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Abstract

Electrochemical nucleation at a liquid j liquid interface has been studied by cyclic voltammetry and galvanostatic measurements.

A model of general applicability to any current/potential transient was developed for three-dimensional nucleation and growth,

yielding information on particle number density. The experimental data was analyzed with this model. # 2002 Elsevier Science B.V.

All rights reserved.
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1. Introduction

Electrochemical metal deposition at liquid j liquid

interfaces is a relatively unexplored field. The first study

was made by Guainazzi et al. [1] in 1975. More recently

Cheng and Schiffrin [2] showed that the technique can

be used to generate nanoparticles. Electrodeposited

palladium particles can be used as catalytic centers for

the dehalogenation of 2-bromoaceto-phenone [3], and

recently Lahtinen et al. [4] used electrodeposited palla-

dium particles as an electron transfer catalyst in a

photochemical reaction at a liquid j liquid interface.

Electrodeposition at a liquid j liquid interface differs

from a reaction at solid electrodes since interaction with

the substrate is absent for the former. In addition, this

interface is free from preferential nucleation sites and

therefore, liquid j liquid interfaces provide a simple

system to investigate nucleation kinetics. The mass

transport problem is complicated by the coupled diffu-

sion fields that are set up in the two phases. The overlap

of diffusion fields results in time dependent surface

concentrations during growth even under potentiostatic

conditions. The concept of planar diffusion zones [5�/7]

has recently been employed for the analysis of potentio-

static nucleation at liquid j liquid interfaces [8].

Variable surface concentrations are also encountered

during phase nucleation at metal electrodes in cases

where the potential varies with time. Due to the

difficulties with time dependent supersaturation, poten-

tiostatic methods have been favored, but galvanostatic

nucleation has been investigated [9,10], with emphasis

on nucleation kinetics. The galvanostatic method is
widely used in industrial applications and it has also

been recently applied to the synthesis of tetra-alkylam-

monium stabilized metal nanoparticles [11].

The purpose of the present work was to analyze the

mass transport model for three dimensional nucleation,

to account for coupled diffusion, overlap and the

kinetics of the growth reaction in galvanostatic experi-

ments. The model presented in this communication is
easily generalized to include other current/potential

relationships. Experimental results for palladium de-

position are presented and analyzed, yielding novel

information on particle number density transients. The

importance of growth kinetics is discussed.

2. Theory

2.1. The electrochemical system under consideration

The system investigated consists of an organic solvent

immiscible with water and containing an organic redox

couple, in contact with an aqueous solution of a metal
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ion. By imposing a current across the interface, hetero-

geneous electron transfer from the organic redox couple

to the aqueous metal ion takes place, leading to metal

electrodeposition. This type of experiment has been
carried out previously with gold [2] and palladium [8]

and is equivalent to classical electrodeposition at a solid

electrode. The nucleation and growth reaction can be

written as:

nM

nRed

Red(o)�MLb(w)�M0
j (s)

0
nM

nRed

Ox(o)�M0
j�1(s)�bL(w) (1)

where Red and Ox denote the reduced and oxidized

components of the electron donor redox couple. nRed

and nM are the number of electrons transferred per

molecule of Red(o) and per ion Mz�, respectively. j is

the number of atoms in the growing particle. b is the

number of ligands attached to the metal ion.

2.2. The growth of an isolated particle

Assuming a quasi-stationary state, where the diffu-

sion field settles much faster than the particle grows, the
concentration surrounding a single spherical particle is

given by [8]:

ci(r; t)�cb
i �

nM

ni

2R(t)2

rV̄Di

dR(t)

dt
(2)

where i is the species under consideration, V̄ is the

molar volume of the deposited metal, R (t ) is the radius

of the growing particle, r is the distance from the center

of the particle, Di is the diffusion coefficient of species i

and ci
b is the bulk concentration. Eq. (2) includes an

assumption that the diffusion fields can be partitioned
symmetrically between the aqueous and organic phases

regardless of the actual position of the particle. This

equation is comparable to that frequently used for a

hemispherical nucleus growing on a solid electrode [8].

The radius of a growing particle formed at an initial

time t is solved from the integration of Eq. (2) by setting

the variable r equal to the radius of the growing particle,

i.e. r�/R (t , t ). This gives:

R(t; t)�
�

niDiV

nM
g
t

t

Dci(t; u)du

�1=2

(3)

where Dci(t; t) is the difference between the bulk

concentration and the surface concentration c
s;p
i (t; t) of

the particle, i.e. Dci�cb
i �c

s;p
i (t; t): t has been intro-

duced to emphasize that the surface concentrations
depend on the particle size for a reaction under kinetic

control. This problem will be analyzed later on. For a

reversible reaction the surface concentrations depend

only on the potential. The current Ip to a particle of

radius R(t; t) is equal to that of a hemispherical

microelectrode under steady-state conditions and is

given by [12]:

Ip(t; t)�2pniDiFDci(t; t)R(t; t) (4)

For an assembly of particles growing in the absence of

overlap the total current is given by the sum of the

currents to all nuclei:

I(t)�2pniDiF
X

j

Dci(t; t)Rj(t; t) (5)

For a distribution of nuclei N (t) formed at different

times Eq. (5) is:

I(t)�2pniDiFA g
t

0

Dci(t; t)R(t; t)
dN(t)

dt
dt (6)

where A is the area of the electrode and N (t) has the

units of particles per unit area.

2.3. Particle growth for overlapping diffusion fields

At sufficiently long growth times, the hemispherical

diffusion conditions in Eq. (6) break down due to the

overlap of the diffusion field surrounding each particle.

This complex problem can be modelled following the

approach of planar diffusion fields previously developed

assuming a time independent surface concentration on

the particles [8]. In this study an alternative approach
has to be taken since the surface concentration are

assumed to vary with time. An analytical solution of the

full hemispherical-linear diffusion problem is not possi-

ble and for this reason, it is assumed here that the

growth of the particle takes place in a medium of

average interfacial concentration c̄s(t). This value is the

solution of the equivalent linear diffusion problem

solved for a linear geometry that images the real
hemispherical diffusion field. This issue has been

abundantly discussed in the literature.

The following analysis is based on a variational

approach. Let the average interfacial concentration,

c̄s(t), against which the particle is growing constitute

a global value onto which a local variation

f (r;8 ; u; c̄s(t)) is added. Then:

c(x; y; z; t)� c̄s(t)�f (r;8 ; u; c̄s(t)) (7)

where r is the distance from the particle under con-

sideration; 8 and u are the angles in the spherical

coordinate system. The concentration field is written in

this form, since c̄s(t) can be calculated if the current as a

function of time is known. The simplest approximation

for f (r;8 ; u; c̄s(t)) is that of a spherical microelectrode
with a spherical diffusion field; c̄s(t) is the bulk

concentration. This average interfacial concentration is

assumed to contain all the effects of the surrounding
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particles, i.e. we are treating this as a mean field

problem. With these assumptions the local term,

f (x; y; z; c̄s(t)) in Eq. (7) represents the deviation induced

by the growth of a single particle. Thus, the concentra-
tion field of species i is given by:

ci(r; t)� c̄si �(c̄si � c̄
s;p
i )

�
R(t)

r

�

� c̄si (t)�
nM

ni

2R(t)2

rV̄Di

dR(t)

dt
(8)

where r]R(t) (compare with Eq. (2)). This approxima-

tion allows the inclusion of overlap by substituting ci
b for

c̄ i
s(t) in the equations describing the growth of a single

particle. No information on the spatial distribution of

particles at the interface is contained in this model. This

is not important in the present work as the particles are

not tied to specific sites at the liquid j liquid interface. In
addition, no rate law for the formation of new nuclei

needs to be assumed a priori.

It must be considered that the current actually

measured in an electrochemical experiment refers to

average diffusion towards an electrode regardless of the

microscopic details of the surface concentration profiles.

This means that the current can be related to a

hypothetical average surface concentration. Thus, the
average interfacial concentration for a given current

density j(t) under linear diffusion conditions is given by

the convolution integral [13]:

c̄si (t)� c̄b
i �

1

niFD
1=2
i p1=2 g

t

0

j(u)

(t � u)1=2
du (9)

For constant current (i.e. galvanostatic) conditions

Eq. (9) simplifies to:

c̄si (t)� c̄b
i �

2jt1=2

niFD
1=2
i p1=2

(10)

where j is the current density to the interface.

2.4. Irreversible Butler�/Volmer kinetics for growing

particles

In the following, the relationship between the surface

concentrations and the potential is derived by regarding
the growing particle as a bipolar electrode. Reaction (1)

is split into two half-reactions, the reversible redox

reaction in the organic phase,

Red(o)XOx(o)�nRede� (11)

and the irreversible deposition reaction in the aqueous

phase,

MLb(w)�M0
j (s)�nMe� 0

k0
M0

j�1(s)�bL (12)

Since a ferrocene derivative has been used the half-

reaction in the organic phase is a simple electron transfer

involving a minor reorganization energy [14] and is

therefore assumed to be reversible. The half-reaction in

the aqueous phase requires shedding of ligands and
incorporation of the metal atom into the lattice of the

growing particle and is therefore considered to be

irreversible. This is in accordance with the experimental

results shown later and the results in Ref. [8]. The

influence of the concentration of the ligand has been left

out of the equations for clarity.

The Galvani potential difference Df between the

organic redox couple and the metal particle is given by
the Nernst equation:

Dp
of�E�

Red=Ox�
RT

nRedF
ln

�
c

p
Ox

c
p
Red

�
(13)

and the potential difference between the metal particle

and the aqueous phase follows the Butler�/Volmer

formalism:

Dw
pf��E�

M0=MLb�
RT

anMF
ln

�
k0c

p
M

J

�
(14)

where E8Red/Ox and E8M0/MLb are the formal potentials

of the organic and aqueous redox couples in the
respective phases. These values include all activity

coefficient terms. J is the flux density at the surface of

the particle, a the transfer coefficient and k0 is the

standard rate constant for the irreversible reaction.

From Eqs. (14), (3) and (4):

Dw
pf��E�

M0=MLb�
RT

anMF
ln

�
k0c

p
MR(t; t)

DMDc
p
M

�
(15)

From Eqs. (13) and (15) and considering flux
continuity the potential across the interface is given by:

Dw
of�E�

Red=Ox�E�
M0=MLb

�
RT

nRedF
ln

�
c̄sOx(t) �

nM

nOxDOx

X

c̄sRed(t) �
nM

nRedDRed

X

�

�
RT

anMF
ln

�
k0

�
c̄sM(t) �

1

DM

X

�
R(t; t)

X

�
(16)

where:

X (t; t)�
2R(t)

V

dR(t)

dt
�

niDi

nM

Dci (17)

/X (t; t) can be solved numerically for any known

potential transient from Eqs. (3), (9) and (16). c(t; t)

and hence X (t; t) is dependent on the particle size and
interfacial potential and must therefore be calculated for

each particle size occurring in the size distribution.

Once this has been done the number density transient
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can be obtained from Eq. (6). Thus, in the approach

described in this paper, instead of establishing a direct
current�/potential relationship, comparison between ex-

periment and theory is carried out using the calculated

surface concentrations.

3. Experimental

3.1. Instrumentation

A typical four-electrode cell configuration for the

liquid j liquid interface was used [15]. The interfacial

area was 0.18 cm2. The potential was controlled and

recorded using an Autolab PGStat 100 (Ecochemie,

Netherlands) potentiostat controlled by a PC. The

potentials refer to cell I given above where s denotes

the interface studied. x denotes the concentration of
(NH4)2PdCl4; the concentrations investigated were 0.34,

0.92 or 2.5 mM. A positive current is defined as transfer

of a positive charge from the aqueous phase to the

organic phase, and the rate of deposition thus increases

when Dw
of becomes more positive. 1,2-dichloroethane

(1,2-DCE) (HPLC grade Rathburn Chemicals, Scot-

land), Li2SO4, LiCl and (NH4)2PdCl4 (Aldrich, USA)

were used without further purification. MQ-treated
water was used throughout. Dimethylferrocene

(DmFc) (Aldrich, USA) was the electron donor in the

organic phase. Bis(triphenyl phosphoranylidene) ammo-

nium tetrakis(4-chloro phenyl) borate (BTTPATPBCl)

was prepared as described elsewhere [16].

The system was studied by cyclic voltammetry and

galvanostatic step experiments. For the current step

experiments the current was initially set at 0.1�/10�6 A.
When the measured potential increased above 0.2 V the

current was stepped to the range from 2.5�/10�6 to

6.25�/10�6 A. The experiments were performed with a

1.25�/10�6 A current interval. The cell was cleaned

after each current step measurement to ensure a clean

interface. The potentials reported are on the TATB-scale

[17].

3.2. Calculations

The capacitive current was subtracted from the

applied current using:

I(t)�I0�C
dDfw

o

dt
(18)

where C is the interfacial capacitance. This equation was
numerically solved by the forward difference method.

An approximated value of C�/12 mF cm�2 was used.

The capacitive correction affected the calculated number

density transients only at time scales smaller than 2 s.

The diffusion coefficient of DmFc was determined

from microelectrode measurements and was found to be

1:0�10�5 cm2 s�1. The standard redox potential for

the DmFc�/DmFc was taken as E8�/0.471 V, obtained
from the half wave potential at a Pt microelectrode. The

diffusion coefficient of [PdCl4]2� was taken as 1:0�
10�5 cm2 [18]. a was taken as 0.246 [18]. The role of k0 is

discussed later. The standard redox potential for

PdCl4
2�/Pd was calculated from: E8/V�/0.62�/

0.118pCl�/0.0295 log[PdCl4
2�] [19].

The trapezoidal rule was used to solve integral

equations and for numerical integration. Non-transcen-
dental equations were solved numerically by the New-

ton�/Raphson method [20].

4. Results and discussion

4.1. Cyclic voltammetry

Cyclic voltammograms for Pd electrodeposition are

shown in Fig. 1. When only the organic redox couple

Fig. 1. Cyclic voltammograms. (� � �) Only 0.5 mM DmFc(o) base

electrolytes present. (*/) When both 2.5 mM (NH4)2PdCl4(w) and 0.5

mM DmFc(o) were present a charge transfer reaction corresponding to

nucleation was observed.
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was present the voltammogram followed the base line.

In presence the of (NH4)2PdCl4 and DmFc an irrever-

sible peak was observed at positive potentials, corre-

sponding to the reduction of palladate at the interface.

Transfer of DmFc�, formed in the deposition reaction,

from the organic to the aqueous phase was observed at

the negative side of the reduction peak. The polarization

window was also smaller due to the transfer of

[PdCl4]2� at the negative end and NH4
� at the positive

end. If the scan was reversed at a less positive potential,

before the onset of linear diffusion, a typical nucleation

loop was observed. In this case, the currents on the

reverse sweep were higher than those on the forward

sweep, (Fig. 2). All concentrations of (NH4)2PdCl4 gave

similar responses, however, with the reduction peak

shifting to more positive values with decreasing con-

centration (data not shown).

4.2. Galvanostatic experiments

The measured potential transients are shown in Fig. 3.

The transients show behavior typical for a nucleation

process, i.e. an initial increase in the potential nucleating

particles on the interface followed by a decrease

corresponding to the growth of the particles, and finally

a gradual increase and a transition time due to depletion

of reactants in the interfacial region, i.e. due to overlap

resulting in linear diffusion conditions.

In Fig. 4 the potential transients for the three

concentrations of (NH4)2PdCl4 are compared at a

current density of 20.8 mA cm�2. It is seen that the

potential increases with decreasing (NH4)2PdCl4 con-

centration. This feature was typical for all the measured

current densities (see Fig. 3). The potential difference

between the transients remains constant at short times

scales but increases with the onset of linear diffusion

conditions at longer times.

Fig. 2. Cyclic voltammograms. (� � �) Baseline, (*/) both 2.5 mM

(NH4)2PdCl4(w) and 0.5 mM DmFc(o) present. A nucleation loop is

observed if the scan is reversed before the onset of linear diffusion.

Fig. 3. Potential transients for current density steps of (�/ �/ �/ �/) 34.7,

(�/ �/ �/) 27.8, (� � �) 20.8 and (*/) 13.9 mA cm�2, for the overall

composition of the system (cell 1), (a) 2.5 mM, (b) 0.92 mM, and (c)

0.34 mM (NH4)2PdCl4.

Fig. 4. Comparison of the potential transients obtained for the overall

composition of the system (cell 1), (*/) 2.5, (� � �) 0.92 and (�/ �/ �/) 0.34

mM (NH4)2PdCl4 with a current density of 20.8 mA cm�2.
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4.3. Estimation of the transient particle density

The calculated nuclear number density transients for

2.5 mM (NH4)2PdCl4 are shown in Fig. 5. An interesting

feature for all the calculated transients is the decrease in

nuclear number density after the initial increase. This

decrease is due to agglomeration. The exact mathema-

tical treatment of agglomeration and its influence on the

particle size, number density distributions and particle

growth is beyond the scope of the present communica-

tion. The initial high nuclear number density is an

expected consequence of the imposed current. The other

concentrations gave similar results (data not shown).

It is important to notice how the calculated number

densities are affected by the kinetics of the electrodepo-

sition reactions. Fig. 5a�/d represent a shift from kinetic

to diffusion control with the corresponding shift from

high to low in the calculated nuclear number densities.

In Fig. 5a and b the reaction proceeds under kinetic

control throughout the transient, i.e. the calculated

surface concentrations at the particle of all species are

finite. In Fig. 5d the reaction proceeds under diffusion

control, i.e. the calculated surface concentration of

DmFc at the particle can be regarded as zero. Diffusion

control implies that the growth reaction at a particle

proceeds at a maximal rate and cannot be increased by

increasing the applied potential. This is seen as an

increase in the calculated nuclear number density at the

end of the transient, since more particles have to be

formed in order to compensate for the overlap in the

diffusion fields and hence in the decrease in the driving

force for the growth reaction. In Fig. 5c the control

shifts from kinetic to diffusion control, and hence the

transient show characteristics of these two types.

These transients show that the standard rate constant

can greatly influence the number densities obtained.

When the reaction is under kinetic control, the number

density transients differ only from each other by a

constant factor. A decrease of one decade in the

standard rate constant increases the calculated number

density by three orders of magnitude, as is seen by

comparing Fig. 5a and b. The large effect of the

standard rate constant on the calculated particle number

density is a consequence of the high mass transfer to a

growing nucleus acting as a nanoelectrode. This makes

the activated process rate determining. The effect of the

activated step of metal deposition can be seen on the

calculated number density for rate constants of 10�5 cm

s�1, (compare Fig. 5c and d).

If the growth reaction is under diffusion control the

surface concentration of one species becomes effectively

zero, and hence, the calculated nuclear number density

is related directly to the size and distribution of the

particles and to the applied current. In this case the

measured potential is independent of growth kinetics

and should depend only on the nucleation kinetics. Such

a number density transient is shown in Fig. 5d.

Increasing the rate constant does not alter the nuclear

number density. The standard rate constants for the

discharge of various PdClx complexes ranges from 10�
10�5 to 10�10�2 cm s�1 [18]. For such a range of

standard rate constants the calculated nuclear number

density transients shift from kinetic control to diffusion

control with increasing rate constants. Recent XRD-

Fig. 5. Particle number density transients calculated for different standard rate constants. (�/ �/ �/ �/) 34.7, (�/ �/ �/) 27.8, (� � �) 20.8 and (*/) 13.9 mA

cm�2. (a) k0�/10�7, (b) k0�/10�6, (c) k0�/10�5 and (d) k0�/10�4 cm s�1.

C. Johans et al. / Journal of Electroanalytical Chemistry 526 (2002) 29�/3534



measurements of Pd particles nucleated at the li-

quid j liquid interface in a system similar to that studied

in this communication support the formation of small

particles [21]. This finding supports the prediction of a
larger particle number density growing under kinetic

control.

Unfortunately, the nuclear number density transients

calculated from the theory are strongly dependent on

the assumed value of the rate constant. Therefore, they

do not reflect the physical situation quantitatively,

although, some interesting qualitative feature were

derived. The results obtained here differ noticeably
from those obtained in the preceding potentiostatic

nucleation study [8], due to the different theoretical

approach and the lack of theory incorporating growth

kinetics.

5. Conclusions

The results obtained demonstrate the important role

of agglomeration in nucleation studies at the li-

quid j liquid interface. Exact nuclear number density
transients cannot be obtained without more sophisti-

cated techniques.

This communication also presents a method to

deconvolute approximate nuclear number density tran-

sients from potential/current data for a reaction invol-

ving simple kinetics and overlap. The importance of not

only nucleation kinetics, but also growth reaction

kinetics is shown.
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