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ABSTRACT

The project is concerned with development of suitable anode

electrodes for oxygen evolution in 30 w/o KOH solution at BO°C. Li

ions (15 keV, 40 keV and 60 keV) at doses of 1 x 1015 to 1.5 x 1016

ions/cm2, He ions (15 keV, 40 keV) at 3 x 1015 ions/cm2 and Ag ion

(50 keV) at 1 x 1016 to 4 x 1016 ions/cm2 have been implanted into

po1ycrysta11ine Ni and oxidized Ni at room temperature. Ag has

also been recoil implanted into Ni and NiO. Current-potential

measurements have been carried out using ga1vanostatic techniques

with the implanted samples as the oxygen electrode in 30 w/o KOH

solution at BO°C. The Ag-imp1anted electrodes show a substantial

reduction in electrode potential at 1 A/cm2 (~ 60% compared to

polished Ni) and all implanted samples show a more uniform corrosion

products on the surface. Dual Tafel slopes are observed for all

electrodes and the higher slope at the higher current densities is

thought to be due to the formation of nickel oxide on the electrodes.

The Tafel slope and exchange current density, at low current densities

are considered consistent with reported data.

RBS analysis of the Ag-imp1anted electrodes indicates that no

Ag is lost as a result of the electrochemical measurements.
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CHAPTER 1

INTRODUCTION

The traditional oxygen electrode material is nickel or nickel­

coated steel because it has one of the lowest overpotentials for oxygen

evolution reaction of all non-noble metals, and because of its high

resistance to corrosion in hot concentrated caustic solution. However

it becomes necessary to develop electrocatalysts which have higher

activity than nickel if the objective (desired) of 100% energy effic-

iency is to be achieved or even approached.

Improved electrode activity has been achieved by operating

the cell at higher temperatures, 1,2, alloying of electrode with

materials having high conductivity3 like lithium and using materials

having high surface area. 4 Other authors 1, 5, 6,7 have investigated

materials having high potentials for electrocatalytic activity. In

general most materials found suitable to improve electroctalytic

activity - Li, Ru, Ru02, Ag and Pt -- are all either scarce or expen-

si ve rna teri a1s. As shown by Tseung et a1., 4 and by Bevan 8 an i ncorp­

oration of 10 atom-% Li in Ni results in a six-fold increase in electrode

performance. Bevan and Tseung also observed that 10 atom-% Li in NiO

improves the conductivity at 25°C from 10-8 ohm-l cm- l to 1 ohm-l cm-l

- a factor of 108. The conclusion here is that only minute quantities

of these materials need be incorporated in Ni in order to improve its

electrochemical activity - a fortunate development in view of the cost

and scarcity of these materials.

- 1 -



In the search for new electrocatalysts most authors have

concentrated on the testing of new materials, bulk alloying with

beneficial materials and oxide formation by heating in air~ Li 20

incorporation into NiO surface layer, and titanium electrode

activated by the noble metal oxide Ru02 have involved immersion of

the electrode in Li(OH)~ or in RuC1 4 7 followed by heating or thermal

oxidation in air. These experimental methods are presently not well

controlled plus the fact that they result in high consumption of the

expensive metals. The ion implantation technique is very useful in

this regard because desired materials can be incorporated in precise

amounts, and their locations from the surface can be well controlled.

Since ion implantation is a non-equilibrium process, no'solutbility

limits are involved thus alloys of varying composition are possible

- an advantage in electrocatalysis since catalytic activity changes

with composition.

There are only a few publications in the literature concerning

application of ion implantation to produce better electrocatalysts.

Grenness et al. 10 have observed significant effects on the rate of

hydrogen evolution after introduction of minute quantities of Pt into

tungsten and tungstic oxide. Rabette et al. 3 have also implanted

Pt into monocrystalline supports of a-A1 203 and MgO and concluded that

the nature of pretreatment has a profound effect on the catalytic

activity. Dearnaleyll and his group at Harwell have long used ion

implantation technique to improve corrosion resistance.

In this report we have directly implanted Ni and NiO

with various species - Li (at 15, 40, 60 keY), He (at 20-, 40- keY),

2



Ag at 50 keV. Also we have attempted recoil implantation of Ag and

Pt into Ni.

Chapter 2 describes ion implantation of surfaces and 2.2

describes recoil implantation, while section 2.3 describes application

of ion implantation to metals. Section 2.4 describes the Rutherford

Backscattering analysis technique. Chapter 3 details the experimental

facilities, and the experiments including electrochemical measurements

on the implanted electrodes. In Chapter 4 we discuss the experimental

results while Chapter 5 gives the conclusions and some suggestions

for further work are given in Chapter 6.

3



CHAPTER 2

ION BOMBARDMENT OF SURFACES

2.1 Ion Implantation

Ion implantation is a technique for the incorporation of

foreign atoms into a substrate called the target. The foreign

species can be atoms or molecules, and the word "ion" underlies

the fact that the atoms (or molecules) to be implanted are

ionized. Thus the species to be implanted are first ionized

in an ion source to form a beam of ions. The beam of ions is

focussed and then accelerated by an electric field and mass

analyzed by electromagnetic means to hit a suitable target sitting

in vacuum in a target chamber. Usual implantation energies range

from ~10 keV to several hundereds of keV.

When moving ions impinge on the target, physical processes

result in damage and property changes of a thin surface layer of

the target. The atoms will slow down in the target as a result of

collisions with target atoms and electrons in the solid. These

elastic and in-elastic (ionization) interaction processes will even­

tually bring the atoms to rest in the target. As the implantation

progresses a concentration distribution for the implanted species

with depth develops and the distribution is approximately Gaussian

-4-
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about a mean range. 11 The distribution depends mainly on the mass

ratio Ml /M2, - Ml is the mass of the ion and M2 the mass of the

target - Zl (the atomic number of the ion) and the kinetic energy, E.

Lindhard 12 considered the two main processes of energy loss

by ions traversing a solid - the electronic and nuclear processes

as independent, and that both processes contribute to the overall rate

of energy loss, i.e.

= ( dE) + ( dE)- dx e - dx n (1)

where
dE is the rate of energy loss due to electronic(- dx)e

excitation and ionization, and

dE is the rate of energy loss due to e1 astic collisions(- dx)n

between the impinging ions and the atoms of the

target.

In 1963 the "LSS" Theory based on the work of Lindhard and Scharff,38

emerged to describe the rate of energy loss of energetic ions in

amorphous solids. An interaction potential between the ion and target

atom was assumed to be screened-coulomb potential of the Thomas-Fermi

type:

V(y)

2
Zl Z2 e

=---
y

ep (1)
a (2)

where Zl' Z2 are the atomic numbers of the ion and target atom

respectively, y is the separation distance, e is electronic charge

and a is the Thomas-Fermi screening length given as
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where

°ao = Bohr radius (= 0.529 A)

~(y/a) = Thomas-Fermi screening function and is tabulated

by Gombas.

In the process of nuclear stopping, the implanted atoms

loose energy by collision with the target atoms. The energy trans­

ferred to the target atom is

E2 =
4 M1M2 El sin2 .t (3)2 2(Ml +M2)

where

El = projectil e energy, and

~ = scattering angle in the C of Msystem.

Thus the maximum energy is transferred for head-on collision

(~ = 180°) and this energy is

4 r.1
1
M

2
Em = (M +M)2 E,

1 2

The nuclear stopping or the rate of energy loss due to an elastic

co 11 i s i on is

(4)

E do
(- ~) = N J m E2 (dEn) dE2 (5)

dx n 2
0

where

dan
dE2

is the differential scattering cross-section. The rate of



1 t · 1·· 38e ec ron1C energy oss 1S g1ven as

7

8 Z 1/6
(_ dE) = 1

dx e 0.885
(6)

where

v = velocity of the ion
e 2

Vo = B~rh velocity (= c/137) 11

N = number of atoms per unit volume in the target.

Equation (6) can be expressed in terms of the dimensionless energy

parameter E (corresponding to a projectile energy of E = 1 keV),

and the dimensionless range parameter p (corresponding to a pro­

jectile range X of 1 ~g cm- 2 in the target)13 where

and

Therefore the electronic energy loss rate becomes

(dE) = K 1/2
dp e E

with

(7)

(8)

(9)

0.079 Zll/2 Z21/2 . (A
l

+A
2

)3/2

K = ~
e (Z1 2/3 + Z22/3)3/4 A

1
3/ 4 • A21/2

1/6
~e = Zl

(10)
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For most ion-solid interactions the value of K lies between 0.1 and

1.5. Figure 2 shows the variation of {~~)e for k = 0.15 and 1.5. A

plot of (~E)n' the nuclear stopping, as a function of energy is also
p .

shown in Fig. 1. Figures 1 and 2 thus indicate that nuclear stopping

dominates at lower energies while the electronic stopping is dominant

at higher energies.

Range and Spatial Distribution of Ions

The average total path length, RT, of the ion in the solid is
E

R (E) = I dE (11 )
T (_dE) + (_dE)

o dx n dx

One can use the Transport Equation to derive the range distribution

of particles in a target.

If

P{E,R)dR = probability that a particle wi.th energy E will
stop between Rand R + dR

then r' P{E,R)dR = 1
o

<Rn
> = Ioo

Rnp{E,R)dR is called the nth moment.
o

We recall that the scattering cross-section probability

P{ljI)dljl = N.6xda

We can then write a balance condition for the number of particles

before and after collision:
T=E

P{E,R) = N.dR Iv m d.P{E-T,R-dR)
T=E

E
+ (l-NdR Im da)

E

x P{E,R-dR)
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where E is the minimum energy transferred. Integrating the L.H.S.

by parts and using the first, 2nd, 3rd and 4th moments, <R>, <R2>

<R3> and <R4> respectively and <R2> = «R-6R)2> etc. to construct

particle distribution assuming statistical distribution we have

() () dR N {_ (R - <R»2}
N R P E, R dR '" .2 1/2 exp 2

;Z; <6R > 2<6R>

which is the Gaussian approximation.

<R> = most probable range

<6R2>1/2 = range straggling.

The depth of the peak of the distribution, like the overall distribution

depends on ion energy and Ml /M2 ratio. If Ml /M2 is low «<1), the peak

concentration is close to the surface.

The above comments about the distribution are true only for

completely amorphous targets and infinite medium. In a crystalline

target the channeling effect may be important. The channelling effect

is the process whereby all ions incident along (or sufficiently close

to) a major crystallographic axis or plane are steered by a series of

gentle collisions. Lindhard shows that above a certain critical angle

of incidence to the atom row or plane, the atom cannot be channelled.

This critical angle is
2

2 Zl Z2 e 1.2 x 1/2
k { ,j,. ( rms)}

IjJc = --=E:-:d---:';""- 'i' a

where xrms is the mean square amplitude of vibration of the atom in

the row. The effect of channeling is that the implanted atoms are

able to penetrate deeper into the target before coming to rest. In

such cases, the ion ranges and distribution will differ from those

(12 )
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predicted by the amorphous model.

Another factor that may affect ion distribution is radiation

enhanced diffusion. If the implanted atoms can easily diffuse through

the target, their range and distribution in the target will be differ­

ent from predictions based on collision theory alone. Diffusion

effect becomes important if implanted species are annealed at high

temperature or if the beam current is sufficiently high to

substantially raise the target temperature. Also radiation-
-

enhanced diffusion due to mobile point defects accelerates normal

diffusion.

For the high energy region where electronic stopping is domi­

nant, it has been found that the electronic energy loss rate does

not exhibit the mOnotonic Zl dependence given by LSS theory. An

oscillatory dependence on Zl is observed14 which will cause depart­

ures from the theoretical ranges. This effect, theoretically treated

by Fi rsov15 and Cheshi re et a1. , 16 is attri buted to the shell

structure of the moving atom - the atoms of smaller size having lower

electronic energy loss rates.

Another process that affects the distribution and concentration

of implanted species at the surface of the target is sputtering. Sput-

tering is the gradual erosion of a target's surface due to ion

bombardment. During ion bombardment sufficient energy may be trans­

ferred to the surface atoms so that they can escape from the target

surface. The effect of this is that peak concentration position moves

towards the surface.
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2.2 Recoil Implantation

Recoil implantation is the introduction of impurity atoms

into a substrate by atomic recoil of atoms sitting on a target.

In deliberate recoil implantation a thin layer of the material to

be recoil implanted is evaporated on to a substrate (into which

the implant is desired), Fig. 3. The evaporated layer and the

substrate then form a composite target. The target is then bombar­

ded with energetic ions - usually inert gas ions like Ar or Kr.

In the "thin" film treatment, film thickness, bombarding ion and its

energy is normally chosen so that the bombarding ion has a range

greater than the film thickness. If the energy' transferred to an

atom in the evaporated film is greater than Ed ~25 eV (the energy

required to successfully displace an atom from its lattice position)

the atom is likely to be displaced from its original position thus

creating a vacancy - interstial pair (or point defects). If the

energy transferred is » 25 eV, the primary displaced atom may in

turn displace other atoms within the layer thus giving rise to colli-

sion cascades.

Recoil implantation can be viewed as a fonn of "forward

sputtering" while the opposite effect, the erosion of a target

surface, can be viewed as "backward sputtering ll
• In the process of

recoil implantation erosion of the evaporated layer due to sputtering

is going on as well and is in fact more rapid than the rate of recoil

implantation since the sputtering ratio - the number of atoms

ejected from the surface per incident ion (for most ion-target combi­

nations) is greater than unity whereas the recoil yield is often
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less than that. The implication is that the recoiled layers are

being removed by sputtering as fast as they are formed unless the

starting evaporated film is sufficiently thick.

Nelsonl ? has developed a theory of recoil implantation for

"thin" targets using the concept of energy density within collision

cascades. The flux of recoils crossing any plane surface with energy

E in dE initiated by a primary recoil spectrum ~J(L)dE is
y y

(13 )

where

El is energy of incident particle

Ey is energy transferred to a recoil
A

Ey is maximum energy transferrable

=
4 M1M2

2(Ml +M2)

d is the mean inter-atomic spacing ..

For heavy particles, the differential scattering cross-section, do,

is isotropic and can be approximated by the expression
o(El)dE

do(Ey,El ) = A y
Ey

(14 )

The fundamental assumption of Nelson is to use a simple inverse square

interaction potential in order to obtain the total cross-section o(E,)

and obtained

(15 )
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E = Rydberg energy. The recoil spectrum then becomes
R

weE )dE = N ~dcr(E , El )
Y Y 0 Y

(16 )

No = atomic density

~ _ flux of bombarding particle.

Thus Nelson obtained an expression for the flux of recoils as
247rao d No ~ ER·Z1Z2Ml 1 1

ljJ(E,El ) = exp(l)t"M +M )(Z2I3+Z2/3)1/2 ·(E2 - (2)
\ 1 2 1 2 Y

(17)

then 1jJ a l2. If E ~ E ,
. E Y

a 1/E2 dependence. The

"If the maximum energy transferrable E »E,
Y

then the flux falls off more rapidly than

total number of recoils is obtained by integrating over a minimum

energy (threshold for passing from the evaporated layer into the sub­

strate) to the maximum transferrab11e energy.

Compared with direct implantation, there is a significant

difference in the distribution of recoil-implanted and directly implanted

species. Direct implant has a distribution that is approximately ~aussian

with a reduced concentration at the surface. The distribution,of recoil

implants on the other hand shows (Fig. 4) that most of the recoils are

right on the surface of the substrate and penetrating only

to a few angstroms at moderate ion fluences. Thus if implants to a
o

considerable depth (~ 100 A) is desired, direct ion implantation must

be used. Recoil implantation is very useful in such cases when very

high surface concentrations and shallow depths are desired. Also, in

some cases it is very difficult if not impossible using an available

ion source to produce certain ions e.g. Ru. In such cases recoil

implantation may be useful.
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Electrocatalytic behaviour is essentially a surface effect.

Therefore the process of recoil implantation should prove useful in

catalysis development.

2.3 Application of Ion Implantation to Metals

The widest application of ion implantation techniques to date

has been in the field of semiconductor technology. The use of this

technique to change electrical properties is detailed in the book by

M E . k d D' d . . 18 ~19 I th 1 .ayer~ r1C son an aV1es an 1n many reV1ews. n ese app lca-

tions ion implantation is almost always combined with the channelling

effect and RBS analysis. A number of property changes that occur in

metals as a result of ion implantation, and their applications are also
• 20 11 21documented by Zlegler and Dearnaley.. ' In general these property

I' changes fall into the following:

1. Electrochemical and chemical properties of metals.

2. Corrosion resistance.

3. Hardness, friction and wear properties.

4. Electrical resistivity.

5. Superconductivity.

6. Simulation of neutron radiation damage.

7. Implantation metallurgy.

In many cases only minute quantities of certain beneficial atoms

are required to effect changes in both electrochemical and chemical

properties of materials. Ion implantation technique can therefore

afford a cheaper way of changing these properties compared to the

---
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normal metallurgical process.

Many publications exist about the influence of ion implanta-

tion on the oxidation of some materials. Goode22 studied the

influence of ion implantation on the oxidation of polycrystalline

nickel for a range of implanted specie3, and found that the ions He+,

Li+, Ne+, N+, and Xe+ all enhance oxidation to a degree which increases

monotonically with mass number for implanted samples annealed at 370°C

(which is less than the oxidation temperature of 630°C). However

when the implanted samples were annealed before oxidation they found

that the oxide ratio rise from 0.2 gradually with temperature reach­

ing a peak at ~ 400°C and then decreases to a minimum (at ~550°C) and

then begins to rise gradually. They therefore suggest that corrosion

of Ni is controlled by physical factors of radiation damage and atomic

radius of implanted species. Significantly, they did not observe any

correlation of the oxidation with either e1ectronegativity or valence.

Dearnaley et al. 23 ,24 have investigated the thermal oxidation

of titanium, stainless steel, zirconium and copper after implantation

of various ions to depth of ~ 0.1 ~m. They observed both enhancement

and reduction in the oxidation rate. Implantation of the less-electro­

negative atoms (calcium, europium) reduced the rate of oxidation of

titanium, whereas implants of the more electronegative species (Bi,

In, Al) lowered the rate of oxidation of stainless steel. Implanta­

tion of Ar (an inert atom) was not found to have any effect on oxida-

tion rate. Dearnaley et al. therefore concluded, in contrast to the

observation of Goode, that radiation damage effect has no significant

effect on the rate of oxidation. Naguib et al. 25 also investigated

the influence of B, C, N, and Ne ions on the oxidation rate of Cu.



Their observation is that a high dose of B+ (1016 - 1017 ions/cm2)

was very effective in reducing the rate of oxidation whereas both

Ne and Nwere not so effective, and that C in fact increased the

oxidation rate. Their conclusion is that the radiation damage in

Cu following the bombardments is detrimental to the beneficial effects

resulting from chemical doping of the implants - again in contrast to

the conclusions of Dearnaley et al. 23 .

Sood and Dearnaley26 have formed metastable alloys of Ta,

Sn and Er at room temperature in Ni by ion implantation. They found

that Er, Ta and Sn have solubilities that are well beyond those

expected under condition of thermal equilibrium.

Solid solubility (atom %)

16

N
.-L x 100Nh

(18 )

where F is the substitutional fraction of an implanted species.

( -3Nh is the concentration of host material atom cm ), Nr dose retained

by the implanted specimen.

Sood and Dearnaley therefore concluded that a metastable

substitutional alloy (with F ~ 0.05) will be formed if the ion-target

combination satisfies two conditions:

1. The implanted species must have atomic radius that is within

-15% to +40% of the host radius.



2. The electronegativity of the implant must be within ± 0.7 of

that of the host atoms.

17

Concerning electrochemical effects Grenness et al. have

reported dramatic effects on the electrocatalytic activity of tungsten

and tungstic oxide implanted with 1015 - 1016 ions/cm2 of platinum

when used as cathode in the electrolysis of water. They reported the
I

activity of the electrodes approached that of pure platinum itself.

In a review by Grant27 many implanted species have been

reported to reduce the rate of corrosion when the implanted samples

are used as electrodes in aqueous and alkaline solutions. Platinum-

implanted Ti electrode is reported to readily form Pt oxide followed

by C1 2 evolution at higher potentialS in 10-2 MHCl solution. This

catalytic behaviour is observed immediately following implantation

and requires no activation steps in contrast to the observations of

Grenness et al. with plantinum-implanted tungsten and tunstic oxide.

2.4 Analysis Technique

Ruthetfotd'Batkscattering (RBS) Technique

The sample to be analysed is exposed to a monoenergetic beam

of light ions, usually helium or protons at typical energies of 1-2

MeV. When the beam strikes the target, the particles in the beam will

be scattered to reach a solid-state detector suitably placed from

the target. For every ion incident on the detector, ~ voltage

pulse is produced which will be proportional to the energy with

which the ion reaches the detector. The energy of the scattered

particle after the collision depends on the mass of the struck

atom. Further the number of scattered particles reaching
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the detector depends on the number of scattering centres or the substrate

atom present. Therefore by observing the energy of the backscattered

particles, the identity and concentration of atoms in the solid

can be determined.

If Eo is the energy of the incident particle, then its energy

after being scattered from the surface is

E = K2 Eo
where K (kinematic factor) is given by

Ml case + (M~ ~ M~ sin28)1/2
K = [----~---'----J

Ml + M2

M1 is mass of projectile.

M2 is mass of target and

8 is the scattering angle in the LAB system.

If the ion is not scattered right at the surface, it will

penetrate the target losing energy in the process. If its incident

energy is Eo then it wi 11 reach the detector wi th an energy EI

given by
X,

E' = K
2

[E - Iso ,
a

where $, is the mean value of the stopping power for the inward path

and $2 is that for the outward path. $, and $2 are functions of energy

X" X2 are the in-coming and out-going trajectories

x = x, cos 81 '
x = ~x...:....-_
2 cos 82



with x the depth of penetration before the particle is scattered.

The principle of elastic scattering is shown in Fig. 5.

The number of particles P scattered by atoms of mass M2

into the solid angle ili is given55 as

where

n = number of incident ions

N = number of scattering centres of mass M2 per unit Vol

Ax = target thickness in cm.

Thus for thin target layers, the area under the impurity peak is

proportional to the number of substrate atoms in the specimen.

The probability for scattering into the solid angle d;wis

given by the Rutherford scattering formula:
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(22)

M1+M2 2 1 2
(M ) •~ cm /sr

2 sin </>/2
(23)

From this equation one sees that

1. The higher the atomic number of the target Z2' the more is the

number of counts per unit time from it.

2. Small scattering angles are favoured.

3. For particles scattered at some depth from the surface, its

energy is less than Eo and the scattering cross-section is
do 2increased somewhat, ~ a l/Eo .

If the target contains an impurity element whose mass Mis



20

less than that of the target (M 2) the signal from it will

be superimposed on that of the target. RBS is not a very useful

technique for such cases. Also if M2 « Ml no backscattering from

the target will take place.

The RBS technique can be used to perform depth analysis by

relating the energy loss of backscattered particles to the stopping

power of the target. The energy IIseen ll by target atoms deeper inside

is diminished from the incident energy by an amount which is propor­

tional to the stopping power of the target material. The stopping

power for many target atoms have been tabulated by Ziegler and Chu. 28

From Eq. (21}, if we consider the small depth (~ 1 ~m) over

which the stopping power is constant then

giving

where 61 is the angle the incoming beam makes with the normal to

the target surface, 62 is that made by the out-going beam to the

surface. The horizontal scale is therefore both a mass and ~epth

scale with depth increasing to the left and mass to the right.

Frequently the energy loss per unit length (dE/dxl is used

to express the stopping power of a medium. Chu et al. employed the

concept of the number of atoms per square centimetre traversed by

the implanting beam to express the stopping cross-section s:

(24)

(25)



_ 1 dE
S - N dx

where

p = mass density of the target

N = Avogadro numbero

M = mass of target (atomic)

For compounds stopping cross-sections are simply additive e.g.
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(26)

(27)

(28)

For bombardments carried out in the energy regime where the

Rutherford scattering law is valid (eq. 23), the number of counts

ni observed in an impurity peak (see Fig. 5) is related to the number

of impurity atoms/cm2, Ni , of surface as follows
29

n. = f.Z~ N•• (it)
1 1 1

(29)

where Zi is the atomic number of the impurity, (it) is the integrated

beam current and f is a constant which depends on the scattered angle,

detector geometry, and the energy and atomic number of the projectile.

In a similar manner the number of counts ~s' in one channel

of the substrate spectrum (measured just below the surface) is related

to the number of atoms of the substrate, Ns ' contributing to that

channel

(30)
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From equations (29) and (301

2
ni _ Zi .. Ni
n

s
- Z2 • N;

s

giving the number of impurity atoms/cm2 as

n. Z 2
N. = -' (.2.) N, n Z. ss ,

(31)

The ni/ns ratio is obtained directly from the observed energy spectrum.

For good accuracy dead-time and background corrections are usually

applied in the evaluation of the ni/ns ratio. The number of substrate

atoms contributing to a given channel are calculated from the rate

of energy loss, dE/dx in the substrate.

Usually 1-2 MeV He ions are used as the projectile. In this

energy regime, the Rutherford scattering laws are well obeyed. Also

the choice of He ions afford better mass separation (compared to pro­

tons). To reduce the problem of pulse pile-up and dead-time, low

beam currents (~ 2-6 nA) are employed in the analysis. The main

contributor to the resolution of the system is the detection system.

Most semiconductor detectors employed have resolutions of ~ 25 keV

which is ~ 5 channels for an energy calibration of ~ 5 keV/channel.



CHAPTER 3

EXPERIMENTAL

Figure 6 is a schematic of the ion implantation and RBS

facility at McMaster used in performing the implantation aspect of

the experiments. The electrocatalytic aotivity measurements were

carried out using the electrochemical cell desctibed in Part A of

this report.

Figure 7 shows the schematics of the target chamber. The

sample is mounted on the goniometer using vacuum grease; and surround-

ing the sample is an insulated copper tube (cryo-shield) which is ther­

mally connected, but insulated electrically from the cryorefrigerator.

The cryo-shield acts as a cryo-pump improving the pressure around the

sample to better than 10-9 torr which helps to reduce surface contami-

nation, especially carbon, that may result from hydro-carbon evapora­

tion in the diffusion pumps. A copper radiation shield surrounds the

cryo-shield and it is continuously cooled by a flow of liquid nitrogen.

Secondary electrons are supressed by applying a -220 V around, but

insulated from the target.

The polycrystalline nickel samples annealed in Ar atmosphere

were cut into discs ~ 9 mm in diameter, then polished with various

grades of emery paper followed by polishing on the rotating wheel

using 6 ~m and finally 1 vm diamond paste.

Uniform distribution of implants over a reasonable depth is

of interest for electrochemical measurements. To achieve this for

-23-
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the case of Li (and He) implants a number of Gaussian profiles were

summed and the energies and doses so chosen to achieve a predetermined

concentration over the depth of interest in Ni. Ion energies of 15

keY, 40 keY and 60 keY in the dose ratio 1:2.1:2.8 respectively

were used to achieve a profile that is approximately uniformly distribu-
o

ted between 300-1000 A. The same technique is employed to achieve

uniformly distributed He+ implants in Ni. Here the objective is to

obtain the equivalent damage energy distribution as in the Li

implants to distinguish between the effect of the dopants and that

due to ion implantation produced defects.

x 1015 and 1.1 x 1016 ions/cm2 of 60 keY Li+ have been

directly implanted into polycrystalline nickel, while 1.2 x 1016 and

1.5 x 1016 ions/cm2 of 60 keY Li+ have been implanted into NiO discs.

Direct implantation of Ag+ ions into Ni and NiO discs were

kindly performed at Chalk River by Dr. J.A. Davies. 1 X 1016 and

4 x 1016~ 30 keY Ag+ were implanted into Ni discs while 1 x 1016
cm

ions/cm2 30 keY Ag+ were implanted into NiO.

Recoil implantation of Ag+ ions into Ni and NiO samples have
o

been attempted. The nickel sample had ~100 A silver evaporated on

its surface and was then bombarded with ~1.3 x 1016 ions/cm2 of
o

60 keY Ar+. A nickel oxide sample with ~350 A of evaporated Ag

layer was irradiated with ~1.5 x 1016 ions/cm2 120 keY Ar+.

Oxide samples were prepared by thermal oxidation in air at 450 0

for ~20 minutes resulting in ~oo Aof NiO layer on the surface. 30

One Ni sample was implanted with ~5 x 1017 ions/cm2 of 25 keY Kr+ in
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order to study the effect of the increased surface area that may

result from cone formation at this fluence.

All implants were carried out at room temperature. Typical

beam currents were 20 ~ 400 nA/cm2. The beam was first reduced to

2 mm by an off-axis apperture and then x-y swept across a 7 mm

aperture infront of the sample. The off-axis aperture ensures that

neutral component of the beam did not reach the target. RBS analysing

beam current was ~2-4 nA. Doses of 4 ~c were used to obtain a

spectrum.

Each implanted sample was used as anode (oxygen electrode)

for oxygen evolution reaction in 30 wlo KOH solution in doubly­

distilled water. Before putting the electrode in the solution,

electrical connections were spark welded at 7 watts and 10 lb pressure.

The back of the electrode and the parts of the lead resting in solution

were covered with epoxy coating made from 8 parts epoxy to 1 part

hardner. Any traces of epoxy on the implanted surface were removed

with acetone and then rinsed in distilled water.



CHAPTER 4

RESULTS "AND DISCUSSION

4.1U~ifot~lY Di~ttib~t~dI~plahts

Since electrocatalytic activity is essentially a surface

effect, and since the whole objective of the implantation is to

improve electrocatalytic Dehaviour, it is desirable to have implanted

species whose distribution is fairly uniform over some depth and

whose surface concentration is sUbstantial. To achieve this we
31have used the method of A11 en to sum the di fferent profi 1es 15-,

40- and 60-keV Li ions in Ni. The individual profiles themselves

were derived from the four principal moments using Winterbon

Tables. W~ fou~d that for Li ion energies of 15-, 40-,

and 60-keV in the dose ratio 1:2:1:2.8 respectively g~'ves

a profile which is approximately uniformaly distributed between
o

~300-l000 A (Fig. 8). A similar procedure was followed to achieve a

uniform He+ implant distribution in Ni but the overall He+ dose

Was 3 x Li dose; The objective of the He implant is to

obtain a similar damage distribution as in the Li implants. The He+

ion energies were 15- and 40- keV in the dose ratio 1:1.8 respectively.

Figure 9 shows that this distribution is fairly uniform from ~ 500-900
o
A. Figures 10 and 11 are the results of the SEt.1 examination of Li-

and He- implanted surfaces respectively, showing that no significant

different surface topography changes result from the two implantations.

-26-
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The current-potential measurement when these electrodes

were used as oxygen electrode in 30 wlo KOH are shown in Figure 12

when the anode current was swept from 100 mA/cm2 to 0.1 mA/cm2 and

back. Each point on the curve is an average of several sweeps (~ 8).

while figure 13 gives similar measurements but with the current

sweep now between 1000 and 0.1 mA/cm2. The current-potential

curves obtained for the first and second days of measurements are

indicated in the figure. Also shown in the figure for comparison

is the i-v relationship obtained for an un-implanted sample. Two

things are obvious from these curves:

1. The curves obtained for the implanted electrodes are similar in

form to that for the unimplanted electrode, and in absolute terms

there is little or no reduction in cell potential due to· these

implants.

2. The departure of the current-potential measurements obtained during

the first day from that obtained the second day is less for the

implanted samples than for the pure Ni electrode, suggesting

an improved electrode stability due either to the dopants or to

the implantation process. Figure 14 compares the microscopic nature

of the Ni electrode surface (a) Li-implanted NiO, (b) between

He implanted electrode and unimplanted electrode and (c) between

unimplanted and Li implanted electrode. We note that the corro­

sion product on the surface of the implanted electrodes are more

uniform than that of the unimplanted Ni electrode.
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4.2 Li-implanted Ni Electrodes

Figure l5(a), (b) show· the current potential relationships

obtained for a nickel electrode implanted with 1.1 x 1016 Li ions/cm2

at 60 keV. The low current density curve is plotted on linear scale,

while the high current density part is in semilog scale. As in

Figs. 12 and 13, two Tafel regions of each curve - the regions with

different slopes - are noticeable. Compared to figures 12, 13 thet'e

is also no noticeable reduction in the cell potential but a higher

degree of reproducibility especially at the higher current densities

is evident in Fig. l5(b). The departure from reproducibility ~ 25 mV.

Figure 16 (a),(b) show the microscopic nature of the electrode surface.

The dendrite-like features at high magnification are thought to be

KOH as confirmed by litmus and flame tests.

4.3 Li ImplantedNiO Electrode

Figure l7(a) and (b) show the i-v curves obtained for oxygen

evolution on the Li implanted NiO electrode. The Li dose was 1.5

x 1016 ions/cm2. The cell potential at all current densities is higher

than that obtained for either the electrode implanted with less Li+

dose than 1.5 x 1016 ions/cm2 or the unimplanted electrodes. It is

only the second day measurements which approaches that of theNi electrodes

implanted with 1.1 x 1016 Li ions/cm2. The degree of reproducibility

is also the worst among those considered in sections 4.1 to 4.3.

Optical micrograph of this electrode's surface shows no trace of

corrosion products whatsoever (Fig. l4d).
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The atomic density of Ni is ~ 9 x 1022 atoms/cm3. Therefore

the implantation of 1 x 1015 Li+ ions/cm2 corresponds to ~ 0.1 atomic %

and 1.1 x 1016 Li ions/cm2 is equivalent to ~ 1.2 at %while 1.5 x 1016

Li ions/cm2 corresponds to ~ 1.6 at %.

Tseung et a1. 4 have reported dramatic increases in the conductivity

of NiO with increase in Li doping. They prepared their electrodes

by mixing the powders with aqueous dispersion of Ptfe (I.C.I.G.P.I.

F1uon Dispersion) and brushing the result on to a nickel screen.

Surface-area measurements carried out by them show a maximum area for

those samples containing between 0.1 and 0.5 atom-% Li and attributed

this higher surface area to the preferential filling of the cation

vacancies by lithium ions. They observed an abnormally high

e1ectrocata1ytic performance in the electrode with the abnormally high

surface area (0.1 at %Li) and concluded that the dominant effect is

a surface effect rather than a conductivity effect.

We consider the result above to be in general agreement with

that of Tseung above. If the catalytic effect is mainly due to

the dopant concentration as they concluded then we should have been

able to see a favourable reduction in the cell potential for the

electrodes implanted with 1.1 x 1016 ll.2 at %) and 1.5 x 1016 (1.6

at %) Li. Conversely the fact that there was no reduction in cell

potential suggests that at these doses, Li (or He) implantation does

not cause any appreciable increase in the surface area of nickel or

nickel oxide. Also using the empirical rules for substitutiona1ity

in implanted metastable surface alloys proposed by Sood26 it is evi­

dent that Li cannot form substitutional metastable alloys with Ni.
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4.4 Ag-implanted NiElectrode

01 1.0 x 1016 Ag+ ions/cm2 in Ni

The current-potential measurements obtained for this electrode

are shown in Figure 18(a) (for low current densities) and Figure

18(bl, for higher current densities. Comparison of Figures 18(a),

(bl with that of pure Ni (Figs. 11 and 12) shows a favourable reduc­

tion of cell potential by tV 6% (at .low current densities 100 mA/cm2)

and up to tV 40% (at the highest current density used). The poten­

tials at the lowest current densities (0.1 to 10.0 mA/cm2) remain

approximately the same emphasizing the fact that a threshold potential

is required to break down water into its ions.

(ii) 4 x 1016 Ag+ ions/cm2 in Ni

Figures 19(a) and 19(b) show the current-potential curves for

the Ni electrode implanted with a high dose of 4.0 x 1016 Ag+ ions/cm2

which again shows a marked reduction in the cell potential over an

unimplanted (and also Li-implanted) electrode.

Both implants in 4.3(i) and (ii) were carried out at 50 keV,

There is a remarkable agreement between the curves obtained during

the first day of measurements with that obtained the following day;

and also among the electrodes implanted with 1 x 1016 Ag+ ions/cm2

and that implanted to 4 x 1016 ions/cm2. Thus a dose-dependent

effect is not easily descernible, and more experiments will have

to be done to determine the influence of Ag dose and energy on



electrocatalytic behaviour of the silver-implanted oxygen electrode.

Figure 20(a} and (b) shows the optical micrographs of the

Ag implanted Ni electrode after electrochemical measurements and the

absence of corrosion products on the surface testifies to the ability

of Ag as a corrosion resistant material.

The mechanism by which Ag influences electrocatalytic

behaviour is not yet understood and there is very little information
o

in the literature in this regard. The atomic radius of Ag is 1.44 A

and its electronegativity is 1.9. Therefore according to the empirical

rule of Sood, Ag can form substitutional metastable alloys with Ni

(atomic radius 1.24, electronegativity 1.8). If Ag forms substitu­

tional alloys with Ni then the incorporating reaction is probably

similar to that of Li 20 in NiO:

where

Li(Ni) , is lithium atom in Ni site and has negative charge

Ni N; is nickel in ni cke1 site

00 is oxygen in oxygen sites

For Agbeing substitutional in NiO lattice we have

} O2 + AgO --+ Ag(Ni) , + Li + NiN~ + 200 + 2h

The range of 50 keV Ag ions in nickel will be considerably less than

the range of 60 keV Li ions in Ni; therefore in comparison with Li

in nickel most of the implanted Ag will be near the nickel surface.

Also the bigger size of the Ag atoms will tend to squeeze the Ni atoms

31
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thus effectively creating conduction paths.

Another possibility is to look at the Ag atoms as segregating

together inwardly into the Ni or outwardly - either way they form

paths highly resistant to corrosion surrounded by easily corroded

nickel sections:

resistant paths

corrosion f
IQYer 1. ~LL.L.I:.r;::.cz:::t:.LLld:Ll..b::z::z:UL.LLf-,t:r.~:z:z:!::.L.LLl_._~

Ag Ele~1ro de
surface

,RBS'analysis of the Ag-implanted electr6des before .and after electro­

chemical measurements indic~tes that no Ag was lost during the measure-

ments as seen in the RBS Spectra before and ·after electrochemical

measurements - Fig. 20(c).

4.5 Recoil Implanted Ag in Ni,NiO

Figure 21 (a), (b) are the current-potential measurements

for the Ag recoil-implanted nickel electrode. No improvement in

cell potential are observed either at low or high current densities.

The same trend is observable in Fig. 22(a),(b) which are the curves obtained

for Ag recoil. implants into Ni at Ar energy of~120 keV and 1.5x 1016

ions/cm2 Ar fluence. The reason is probably due to the fact that
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all the remaining Ag are part of the evaporated layer and not recoil

implanted species. An indication of this also shows in the RBS

spectra where the Ni substrate surface has not completely moved

forward to where it should be exposed at the surface, Fig. 22 (a),(b).

4.6 Kr+Ion Implanted Ni Electrode

This electrode has the highest cell potentials of all the

electrodes tested. The electrode was implanted with a high Kr+ ion

dose (~5 x 1017 ions/cm2) the regime where cones are expected to

form. 32 The cones probably formed and the poor catalytic behaviour

(much worse than for polished nickel) may be due to the high concentra­

tion of Kr near the surface. One way to get around this will be to

anneal the electrode after Kr bombardment at such temperature (where

the cones are still thermally stable) in order to desorp the inert

gas and therefore take advantage of the increased electrode surface

area due to cone formation.

4.7 Overpotential and Kinetic Parameters of the Test Electrodes

4.7.1. Electrode Potential

Table 1 gives the various electrode potentials measured at

current densities of 100 mA-, 200 mA- and 1000 mA/cm2 on the different

test electrodes examined in this experiment. The time-variation of these

potentials are indicated by showing the values of the electrode potential

for the 1st and 2nd days of measurements. All potentials were measured

vs DHE (whose overpotential throughout the experiment was ~40-45 mV).

No corrections were made for either the IR drop or the overpotential of



DHE. An electrode potential of 1.BO volts at 200 mA/cm2 obtained on

polished Ni compares with 2.17 V reported by Miles et a1. 2 at BOaC

in 50 w/o KOH. Also the measured potential of 1.715 V at 100 mA/cm2

on polished Ni is in good agreement with most reported data at this

current density in 30 w/o KOH at BOaC. The measured electrode poten­

tials on polished Ni electrode within the accuracy of these measure­

ments is the same as that observed with the electrode pre-oxidised in
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a
air (~400 A oxide). As mentioned previously this may be due to the fact

that the polished electrode was rapidly covered with a thin layer of

oxide once oxYgen evolution begins.

Both the He-implanted electrode and ~1 x 1015 Li+ ions/cm2

implanted Ni electrodes show a marginal reduction of~50 mV in

electrode overpotentia1 at 100 and 200 mA/cm2 whereas no reductions

were observed at the higher current densities (~1000mA/cm2). Also,

Ni and NiO electrodes implanted with higher concentration of Li+

(~1.6 at %Li) show no potential reduction. These effects may be due

to

(a) The distribution of the lower concentration Li (and He)

implants were chosen to be fairly uniform by a choice of

energies and dose ratio. In effect, most of the Li will

be near the surface. In contrast the higher concentration

implants were carried out at 60 keV with a peak concentra­

tion that is farther from the surface than the uniformly

distributed case.

(b) We have no evidence that the implanted Li remains in the

electrode, or it may even have been redistributed.
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The Ag implanted electrode results in a considerable reduction

in electrode potential especially at the higher current densities

(1.68 V at 200 mA/cm2 compared to 1.8 V for polished Ni; and 2.17 V

at 1000 mA/cm2 compared to 2.75 V for polished Ni) where a reduction

by ~600 mV was observed. However, at the moment we can say very little

about the dependence of this reduction with Ag dose since the electrode

potential is quite similar for both 1 x 1016 Ag ions/em and 4 x 1016

Ag ions/cm2 implants into Ni.

4.6.2 Kinetic Parameters

Figures 26(a) to 26(e) show the curves of overpotential versus

log of current density for some of the test electrodes. A reversible

cell potential of 1.2 volts has been used. From these curves the kinetic

parameters - exchange current density, io' Tafel slope, b, and transfer

coefficient$ - have been determined. Each curve exhibits a dual Tafel

region, one at low and the other at high overpotentials. The kinetic

parameters for oxygen evolution between 0.1 - 150 mA/cm2 are shown in

Table 2 while Table 3 shows the equivalent parameters for polarisations

up to ~1,500 mA/cm2.

The Tafel slopes for all test electrodes are similar at low

overpotentials underlining the fact that there is a minimum potential

necessary to break down water into its ions. The observed Tafel slope

of ~0.06 - 0.07 volts/decade of current compares with b = 0.095 reported

by Miles et al. 2 at the same temperature but in 50 w/o KOH.

From the obtained Tafel slopes, the transfer coefficients have

been calculated and the calculated value of ~l.l at low overpotentials
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is considered consistent with an electron transfer step being rate-

determining in the oxygen evolution process. The higher slopes for all

the test electrodes in the higher current density region might be

due to other processes occuring simultaneously with oxygen evolution

on the electrodes. It is plausible that some nickel oxide formation

took place at the higher current densities. A similar observation for

hydrogen evolution on Pb in 6N KOH solution at 25°C has been reported

by Lee,l and by Miles et al. 2 for oxygen evolution reaction on Ni at

208°C in 50 w/o KOH. The absence of any hysteresis effect (within

experimental errors) probably indicates the instability of the formed

oxide with polarisation.

By extrapolating the linear regions of the Tafel plot to the log

of current density axis we obtain the exchange current density i o' The

values of i o obtained at the low current density and high current density

regions are also sh0wn in Tables 2 and 3. A value of i o ~ 10-8 A/cm2

at 80°C obtained in this report at low current density compares with

~ 10-10 A/cm2 reported in Bockris 2 at 25°C and 0.1 N NaOH. At the inter~

3 2 -1 2mediate current density, we obtained i o ~ 10- A/cm and i o ~ 10 A/cm

for high current deqsity region (~ 1500 mA/cm2).

4.8 RBS Analysis from Ag Implanted Electrode

Figure 20(c) shows the Rutherford Backscattering spectra from

Ni and NiO electrodes implanted with 1 x 1016 Ag+ ions/cm2 at 50 keV.

Also included is the spectrum from Ni implanted with 3 x 1016 Ag+

ions/cm
2

. The spectrum from the Ni implanted with 1 x 1016 Ag+ ions/cm2

was taken after the sample has been used as oxygen electrode while the

other two spectra were taken before electrochemical measurements.
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Analysis of the spectra shows that the Ag-implanted Ni

electrode contains ~l .08 x 1016 Ag atoms/cm2 after electrochemical

measurement which is approximately the same amount of Ag in the NiO

sample that has not been used as oxygen electrode. Thus the spectra

indicate that no Ag was lost as a result of using the Ag-implanted

Ni as oxygen electrode in 30 w/o KOH solution at BO°C.

Figure 20(d) shows the depth distribution of implanted Ag

atoms in nickel determined for the sample that has been employed as

oxygen electrode, and for the as-implanted Ni sample. Within the

detector resolution it appears that the silver atoms are distributed

deeper in the substrate after electrochemical measurements. If Ag

diffusion occurs the peak concentration would not be expected to move

appreciably. However we do know that nickel oxide forms on the Ni

surface. Thus ifan oxide layer is formed (as expected) during the

polarization measurements then nickel atoms would have diffused

forward to form a thicker oxide layer. However we did not see any

indication of any oxygen on the surface using RBS technique. It may

well be that the oxide layer is too thin for the resolution of this

°technique. The movement of the Ag peak position <100 A which is small

in regard to the detector resolution. NiO probably acts as a barrier

preventing Ag migration to the electrode surface and thus prevents Ag

loss. As the oxide layer grows, the Ag will be buried deeper.

Figure 24 shows the RBS from Ag recoil implanted Ni while

Fig25 shows a similar spectra from NiO. Each sample had a thin layer

of Ag evaporated on its surface and was subsequently bombarded with

Ar+ ions. The change in slope of the Ni-edge in both figures indicate
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that atomic mixing between Ni and Ag, and between NiO and Ag has begun.

As Ar+ ion bombardment proceeded in addition to atomic mixing near

the interface, erosion of the silver layer due to sputtering would

occur at the same time. As a result the analysing He beam is able

to scatter from the Ni atoms with higher energies and hence the Ni

surface progressively moves forward. When there is no more evaporated

Ag layer on the surface, and when mixing over a thin layer has occured

the nickel surface would have moved sufficiently forward to where it

should be when the He ions with incident energy Eo (1 MeV) scattered

off nickel atoms at the surface. The fact that the Ni surface in

Figs. 24 and 25 has not moved forward sufficiently indicates the surface

is sti11 pure Ag. It is interesting to note that elettrodes having only

small amounts of Ag incorporated in them gave better performance than

those having pure Ag on the surface.
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CHAPTER 5

.. CONCLUS IONS

1. At doses of ~ 1 x 1015 , 1.1 x 1016 ions/cm2 and 1.3 x 1016 ions/cm2

60 keY Li+ or 3 x 1015 ions/cm2 He+ ions in Ni does not seem to

produce any appreciable effect in the e1ectrocata1ytic activity

of nickel when used as the oxygen electrode in 30% KOH solution

at BO°C but do cause a reduction in the rate of corrosion product

formati on.
16 2 °2. ~ 1.5 x 10 ions/cm, 30 keY Li+ ions in ~ 400 A NiO thermally

grown in air does not cause a reduction in the cell potential

when the electrode was used for oxygen evolution in 30 w/o KOH

solution at BO°C.,

3. Recoil implantation of Ag+ atoms with Ar+ ions of 120 keY (at

1.5 x 1016 Ar+-;ons/cm2) into NiO or 60 keV Ar+ ion (at 1.2 x 1016

Ar+ ions/cm2) into Ni, do not seem to have any beneficial effect

either on the cell potential or formation of corrosion product

at the oxygen electrode.

4., 1 x 1016 ions/cm2 and 4 x 1016 ions/cm2 of Ag+ ions implanted

into nickel improved the electrocata1ytic activity of the electrode

by as much as 6% (at the lower current densities) and 40% (at

the highest current density used (= TOOO mA/cm2)]. These effects

are suggested to be due to either the formation of substitutional

metastable alloy between nickel and silver, or the aggregation

of the silver atoms to form a less corrosib1e low resistance

path for charge exchange.



5. Dual Tafel regions were observed for each test electrode. The

higher Tafel slope at the higher current densities are thought

to be due to formation of some nickel oxide simultaneously with

oxygen evolution.

6. The observed Tafel slope of ~.07 at the low current density is

thought consistent with an electron transfer step being rate­

determining.

7. RBS analysis of the Ag-implanted Ni electrode before and after

polarisation measurements indicates that no Ag was lost in the

process of electrochemical measurements.

40



CHAPTER 6

SUGGESTIONS'FOR'FURTHERWORK

1. The improvement of electrocatalytic activity of nickel with silver

dose is unclear at the moment and deserves further investigation.

2. The role of silver and its mechanism in improving the electro­

catalytic activity of nickel for oxygen evolution is now at best

only speculative.

3. Wbile Soods 26 empirical rule suggests that lithium and nickel do
8not form substitutional metastable alloys, some authors have

reported improved catalytic behaviour with lithium dope in Ni.

It will be necessary to resolve whether their observation is

mainly due to a high surface area effect or to the concentration

of lithium in the electrode.
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Table 1: Measured electrode potentials on test electrodes for oxygen
evolution in 30 w/o KOH at 80°C.*

42

Electrode Potential vs DHE (volts)
at Various Current Densities

Electrode 100 rnA 200 rnA 1000 rnA

1st day 2nd day 1st day 2nd day 1st day 2nd day

Polished Ni 1.715 1.675 1.80

Thermally Grown NiO 1.722 1.655 1.80 1.798 2.75 2.75

He implanted Ni 1. 735 1.710 1.85 1.825 2.85 2.80

He implanted Ni 1.652 1.660 1.752 2.752 2.75

Li implanted Ni
0.1 at%Li 1.670 1.655 1.752 1.752 2.78 2.78

1. 2 at %Li 1.735 1.710 1.825 1.825 3.05 3.05.

Li implanted NiO:
1.6 at %Li 1.840 1.714 1.90 1.825 3.0 2.85

Ag implanted Ni:
1 x 1016 Ag ions/cm2 1.644 1.625 1.680 1.680 2.175 2.175

4 x 1016 Ag ions/cm2 1.680 1.657 1.72 1. 71 2.38 2.38

*Potentials were measured vs DHE and were not corrected for IR drop.



Table 2: Kinetic parameters for oxygen evolution ~n test electrodes for
galvanostatic sweep from 0.1 - 150 rnA/cm .

43

Transfer
Exchange Curr~nt Coefficient

Electrode Tafel Slope b(V) Density A/cm a*

Low n High n Low n High n Low n High n

Polished Ni 0.064 0.310 3.5 x 10-8 2 x 10-3 1.098 0.227

He impl anted Ni 0.04 0.290

1.0 x 1016 Li+ ion/cm2 0.05 0.30 1 x 10-8 2 x 10-3 1.17 0.39 ..
·Impl anted Ni

. 16 2
0.053 0.217 3.5 x 10-8 8 x 10-4 1.326 0.3241 x 10 Ag+ ions/cm

Implanted Ni

1.5 x 1016 Li+ 0.06 0.305 9 x 10-9 -3 1. 17 0.2301.6xl0
ions/cm2 NiO

2.303 RT
bF
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Table 3: Kinetic parameters for oxygen evolution on Ni electrodes im~lanted

with various species. Current sweep from 0.1 - 1,500 Ma/cm .

Tafel Slope
b volts

Transfer
Coefficient a

2.303 RT
b

E1 ectrode Low n High n

Exchange Curr2nt
Density A/cm

i o
High n region Low n High n

4 x 1016 Ag ion/cm2 0.07 1.98 2.50 x 10-1 1.0 0.035
in Ni

1 x 1016 Ag ions/cm2 0.07 1.88 2.7 x 10-1 1.0 0.037
in Ni

1.1 x 1016 Li 0.07 3.0 x 10-1 1.0
ion/cm2 in Ni

1.5 x 1016 Li 0.07 3.0 x 10-1 1.0
ion/cm2 in NiO

Polished Ni 0.064 1.17
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Fig.IO S.E.M. picture of Li implanted Ni.

Fig. II S.E.M. picture of He implanted Ni.
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Figure l6(a): Optical ~icro9raph of Li-inplanted electrode after
polarization.
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Fig ure 16(b) : Optical micrograph of Li-implanted
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Figure 20: Optical micrograph of Ag-implanted electrodes (a) 4 x 1016 Ag atoms/cm2.

(b) 1 x 1016 Ag atoms/cm2.
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2.2 Recoil Implantation

Recoil implantation is the introduction of impurity atoms

into a substrate by atomic recoil of atoms sitting on a target.

In deliberate recoil implantation a thin layer of the material to

be recoil implanted is evaporated on to a substrate (into which

the implant is desired), Fig. 3. The evaporated layer and the

substrate then form a composite target. The target is then bombar­

ded with energetic ions - usually inert gas ions like Ar or Kr.

In the "thin" film treatment, film thickness, bombarding ion and its

energy is normally chosen so that the bombarding ion has a range

greater than the film thickness. If the energy' transferred to an

atom in the evaporated film is greater than Ed ~25 eV (the energy

required to successfully displace an atom from its lattice position)

the atom is likely to be displaced from its original position thus

creating a vacancy - interstial pair (or point defects). If the

energy transferred is » 25 eV, the primary displaced atom may in

turn displace other atoms within the layer thus giving rise to colli­

sion cascades.

Recoil impl antation can be viewed as a form of "forward

sputtering" while the opposite effect, the erosion of a target

surface, can be viewed as "backward sputtering". In the process of

recoil implantation erosion of the evaporated layer due to sputtering

is going on as well and is in fact more rapid than the rate of recoil

implantation since the sputtering ratio - the number of atoms

ejected from the surface per incident ion (for most ion-target combi­

nations) is greater than unity whereas the recoil yield is often


