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ABSTRACT

This investigation is part of an ongoing research project directed at

applying the techniques of ion implantation doping and ion scattering analy-

sis to identify the mechanisms associated with the anodic dissolution of

Ti-Pt alloys. The Ti-Pt alloys produced by ion implantation were

electrochemically examined in hydrogen saturated 1 N H2SO4 by both poten-

tiostatic polarization and open-circuit potential methods. In this study,

Ti samples implanted to relatively high doses (5.4 x 10*5 to 2.9 x

10l6 atoms/cm^) were examined by ion scattering analysis at various stages

in the electrochemical measurements. Quantitative measurements showed that

the majority of the implanted Pt accumulated on the surface during anodic

dissolution and underwent large scale surface migration. Evidence is also

presented for the transition of the Pt on the surface from a catalytically

"active" to "inactive" state. Possible mechanisms for the observed cataly-

tically "inactive" Pt are discussed.

Research sponsored by the Division of Materials Sciences, U. S. Department
of Energy under contract W-7405-eng-26 with Union Carbide Corporation.

+Summer Research Intern, 1980.
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I. INTRODUCTION

There has been increasing interest recently in the use of ion implan-

tation doping to alter the electrochemical, electrocatalytic and oxidation

properties of solid surfaces. This technique has engendered enthu-

siastic responses from a broad spectrum of materials science and industry.

It is ideal for fundamental studies because it can introduce a variety of

dopants at selected depths into solids in a precise, controllable, and

often nonequilibrium manner. This makes it much easier and reliable to

alter and test fundamental mechanisms. Ion implantation doping is benefi-

cial in many special purpose materials problems where the bulk material can

be selected for its fabrication or mechanical properties and the surface

selectively altered to achieve the desired corrosion, oxidation or catalytic

behavior. Finally ion implantation is a proven processing technique capable

of post-alteration of the surface properties of precision parts, cutting
o

tools, etc.

The present investigation was init iated to study the fundamental electro-

chemical processes which occur during the anodic dissolution of various ion

implanted titanium-platinum "near-surface" al loys. Electrochemical measure-

ments were made on a variety of samples to determine the electrocatalytic

effect of the implanted Pt on the hydrogen evolution reaction. Pt concentrations

versus depth, determined from ion scattering analysis, were used; (i) to

examine the mechanisms by which Pt transforms from an "active" to "inactive"

catalytic agent, ( i i ) to quantitatively measure Pt accumulation on the

surface, and ( i i i ) to verify macroscopic surface migration of Pt during

anodic dissolution.
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I I . ELECTROCHEMICAL AND ION SCATTERING MEASUREMENTS: SUMMARY

A more detailed account of i n i t i a l electrochemical measurements asso-

ciated with th i s continuing investigation were published in a previous

paper. Corrosion measurements were made in a standard three compartment

electrochemical cel l in 1 N H2SO4 saturated with Hg at a temperature of

30°C. High-pur i ty, polycrystal l ine Ti was implanted with Pt ranging from

~2 x 1012 to 3 x 1016 Pt atoms/cm2 at energies from 100 to 270 keV. Table

I l i s t s the samples employed in th is study along with thei r implantation

parameters. A summary of open c i r cu i t potential versus time measurements

made on a var iety of electrodes ranging from pure Ti to heavily implanted

samples is shown in Fig. 1 . A l l samples i n i t i a l l y displayed a noble poten-

t i a l as a resul t of the i n i t i a l a i r formed surface oxide. Once th is oxide

was removed, the electrodes (except the two highest fluence samples) a c t i -

vated toward a potential of -0.745 V which is characterist ic of pure T i .

A l l potentials were measured with respect to SCE. When enough Ti had been

dissolved to expose the implanted Pt, a reversal in potential occurred and

a noble potential was obtained corresponding to the various Pt con-

centrations as shown in Fig. 1 . The higher the Pt concentration, the more

noble the potential which was obtained. High fluence samples had enough Pt

present at the surface i n i t i a l l y to maintain a noble potential from time

zero. The l i m i t i n g case was sample 1 1 * , which immediately obtained the

reversible hydrogen potential (-0.260 V) and remained at th is potential for

over 35 days. At th is time sample 11* was removed from the c e l l . In a l l

the above cases, the implanted Pt exhibited a large catalyt ic ef fect on the

hydrogen evolution reaction, but only sample 11* (3 x 1016 Pt atoms/cm2)

remained at a noble potent ia l . A l l other samples "re-activated" back

toward the open-circuit potential of pure Ti (the time scale precluded

showing th is fo r some of the samples in Fig. 1 ) .
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Previous potentiostatio polarization measurements, when correlated

with the implanted Pt concentration as measured from ion scattering, showed

that the electrocatalytic activity (net polarized current) followed the

implanted Pt profile quite closely. A measurement showing this effect is

reproduced in Fig. 2. The net current »ersus time is contrasted with the

measured Pt concentration versus depth for Sample No. 61 (implanted with

4.6 x 1()14 Pt atoms/cm^ at 270 keV). The surprising feature of measurements

such as this was that after the electrode had progressed through the

implanted peak concentration and approached the anodic dissolution rate for

pure titanium, ion scattering analysis showed that in many cases much of the

implanted Pt was still on the surface of the electrode. The Pt obviously

was in an electrochemically "inactive" state, i.e., the Pt produced no cata-

lytic effect on the hydrogen evolution reaction.

Ion implantation doping was performed with an Extrion high current

accelerator. The beams v/ere mass and energy analyzed to insure beam

purity, deflected 7° to eliminate neutrals for proper charge integration,

and scanned vertically and horizontally to provide implants which were uni-

form to ± 1%. Final implanted concentrations were determined from ion

backscattering measurements and agreed within 5% with doses determined from

charge integration. Ion scattering measurements were made using equipment

and techniques described previously and will not be discussed here.

III. RESULTS AND ANALYSIS

In order to follow the progress of the Pt as it was transformed from

the "active" to "inactive" state, some select samples were prepared by

implantation and characterized by ion scattering. These samples were stopped
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at various stages of the electrochemical measurements were reanalyzed by

ion scattering and SEM. The method of the experiment is represented sche-

matically in Fig. 3. All the samples investigated were subjected to poten-

t iostatic corrosion measurements carried out at a potential of -0.425 V.

I f each sample had been allowed to remain in the cell indefinitely, their

net current versus time would behave l ike that shown for the schematic

curve in Fig. 3. The samples of Fig. 3 were i n i t i a l l y implanted with the

order of 7 x 10*5 Pt atoms/cm^. These fluences provided enough Pt at the

surface for the net current, when polarized to -0.425 V to be in i t i a l l y

cathodic. An increasing amount of Pt was encountered as the Ti was anodi-

cally dissolved. The net current became more and more cathodic, repre-

senting an increased hydrogen evolution rate. The net current reached a

negative maximum corresponding to the maximum amount of "active" Pt present

on the surface. Thereafter, the net cathodic current decreased, indicating

a decrease in the amount of electrochemically "active" Pt. The erratic

behavior shown in Fig. 3 is indicative of Pt being accumulated on the sur-

face in relatively large clusters and becoming "dislodged" or removed from

the surface. For purposes of analysis, however, polarization of the

samples was stopped at the relative times in their electrochemical behavior

indicated by the sample numbers on Fig. 3. Each sample was then evaluated

by ion scattering.

The ion scattering results shown in Fig. 4 and Fig. 5 compare the

retained Pt concentrations as a function of depth in the samples. The con-

centrations were obtained in the usual manner from the energy distributions

of 2.0 MeV He+ ions scattered 105° from the samples in question. By com-

parison to the scattered yield distribution from Ti whose density is known,



-6-

and applying the correct scaling for Rutherford scattering, it was possible

to convert scattered Pt counts at each energy into concentration versus
g

depth as shown.

The results in Fig. 4 compare two samples which were initially

implanted with identical Pt concentrations (7.4 x 1 0 ^ Pt atoms/cm2). As

illustrated in Fig. 3, these samples were removed from the electrochemical

cell at a point where the electrochemical current of sample 47 (20 mA) was

twice that of sample 45 (10 mA); however, sample 47 has a surface peak of

~1 x 10 1 5 Pt atoms/cm2 while 45 has a surface peak of ~ 5 x 10 1 5 Pt

atoms/cm2. Because sample 45 has five times more Pt present on its surface

but only produces one half as much hydrogen current, a large majority of the

Pt on the surface of sample 45 must be electrochemically "inactive." The

concentration-depth distributions of Fig. 4 show, as does the schematic in

Fig. 3, that only a small depth has been removed from sample 47, while a

depth corresponding to the entire implanted region has probably been

electrochemically removed from sample 45. The two remaining samples of Fig.

3 are now plotted along with concentration-depth profiles of sample 45 and

47 for comparison in Fig. 5. Figure 5, from top to bottom, shows pro-

gressively more anodic dissolution of the samples (longer times in the

electrochemical cell). A consistent interpretation for the dissolution of a

relatively high fluence Ti-Pt alloy now emerges. As the Ti-Pt alloy anodi-

cally dissolves, the Pt remains on the surface and accumulates as seen by

the emergence of a surface raak for sample 47 in Fig. 5. From the com-

parison of Fig. 3 with Fig. 4, it is apparant that not all of the accumu-

lated Pt remains electrochemically "active". The Ti-Pt dissolution process,
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therefore, involves the accumulation of "active" Pt on the surface followed

by the transition of the accumulated Pt to an "inactive" Pt state. A more

detailed analysis of the possible mechanisms for the formation of inactive

Pt and also evidence for the presence of "inactive" Pt in low dose samples

wi l l be presented in a future publication.

Non-uniform distribution of accumulated surface Pd during the corrosion

of conventional Ti-Pd alloys (Ti-Pd should be very similar to Ti-Pt) has

been reported by Armstrong et a l . The non-uniform distribution of the

accumulated Pd after corrosion, however, could not be distinguished from the

nonhomogeneous nature of the Pd distribution in the original al loy. In the

present study al l samples are implanted with Pt ion beams scanned in two

dimensions to ensure uniform doping of Pt in the T i . Therefore, by using

ion implantation to produce the Ti-Pt alloys, one of the variables ( i . e . , an

in i t ia l nonhomogeneous conventional alloy) has been eliminated. Any nonuni-

formity in the accumulated Pt during the dissolution of an implanted Ti-Pt

alloy can be attributed to surface migration of Pt. Ion scattering analysis

of low dose samples have shown no indication of surface migration of Pt.

The ion scattering analysis, however, would only detect macroscopic migra-

tion of Pt since the beam size is of the order of 0.2 mm in diameter.

However, direct evidence of surface migration was found from high dose

samples such as sample 11*. The ion scattering results for this sample are

shown in Fig. 6. The progress of sample 11* can be traced from Fig. 1 and

Fig. 6. I t was in i t ia l l y implanted with 2.9 x 1016 Pt atoms/cm2. Upon

immersion into the electrochemical ce l l , sample 11* immediately attained a

noble potential equivalent to a Pt electrode, -0.260 V. Sample 11* remained

at -0.260 V for approximately 35 days, at which time i t was removed and the

ion scattering results of Fig. 6 were obtained. Ion backscattering analysis
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with 1.0 MeV He+ showed that portions of the sample contained patches of Pt

at concentrations much larger than the original implanted dose and of suf-

f icient thicknesses to cause a shift (due to energy loss) in the energy of

the leading edge corresponding to scattering from bulk T i . Other areas

showed fa i r ly small amounts of retained Pt. Surface coverage estimates

suggested that most of the original Pt was retained on the surface but une-

venly distributed. This sample remained electrochemically active because

the in i t i a l implanted Pt concentration was extremely large and only small

amounts of "active" Pt are necessary to maintain a potential of -0.260 V.

One possibil ity for the transition of Pt from the "active" to "inactive"

state is by a mechanism of surface ad-atom diffusion and agglomeration

into clusters, greatly reducing the number of Pt atoms exposed to the

solution. Ad-atom diffusion is not an unusual mechanism in catalysis or

alloy corrosion, and Tomashov et. al ' have observed Pd aggregates on

the surfaces of Ti-Pd alloys during corrosion studies in sulfuric or

hydrochloric acids. In the present investigations, the dynamic nature of the

surface, where dissolution of approximately one monolayer of titanium per

minute is common (at E~-0.400 V)s may induce enhanced mobility of the Pt

atoms. There is preliminary evidence from one sample that the inactive

state of the Pt is unstable. Removal of Pt samples from the electrochemical

cell which are "inactive" but which s t i l l have Pt on the surface results in

an apparent reactivation. When reinserted into the cell these recycled

samples revert to high cathodic electrochemical current indicating the pre-

sence of "active" Pt, and then transform to the "inactive" state again.

This phenomenon and the associated mechanisms are under investigation.

Ion scattering was also found useful for diagnosing samples which

showed visual or electrochemical anomalies. Figure 7 displays ion scat-

tering analyses of one face of a sample whicih had three regions of



-9-

distinctly different appearance, and Fig. 8 shows scanning electron

micrographs of the same regions. SEM analysis of the area between regions

2 and 3 (Fig. 8a) showed that although there was a difference in coloration

between the two areas their surface textures were similar. Regions 1 and 2

on the other hand (Fig. 8b) showed very different surface textures with

region 1 being much smoother. The corresponding ion scattering analyses

are shown in Fig. 7. Region 2, which is characteristic of the other three

faces of the sample as well as most of the face shown, has an amount and

depth distribution of Pt that is consistent with the electrochemical

measurements on this sample. Region 1 is seen to be rich in Pt compared to

the initial implant dose (5.4 x 10*5 pt atoms/cm^). Judging from the

appearance of a carbon peak in the backscattering profile at~0.80 MeV, the

dark appearance of region 3 is probably due to excess carbon. Furthermore,

the presence of the carbon has probably retarded Ti dissolution in this

region, since the Pt depth distribution shows much less Pt on the surface

than the rest of the sample, and considerable Pt distributed near the origi-

nal implant depths. It is likely that the observed differences in surface

finish resulted from different anodic dissolution rates. The possibility

that region 1 may have a significantly different microstruture is being

investigated. The carbon contamination in region 3 was probably picked up

prior to insertion into the electrochemical cell.

Yet another side benefit of ion scattering analysis is its ability to

highlight unexpected impurities such as the carbon peak just discussed. It

is also evident from Fig. 7 that regions 1 and 2 have oxygen (air formed) on

the surfaces of the samples (peak at~1.03 MeV). Furthermore, the small peak

between the Pt distributions and the Ti edge seen in the spectra for regions
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1 and 2 in Fig. 7 and in Fig. 6 as well, can be identified from ion scat-

tering as Cu located on the surface of the samples. Varying amounts of

copper were present on most samples analyzed except where extenuating cir-

cumstances existed, such as the carbon film present in region 3 of the

sample of Fig. 7. A systematic study of this problem showed that the Cu

originated in the electrochemical bath. The most reasonable source for this

Cu is the reagent grade H2SO4 used in preparing the electrochemical

solution since triply distilled water is used in all electrochemical

measurements.

Although Cu is present on the electrodes, there appears to be no

observable electrochemical effect from the Cu. All Ti electrodes were

"pre-characterized" in the electrochemical cell before implantation, i . e . ,

the electrochemical behavior was monitored, and the corrosion potential and

polarized currents corresponded very well with previous published data.

Also, after implantation and electrochemical dissolution of lower dose Ti-Pt

implanted alloys, the same pure Ti electrochemical behavior was

reestablished. The Cu, therefore, has no observable effect on the Ti

dissolution.

IV. DISCUSSION

The correlated ion scattering and electrochemical measurements pre-

sented here support a model of ad-atom diffusion and agglomeration as a

possible mechanism to explain the transition of Pt retained on the surface

from an "active" to "inactive" catalyst. The results reported in connection

with Fig. 6 offer direct evidence for surface migration of the Pt once i t

reaches the surface. Although i t is not certain whether agglomeration can



-11-

account for al l the experimental observations made for the transition of

"active" to "inactive" Pt preliminary estimates appear reasonable. Other

effects such as Pt clusters which are "loosely bound" to the surface as a

result of the dynamic nature of the surface may be playing a role as well.

Further observations and more detailed analysis of this particular question

("inactive" Pt) wi l l be published at a later date.1 The driving' force for

this surface mobility may be normal ad-atom diffusion but is probably

influenced by the dynamic dissolution of the Ti surface. The reactivation

of the surface Pt on samples removed from the electrochemical cell and then

reinserted presents an interesting case for further study.

Ion implantation doping and ion scattering seem particularly suited to

a wide range of electrochemical studies. Precise, selective implancation

doping is particularly useful in fundamental investigations because of i ts

inherent control. The abi l i ty to introduce a wide range of dopants in a

nonequilibrium fashion which is independent of many normal diffusion and

solubil ity constraints opens the possibility for new surface properties,

and ion implantation doping in general is a promising solution for con-

serving cr i t ica l materials or for easily identifying substitute materials

for specific applications. The abi l i ty of ion scattering to provide

quantitative, mass-specific, depth distributions in a non-destructive

manner makes i t much easier to identify and correlate mechanisms in cataly-

t i c samples. There are many proposed fundamental mechanisms in catalysis,

alloy corrosion, oxidation, surface passivation, etc. , which can be easily

tested by a judicious choice of ion implantation/ion induced reaction

analysis. Furthermore, many of the companion papers in this proceedings

show that other ion induced materials alteration techniques (ion beam
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mixing, ion induced segregation, raicrostructural changes, etc.) show much

the same promise for surface alteration as ion implantation. Another tech-

nique with great potential is laser and electron beam annealing.16
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TABLE I ,

Samp!e
No.

11*
45
46
47
49
61

Implant
Energy
(keV)

100
260
270
300
200
270

Fluence
(atom/cm2)

2.9 x 10l5
7.4 x 1015

8.2 x 1015
7.4 x 20 1 5

5.3 x I0I5

4.6 x 10 i 4

Peak
Concentration

(atom%)

9.10
1.91
1.93
1.74
1.71
0.13
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FIGURE CAPTIONS

Fig . 1 Open-circuit potential versus time curves for various Pt

concentrations.

F ig . 2 Comparison of a current-time curve fo r a polarized potential of

-0.425 V (so l id l ine) and the i n i t i a l concentration-depth curve

(dashed l ine) fo r sample 61 .

F ig . 3 Schematic showing the predicted current-t ime curve fo r high dose

samples polarized to -0.425 V. Samples 46, 47, 49, and 45 were

removed at currents of 10.5, 20, 43, and 10 mA, respect ively, at

the re la t i ve times shown.

F ig . 4 Platinum concentrations versus depth obtained from 2.0 MeV He+

ions backscattered from the samples shown af ter the electrochemi-

cal treatments discussed in the t e x t .

F ig . 5 Comparison of Pt concentrations versus depth measured by 2.0 MeV He+

ion backscattering on samples corroded fo r various times in an

electrochemi cal eel 1 .

F ig . 6 1.0 MeV He+ backscattered from two regions of Sample No. 11* (see text)

F ig . 7 2.0 MeV He+ backscattering analysis o f various regions of a Pt

implanted Ti sample a f te r electrochemical measurements (see t e x t ) .

F ig . 8 SEM photographs of the di f ferent regions of sample 49 examined in

F ig . 7. a) Top is region 3 and bottom is region 2. b) Top is

region 2 and bottom is region 1 .
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