Developments in Platinum Electroplating:
P & Q Salt Solution Optimization
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Processing conditionsfor the‘P’ and *Q’ salt baths(con-
taining platinum asdiamminodinitrate) have been stud-
ied using electr ochemical methodswith aview toimprov-
ing cathodic efficiency while maintaining adeguate cur-
rent density. The mechanism of electrodeposition isdis-
cussed in terms of the competing behavior, and simple
calculationsbased on potential shiftshave supported this
appr oach.

The platinum group metals have extremely noble character-
isticsand consequently posespecial problemsfor el ectrodepo-
sition process development, notably the difficulty of estab-
lishing agood solubleform of themetal. A further preference
isto avoid the use of organic solventsor fused salts, although
the latter are advantageous sometimes (e.g., production of
platinized titanium). Any metal complex needs to be rela
tively cheap, appropriately stable, environmentally accept-
able and easy to make and maintain. Four fit into these
categories:

e ammines

e nitrito

* hydroxy

« acid chloride

Each has well-recorded formulations from the 1940-1970
period.* For example, chloroplatinic acid has been shown to
give softer, more ductile depositsthat can be used to produce
platinized platinum surfaces.? Platinum may be used in both
the Il and IV valence states for commercially viable proc-
€SSES:

« Pt(11) phosphate-based ‘P’ salts
* Pt(1V) hexahydroxyplatinate or tetrachloride solutions
including ‘Q’ salts

A recent continuing study by Pletcher, et al.*® has ad-
dressed several options, especially thosebased on‘ Q' salt or
Pt(NH,),? in a phosphate buffer that can be considered a
newer version of the older ‘P’ salt or diamminodinitrate,
Pt(NH,),(NO,),.

Thisinvestigation has considered the most common com-
mercial solutions based on P and Q salts as well as the
common solution composition
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Table 1
Dinitrodiammine Platinum ‘P’
Salt Solution Composition

DinitrodiamminePlatinum

Pt 10 g/L Pt(NH,),(NO,), 16.5g/L
Ammonium Nitrate NH,NO, 100 g/L
Sodium Nitrite NaNO, 10 g/L
Ammonia (28% solution) NH,OH 50 mL/L

Anodes Platinum

Table 2

Sodium Hexahydroxyplatinate ‘Q’
Salt Solution Composition

Sodium Hexahydroxyplatinate

Sodium Platinate 20 g/L
Sodium Hydroxide 5.6 g/L
Sodium Oxalate 5.6 g/L
Sodium Sulfate 33.7¢g/L

adjustments that can be made with phosphate and pH to
maximize cathodic efficiency in the context of overlay coat-
ing for aero-engine parts such as turbine blades. Preliminary
work has been reported elsewhere® *° and has dealt with the
use of phosphatesinthe ‘P’ salt formulations and the use of
pulsed current. In these studies, the avoidance of high-
temperature processes has been a consideration, it having
been recognized that commercial formulations have recom-
mended the use of temperatures greater than 90 °C and pH
greater than 10.1

In the ideal solution, it is normal for platinum metal ion
additions to be the only maintenance required. For such
solutions, using ‘P’ salt, ‘ Q' salt etc., the compositions used
in this study are shown in Tables 1 and 2.

Factors Affecting Process Performance

According to the usual method of formulation of platinum
solutions, plating efficiency of the ‘P salt solution tends to
decrease with time and use. For an initial make-up, the
efficiency should approach 15 percent (i.e., one gram depos-
ited in 15 min); however, thiswill drop, depending on bath
workload and overall age. The reason for the decline in
efficiency wasinitially thought to be caused by oxidation of
the platinum, i.e.:

Pt2-. Pt + 2e

Recent NMR (nuclear magnetic resonance) studies have
shown, however, that the formation of an electrochemically
stable speciesmay hold the key to asteady declinein plating
efficiency, as shown below.
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Fig. 2—Cathodic polarization for ‘P’ and ‘Q’ salt solutions: effect of
current density.

Duringthedissolutionof ‘ P’ saltinagueousammonia, two
distinct products are formed. In a newly prepared bath, the
following equilibrium is formed:

A(——)B

Asthebathisworked, theequilibrium slowly driftstoward
species B. This shift is speeded by high-current-density
plating through preferential depletion of complex A. To
reduce this drift, there are two important factorsto consider.
First, a high excess of ammonia will tend to drive the
equilibriumfromleft toright; accordingly, thebath should be
operated at thelow end of thepH range. Second, therepl enisher
stocks should be kept to a minimum to prevent ‘long term
storage’ decomposition.

Itiswell established that deposition rates of the platinum
solution ‘Q’ salt can be increased by consideration of a
number of factors. At a platinum concentration of 5g/L, 0.6
Al/dm? was optimal. At 20 g/L Pt, a current density greater
than 1 A/dm? can be maintained with current efficiency
greater than 50 percent. At 30 g/L P, still higher current
densities are feasible. The bath will operate at a cathode
current density between 0.1 and 0.5 A/dm?. The optimum
current density, however, is0.25 A/dm?, depending upon the
metal to be plated.

Agitation of the solution is required to achieve even
distribution of the platinum within the bath. The current
efficiency obtained depends on the temperature and current
density. Results between 30 and 90 percent have been ob-
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Fig. 4--Cathodic polarization for four different solutions: effects of poten-
tial on efficiency.

tained. Optimum results of around 70 percent were obtained
at 90 °C and 0.25 A/dnv, depending upon factors such as
electrode geometry and the substrate, asdelineated in Tables
3-6.

Optimization has been reported, based on multivariable
experiments, and analysis by statistical diagrams.* In this
study, polarization characteristics were explored and dis-
cussed in the context of the known process performance
parameters.

Experimental Procedure

Normally, addition of platinum metal ionsisthe only main-
tenance required, using ‘P or ‘Q’ salts. Platinum solution
compositions are given in Tables 1 and 2. The following
processing sequence was employed in the experiments:

. Ultrasonic vapor degreasing for 30 sec.
. Cathodic cleaning: 1 min at 600 °C and 40 mA/cn?.
. Demineralized water rinse.
. 50 v/v hydrochloric acid pickle for 5 min at 500 °C.
Demineralized water rinse.
. Pt 209 for 8 min at 20 mA/cm?, 90 °C and pH 8.0to0 9.0.
. Demineralized water rinse.
. Pt‘Q’ salt deposition for 110 min at 7.5 mA/cn?, 80 °C
and pH 12.0, yielding 10 um thickness.
9. Demineralized water rinse, used later to replenish-top
Step 8.
10. Demineralized water spray rinse.
11. Dry.
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Polarization
wascarriedoutina
2-L culture vessel
with a separate lid

Table 3
Cathode Current Efficiency & pH:
Solution with 5 g/L Pt at 91 °C.

pH CCE% that had five open-
99 58 ings, thereby facili-
10.0 59 tating the insertion
10.1 60 andremoval of vari-
10.2 63.7 ous reference and
10.3 64 counter electrodes,
104 63 thermometer and
10.5 60 gashbubbler. Thelid
106 59 of the beaker was
10.7 59 sealed in position
10.8 58.8 with a gasket and
109 57 clip. .
Anodicand ca-
Table 4 thodic polarization

Current Density & Temperature
Relationship at pH 10.5

tests were carried
out in various plati-
num solutions as

CCE% Temp °C follows:

2 75

5 80 (@) Fresh ‘P salt
6 83 with  phosphate
8 86 buffers.

10 88 (b) Phosphate base
60 90 solution (i.e., plat-
60 91 ing bath composi-
60 93 tion but without
60 97 platinum).

(c) Different ratios
of platinum solutions.
(d) Plating solutions directly from plating Bath A (based on
‘P sat).
(e) ‘Q salt® (Bath D).
(f) Fresh ‘P’ salt with sodium buffers.

The platinum solutions were made up from individual
chemicalsand brighteners. Table 7 shows the standard solu-
tion make-up for platinum plating with phosphate buffers,
with A being a large tank experiment, and B, C and D
consecutive small tank experiments.

Polarization Results

Cathodic polarization curves for the electrodeposition of
platinum are shown in Figs. 1-10. These show polarization
curvesfor thephosphate base sol utionwithout addition of ‘ P’
salt. Maximum and minimum currents (mA/ccm?) were
achievedwithin-1.1and-0.7V. They asoillustratepolariza-
tion curves for Bath A with the same pH value used in a
phosphate base solution. Current inflection was more pro-
nounced in the region of 15 mA/‘cm?to 5 mA/cm?, and this
was accounted for by the hydrogen evolution reaction. This
effect was recorded within a range of -0.65 to -0.7 V. The
cathodic polarization curvesfor phosphate base sol ution and
Bath A show that current drops were observed at -0.6 V,
resulting from the effect of hydrogen evolution for both
solutions.

Figure 1 also shows polarization curves for Bath A with
addition of sodium hydroxide. The data for the platinum
solution without addition of NaOH. reveal hydrogen evolu-
tionat-0.65V, including aplatinum solutionwith an addition
of 130 mL NaOH for a 2-L solution and the consequent
hydrogen evolution effect. The polarization curve for this
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casewas shifted toward amorenegativevalue. Finally, inthe
platinum solution with a high addition of 20 g NaOH for a 2-
L solution, hydrogen evolutionwasnoted at-0.7 V, for which
the polarization curve was also shifted toward a more nega-
tive value.

Figure 2 represents Bath D; polarization curves for this
bath may be compared with those for Bath A, freshly made
solution (Pt ‘P’ salt) and phosphate only. Although the pH
and temperature values are different, allowance can be made
by subtraction of 2x 0.059 mV for pH valuesfor comparison
between Baths A and D. Nevertheless, the hydrogen evolu-
tion occurred at -1.0 V and the degree of current inflection
was low from 18-12 mA/°cm? when compared with Bath A.

Laboratory and experimental tests resulting from Bath D
have shown that the rates of plating, current efficiency and
plating time have shown greater improvement. Theseresults
indicate that when the polarization shifted toward more
negative values, operating difficulties were encountered in
the use of all baths. Three electrolytes with different phos-
phate ratios, but having constant platinum content of 3 g/L,
were prepared. The bath composition and operating condi-
tions are given in Tables 1 and 7, and the effect of various
potential supon theseelectrolytesisshowninFigs. 1-10. The
phosphateratiosof 7:1,4:1and 1:1 were prepared withahigh
degree of accuracy; cathode efficiency measurements were
made and are listed in Tables 4 and 6.

Cathodic polarization measurements were made, with the
results shown in Figs. 1-10. From these results, it can be
concluded that the electrolyte with the high ratio (i.e, 7:1)
had the highest cathode efficiency, with no hydrogen evolu-
tion until the maximum current density was achieved. This
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Table 5

Current Density & Time Required to Deposit | um Pt per dm?

C.D. Timein min/dm Timein min/dm
Al/dm? with CCE 75 % with CCE 60%
0.9 5.7 6.8

0.8 6.4 7.3

0.7 7.3 8.5

0.6 8.5 10

0.5 10.2 12

C.D. Timein min/dm Timein min/dm
Al/dm?2 CCE 70% with CCE 60%
0.5 10 13

0.4 13 15

0.3 17 20

0.2 25 30

0.1 51 59

correspondsto cathodic polarization having amore negative
value and is probably a result of the amount of disodium
orthophosphate in solution.

Further testswere carried out with and without phosphates
in platinum solutions; results are shownin Fig. 1. It appears
from this figure that higher temperatures could raise the
current density and lower hydrogen evolution or vice versa.
These tests were also carried out using fresh platinum solu-
tions, as shown in Figs. 8 and 9.

Effectson cathodic polarization of highandlow pH aswell
astemperaturewereinvestigated and areshownin Figs. 8-10.
This study represents the cathodic polarization for platinum
bathswith high pH and platinum content, compared with low
pH and low platinum content.

Discussion

The cathodic polarization curves plotted for platinum are, in
general, of a typical cathodic shape, culminating in the
approach to a limiting current, indicating mass-transport-
limiting deposition. Dahms and Croll*? showed that alocal
pH rise near the electrode surface is favored when H, evolu-
tion proceeds simultaneously with deposition, and it seems
that sodium hydroxide can be precipitated in the vicinity of
the electrode surface. The adsorbed sodium hydroxide per-
mits a high discharge rate of Pt*2 according to their observa-
tions.

The current density-potential curves of these electrolytes
show very characteristic behavior in the alkaline pH range.
Insofar asthe current density increases to a maximum limit-
ing current, it dropsto a low value before increasing again,
with potential resulting from hydrogen production. How far
this kind of ‘cathodic passivation’ is connected with the
hydrogen co-discharge and the adsorption of hydrogenisnot
yet clear; another explanation might be a sudden changein
pH valueinthecathodiclayer, caused by hydrogenevolution,
possibly yielding incipient precipitate films not obviously
identified.

Thecritical current density can beincreased by anincrease
in the concentration of the Pt ‘P salt. Temperature has a
decisive influence on the critical current density, while po-
tentials remain nearly constant. Passivation is no longer
observed at pH values below 7.0, because hydrogen evolu-
tion starts before platinum discharge begins and presumably
films are unable to be nucleated. Initial investigations of ‘P’
and ‘Q’ salt solutions consisted of electroplating using the
most promising solutions from Baths A and D.

ThepH of BathD (‘ Q' salt) waskept constant at val ues of
96

Timein min/dm
with CCE 50%

Timein min/dm
with CCE 50%

9-10, whereas the pH range for Bath A (‘P
salt) was 7.0-7.5. Thiseffect generally agrees
with the work of Dahms and Croll.*2 Under
discharge in these circumstances, according
toresults shown in Figs. 6-10, hydrogen evo-

8 lution was delayed or shifted more negatively
9 with alocal pH rise.
10.4 Themaininfluenceonthepassivationchar-
12.2 acteristics of a platinum solution, except ‘P
14.4 and‘ Q' salt solutions, wasthepH. In essence,

avery low pH value resulted in a high value
for i, and, consequently, a high dissolution
rate for anodically formed coatings in this

15 type of solution. All groups showed remark-
18 ably dissimilar responses at the different val-
24 uesof pH tested: pH 7.0 P’ salt solution curve
35 exhibited high current densities for low
72 overpotentialsand generally exhibited alarge

number of inflections; pH 9.0 solution of ‘Q’
salt exhibited smaller current valuesfor given potential s, also
the appearance of less marked inflection phenomena. For all
values of pH of 9.0-10.0, ‘Q’ salt solution currents at given
potentialswere generally smaller, upto-1.0V, but gradually
increased to 34 mA/°‘cm? at high overpotentials of about -1.7 V.

Surface characteristic features after cathodic polarization
were recorded and ‘P’ salt solutions were observed to yield
dark, dull finishes, with silver matte to gray shades being
prominent. ‘' Q' salt samplesweregenerally reflective, bright
and less heavily colored.

Broadly categorizing theinflectionsisdifficult because of
the scatter of values from individual solutions. There does
appear to be some evidence, however, of atrend whereby all
hydrogen-evol ution anal ogs seem to produceinflection-type
featuresat therangeof valuesaround-700 mV vs SCE for ‘' P
saltandonealsoaround-1000mV vsSCEfor ‘ Q' salt. It must
be reiterated, however, that these values should be regarded
as rather approximate.

As aguide to corrosion resistance, the diffusion coating
test was found useful. The results indicate that ‘P salt
coatingsconsistently produced thebest performance; ‘' Q' salt
coatings showed larger variations between the duplicate
samples tested for each processing condition. This suggests
that either the diffusion coating process was producing un-
even coating or that the specimens coated under a particular
condition were truly variable. ‘P salt coatings were clearly
superior to ‘Q’ salts, producing consistently high levels of
uniform coatings and surface platinum corrosion products.

Because of the difficulty in observing the actual com-
mencement of hydrogen evolution in alarge-bath operation,
it is assumed that the actual onset occurred before these
experimental potentials. Thissuggeststhat the secondinflec-
tion (usually strong) onthe ‘P’ salt curveisaround -800 mV
vs SCE. SEM investigationswere carried outon ‘P’ and ‘' Q’
salt coatingsthat were subjected to diffusion treatment. This
type of processing, however, produced a non-adherent coat-
ingfrom*Q’ salt solutions. Onexamination, thesurfaceof the
specimen from ‘P’ salt solutions generally appeared to con-
sist of spherical crystals. The ‘Q’ salt coated surface was
madeof irregul ar spherical crystals(someof which exhibited
internal cracks) that could possibly beaconsequence of post-
treatment that resulted in the cracking of theinitially-formed
film.

Referring to three electrolytes with different phosphate
ratios having aconstant platinum content of 3g/L Pt, thebath
composition and operating conditions are given in Table 8,
and the effect of various potentials upon these electrolytes
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Table 6
Influence of Current Density
& Current Efficiency on Deposition Rates

C.D. CCE% Timetoobtain 1.0 um Thickness/hr
A/dm? thickness, min pUm
30 47 13
0.25 50 28 2.1
70 20 3.0
30 24 25
0.50 50 14 4.2
70 10 6.0
Table 7
Solution Make-up for Small (A)
& Large Tanks (B, C, D)
Composition Weight/Volume
170-L Bath 335-L Bath
Ptas‘P Sat, 28 g/L 425(Pt) 837(Pt)
Disodium Hydrogen 14.0 kg 27.0kg
Orthophosphate
Diammonium Hydrogen 2.8kg 5.5kg
Orthophosphate
Table 8

Solution Composition
For Various Constituent Ratios

Composition Ratios 7:1 4:1 1.1
Ptas‘P sdlt, 28 g/L 214 214 214
Sodium nitrite, g/L 102 102 102
Disodium hydrogen

orthophosphate, g/L 213 187 85.2
Diammonium hydrogen

orthophosphate, g/L 396 634 158
pH 765 7.7 7.7
Temperature, °C 84-86 84-86 84-86

shown in Figs. 1-7. Although care was taken to maintain
constant experimental conditions, the weight gains obtained
during a series of similar deposition runs were subject to
considerablevariation, indicating large variationsin cathode
current efficiency. The phosphateratios of 7:1 and 1:1 were
carefully prepared and cathode efficiency values are given.
From these results, it is apparent that aratio of 7:1 givesthe
highest efficiency and that hydrogen evolution does not
commence until the highest current density is achieved.
Further tests, with and without phosphates, showed that
higher temperatures allowed higher current densities and
lower hydrogen evolution.

When the deposition potential lies below the reversible
hydrogen potential, thereisusually some concomitant hydro-
gen evolution and possible reduction of other ions; these all
lead to lower efficiency and electrical wastage. This state-
ment can berelated to the pol arization curves. Potential shifts
for non-standard conditionscan becal culated fromtheNernst
equation:

E=£° -2, au
nF aMrH-
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or, a 25 °C, 1 atm. pressure and pure metal:

E=E° +%Iog(aM"+) )

Any potential shift can be expressed as:

AE = (E - E9 ©)

The equilibrium constant for a complex such as
PtCl,? - Pt +4Cl is:

PtCI 4-2 - 10_15

“PeZx (T

Using these equations, the following values are found:

Overpotential (mV) a,™
500 10—16.95
600 102034
650 10
700 10
750 1054

From these calculations, it can be concluded that as excess
Cl-ishigh, theactivity of Pt*?islessand therefore Pt*? will be
less than estimated, so that the calculation isjustifiable asa
guide. Comparison of the potential shift yields

a;2 =107, AE =500 mV
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Consequently, it is reasonable to attribute the potential shift
primarily to the chloride complexing effect for Pt*2

Summary
Theoperating conditionsfora‘ P’ salt-based platinum plating
solution were been studied and the effects of current density
and current efficiency explored in particular.
Electrochemical measurements of potential were related
to the solution composition and the resulting data discussed
in terms of the complexed nature of the solution and the
consequent deposition mechanism.

a Available from Johnson-Matthey or Engelhard.
b Available from Johnson-Matthey.

Editor’s note: Manuscript received, June 2000.
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