating process are recognized only after
R?dts are plated.

175

25 %

Potential difference, my
-...
T

s & &

observation agrees with studies of the corrosion potenti
Here, too, more positive potential values are recorded Us

semi-bright nickel electrolytes. Cycic  Volammetry

: - Figure 6 shows the cyclic voltammogram, using a semi-
m Methodology  for - Corrosion bright nickel electrolyte. The anodic stripping of the depos-
CASSand Corrodkote  test ited nickel film occurs in the potential range from 0.5to0 1.1
rﬁf—' It agrees with the observation made using an additive-free

The process reliability and the process stability of sgmi: : - o
; ; ; ; 1 nickel electrolyte (see Fig. 3). When a semi-bright additive is
bright nickel electrolytes were inspected on appropriate nic ?ed, the peak maximum shifts only slightly toward less

layers. Either short corrosion tests, such as the well-kn Wi ve values, demonstrating that this effect is not signifi

CASS or Corrodkote tests, were performed on finished paﬁgss'
or the corrosion potential of the plated nickel layer w&&1t€nough tobe used for process control. On the other hand,
a pronounced effect is observed for the intensity of the

(@]

e O stripping peak. It decreases as the addition increases. This
ar observation indicates that the CVS technique can be applied
g 0.04 L . . e
> for characterizing semi-bright nickel electrolytes similar to
é 3 A/ldm? acid copper electrolytes.
2 0.01+ For one thing, the semi-brightener additive can be deter-
2 mined, like a leveler in bright nickel electrolytes. Also, the
5 position of Stripping Peak 1 makes it possible to estimate the
= corrosion potential of the nickel layer and the potential
£ 00017 difference in the STEP test. To test this prediction, we
§ deliberately contaminated a semi-bright electrolyte with sac-
2 charin, so that sulfur was incorporated in the nickel deposit.
& 0.0001 : . . . Figure 21 shows the proportion incorporated. As a conse-
T 02 2 20 200 2000 guence, the potential difference observed in the STEP test

saccharin content, mgiL decreases, resulting in insufficient corrosion protection (see
Figs. 20, 22). As the nickel deposit becomes less passive, the
Fig. 21—Increase of sulfur contamination for a nickel layer with increagingorrosion protection also diminishes. Corrosion protection
saccharin content in the electrolyte. for semi-bright nickel deposits falls below an acceptable
limit if the sulfur content exceeds 0.002 percent.

* Also called the resting potential.
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Table 1
Composition of a Watts Nickel Electrolyte
Nickel ions 55-85 g/L
Boric acid 35-45 g/L
Chloride ions 10-20 or 35-50 g/L
Temperature 50-60C
pH 4-5
Brightener* 3-20 g/L
Mixture brightener and leveler* 0.5-2 g/L
Wetting agent* 1-4 g/L
* Commercial product
Table 2
Carrier Leveler

Chemical classification:
Hydroxyalkynes, pyridinium compounds

Chemical classification:
Sulfonic acids or sulfonamides,
both with aromatic rings

Brightener Additive
Chemical classification:
Alkylsulfonic acids

Wetting Agent
Chemical classification:
Alkyl sulfates

The relation found experimentally between the positio
Stripping Peak 1 and the potential difference in the STEP
is shown in Fig. 23. Accordingly, it appears possible to ch
the semi-bright electrolyte using the CVS technique, in
sense of quality monitoring during production.

Findings on CVSDetermination  of Corrosion
Performance

The decrease in the corrosion protection of a semi-bright

deposit as the sulfur content increases can also be showr
cyclic voltammograms. Incorporation of sulfur results
reduction of the charge required for anodic stripping and
shift of the peak maximum of Peak 1. It disappears ¢
pletely with very high sulfur content. At the same time,

intensity of the peak in potential range 2 increases. H
observations can be used for evaluation of the semi-b

electrolyte. The shift of Peak 1 is also reflected in the resup

obtained using the STEP test. It is known that the pote
difference that occurs between semi-bright and bright ni
layers decreases with increasing sulfur content. If nig
dissolution occurs even in potential range 2, the electroly
contaminated with sulfur-containing compounds, and
nickel layer generated will be susceptible to corrosion.

In practice, evaluation of the corrosion behavior by cy
voltammetry can be performed simply and early enough
the production process can be adjusted before partg
produced with inadequate quality.

Conclusions

Both determination of the brightener content in bright nic
electrolytes and determination of the leveler constituent
bright and semi-bright electrolytes, and evaluation of
corrosion behavior to be expected make the methodo
described here, based on cyclic voltammetry, an impo
instrument for quality assurance.

Editor's note: Manuscript received, August 1996; revision
ceived, January 1997.
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STEP-test
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50+ Corrosion
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25
0.2 2 6 10 20 100 200

saccharin content, mg/L

Fig. 22—Decrease of potential difference in the duplex nickel system with
increasing sulfur contamination.

|Potential Peak 1,
mV
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test
eck
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N VFith 23—Effect of sulfur contamination on the absolute potential position

irpf Stripping Peak 1 and the potential difference obtained in the STEP test.

inSﬁJIfur content of the deposit was varied by increasing the saccharin
content of the electrolyte.
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