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Chapter 1
Introduction
Electrochemical deposition is a process where electrons reduce ions
from aqueous, organic and fused-salt electrolytes to form metals, alloys
and compounds (reaction 1.1). The electrons are provided from either
an external power supply or from species in the solution. The work
summarised in this thesis concerns the reduction of ions from aqueous
electrolytes through the supply of an external power.
Me z  ( sol )  ze  o Me( s )

(1.1)

A sketch of an electrochemical cell for electrochemical deposition is
shown in Figure 1.1. The cell consists of two electrodes that are
polarised by an external power supply to attain the opposite polarity.
The cathode, where the material is deposited, is negatively polarised and
the anode is positively polarised. The reduction process occurs at the
cathode and the oxidation process at the anode, consuming the same
amount of current. The electrodes are in contact with each other
through the electrolyte. The ions transport the current through the
electrolyte. The negatively charged ions (anions) are transported
towards the anode and the positively charged ions (cations) towards
the cathode and thereby the electric circle in the electrochemical cell is

Figure 1.1 The electrochemical cell.
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closed. The locus for the electrochemical deposition process is the
cathode/electrolyte interface. At the interface, ions in close vicinity of
the electrode organise themselves and build up, together with the
electrode surface, the electrical double layer. At the electrolyte side of
the electrical double layer, there is a whole array of charged species and
oriented dipoles, thought to be made up of different layers. During
electrochemical deposition, ions in close vicinity to the electrode are
consumed, and a concentration gradient between the electrode surface
and the bulk electrolyte appears, building up the diffusion layer. The
dynamic processes occurring in the diffusion layer during
electrochemical deposition are of highest importance for the selfoscillating phenomenon summarised in this thesis.
Electrochemical deposition was discovered around 1830 and since then
the technique has been developed [1]. In early times, the development
was very dependent upon development of physics and chemistry in
general. It is interesting to note that the electron was discovered in
1897, nearly seventy years after the discovery of electrochemical
deposition [2]. The technique is now widely used and has several
advantages; it is cheap and convenient to use, structures with high
aspect ratio can be created, the process can be performed at low
temperatures and non-equilibrium phases can be formed. One
disadvantage is that the materials have to be deposited onto a
conducting substrate. In recent years there has been an increased
interest in electrochemical deposition, mainly due to three new
technologies; metal deposition for fabrication of integrated circuits [3],
deposition for magnetic recording devices (heads, disks) [4] and
deposition of multilayer structures [5].
Oscillations in chemical systems have a long history but has become a
great interest across the world since the 70´s. Already in the
seventeenth century a periodic “flaring-up” of phosphorus in a loosely
sealed flask was observed, arising from the combination of chemical
kinetics and diffusion. Oscillating reactions had a “Dark Age” between
1900 and 1960 when the chemists were convinced that the second law
of thermodynamics would not allow this kind of behaviour, at least not
in homogenous systems, and therefore the oscillations were only seen
as abnormalities in a Friday afternoon experiment [6]. Later, the
phenomena of chemical reactions, causing periodic oscillations,
quasiperiodic oscillations and chaos became an acknowledged science.
2

The first non-steady behaviour in electrochemistry was observed in
1928 and concerned periodic deposition and dissolution of silver on
iron in an acidified solution of silver nitrate [7]. The area of
electrochemistry probably provides more examples of oscillating
systems than any other area in chemistry [8]. However, oscillating
electrochemical systems are relatively unexplored as compared to
reactions in liquids and catalysed gas-solid reactions. The majority of
electrochemical oscillating systems concern dissolution of various
metals and oscillations are more seldom reported during cathodic
processes. Oscillations in cathodic systems are often attributed to a
periodic variation in surface concentration of species in the electrolyte
[9] and/ or the formation and dissolution of a passivating layer [10].
In 1997 Switzer et al. reported for the first time about the selfoscillating Cu(II)-lactate system [11]. As a constant cathodic current was
applied to an electrochemical cell, containing an alkaline Cu(II)-lactate
electrolyte, the electrochemical potential was spontaneously oscillating
(Figure 1.2). Switzer et al. assumed that the oscillations could either be
caused by the formation and breakdown of a rectifying cuprous
oxide/solution interface or by oscillations in surface pH or both.
However, a detailed reaction scheme for the self-oscillating process was
not proposed. The oscillations induced the deposition of a layered
structure, consisting of nanosized grains of copper and cuprous oxide;
cuprous oxide being deposited during the positive potential shift and a
composite of copper and cuprous oxide during the negative potential
shift [12-15].
In self-oscillating systems feedback is crucial; the continuation of one
reaction influencing the rate of a second reaction, and thereby the rate
of its own reaction. For a deeper understanding for the feedback
processes and the dynamic and complex behaviour in the diffusion
layer, the application of in-situ techniques is of greatest importance.
The scope of this thesis was to obtain increased knowledge about the
self-oscillating phenomenon observed in the Cu(II)-lactate and closely
related systems, through the application of two in-situ techniques,
proximity pH measurement and confocal Raman spectroscopy.
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Figure 1.2 Spontaneous potential oscillations observed when applying a cathodic
current density of 1 mA/cm2 to a 0.6M Cu(II), 3M lactate solution at pH
9.3, T=20oC and 500 rpm using a Cu electrode.
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Chapter 2
Dynamic processes in the diffusion layer
The dynamic processes in the diffusion layer during electrochemical
reduction are of greatest importance for the self-oscillating behaviour.
The processes, which include transport of species to and from the
electrode surface and variation in concentration of species through
connected reactions, will be introduced in this chapter.
Transport of species occurs in the diffusion layer (G), which is the region
close to the electrode surface where the concentration of species
(C) differs from the concentration in the bulk electrolyte (Co) (Figure
2.1a). Within the diffusion layer the transport of ions is mainly driven
by diffusion, as reflected in its name. The driving force for the diffusion
process is the difference in concentration in the bulk electrolyte and at
the electrode surface, appearing as a consequence of the depletion of
species during the reduction process. This implies that the current
density, in relation to the concentration of species in the bulk
electrolyte, determines the resulting concentration gradient, e.g. the
width of the diffusion layer and thereby the diffusion flux. During
electrochemical reduction, the width of the diffusion layer is increased
with time until steady-state conditions are reached (Figure 2.1b). The
width of the diffusion layer can be reduced by convection in the bulk
electrolyte [16]. Similarly, a concentration gradient with species
diffusing out from the electrode surface appears if species are being
produced during the reduction process.

Figure 2.1 a) The diffusion layer model. b) Growth of the diffusion layer thickness
by time.
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In electrochemical metal deposition processes, the metal ion being
reduced (Mez+), is often complexed with ligands (L) (2.1). The
concentration of metal ions in complex with the ligand is determined by
the thermodynamic stability constant (K) for the equilibrium (2.2). The
equilibrium is shifted if the concentration of one of the involved
species is altered, which is exactly what is happening during the
electrochemical deposition process, since species are consumed (and
also produced). In many cases several complexes exist, which means that
many different reactions are coupled. A larger value of the constant
indicates a more stabile complex and a stronger thermodynamic driving
force for the reaction. The constant, however, does not say anything
about how fast a certain reaction proceeds, but is related to an
established equilibrium situation. The kinetics for the reactions on the
contrary, give information about how fast a certain reaction proceeds.
Through a competition between the different reactions where the
stability constants and the kinetics for the reactions are of importance,
the concentration of the different species in the diffusion layer will vary.
z

Me z  (aq)  xL(aq) o MeLx (aq)

K

>MeL

z

@

(2.2)

(aq )
x
z
Me (aq )  >L(aq )@

>

x

@

(2.1)

In this thesis the application of in-situ techniques have been used to
gain insights into the dynamic behaviour in the diffusion layer during
electrochemical deposition, e.g. diffusion of species to and from the
electrode surface and establishment of reactions.
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Chapter 3
The self-oscillating systems
3.1 The Cu(II)-lactate and Cu(II)-tartrate systems
The general behaviour of the two self-oscillating systems investigated in
this thesis is presented in this chapter. Together with the self-oscillating
Cu(II)-lactate system, found by Switzer et al. and briefly introduced in
chapter 1, the similar self-oscillating Cu(II)-tartrate system, is also
discussed (Paper I). The structures of the lactic- and tartaric- acids are
shown below (Figure 3.1). Their anions form complexes with the
Cu(II)-ions in the electrolytes. The primary cause for adding them into
the Cu(II)-ion containing electrolyte is to avoid precipitation of
insoluble products, mainly Cu(OH)2, at alkaline pH values.

OH

O
OH

OH

HO

O
a)

OH

OH

O

b)

Figure 3.1 The structures of lactic- (a) and tartaric acids (b) respectively.

In Figure 3.2, the spontaneous potential oscillations with either tartrate
(a) or lactate (b) added as complex binders, are shown. The stable
oscillation patterns are similar, and the oscillations can persist for hours.
The main differences between the two oscillating patterns are a longer
oscillating period and larger oscillating amplitude in the Cu(II)-lactate
system compared to the Cu(II)-tartrate system. The oscillations
indicate, as proved by Switzer et al. for the Cu(II)-lactate system, that a
composite of copper and cuprous oxide is deposited during the
negative potential shift and that cuprous oxide is deposited during the
positive potential shift [12].
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Figure 3.2 Spontaneous potential oscillations observed when applying a cathodic
current density of 1mA/cm2 to a; a) 0.4M Cu(II) 0.4M tartrate solution at
pH 10.4, T= 25oC and 500 rpm onto a Cu-electrode. b) 0.6M Cu(II) 3M
lactate solution at pH 9.3, T= 20oC and 500 rpm onto a Pt-electrode.

The oscillation behaviour is a strong function of pH, temperature,
Cu(II)-concentration and current density. Within the self-oscillating
window an increase in pH or temperature, decreases the oscillating
period. The effects of temperature, pH and current density upon the
deposition of copper and cuprous oxide, within and outside the selfoscillating window, are summarised in Figure 3.3.

Figure 3.3 The effects of temperature, pH and current density upon the deposition
of copper and cuprous oxide, within and outside the self-oscillating
window.
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A high pH, a high temperature and a low current density favour the
deposition of cuprous oxide, while a low pH, a low temperature and a
high current density favour the deposition of copper.
3.2 The experimental set-up
The experimental cell, used for the electrochemical measurements, is
shown in Figure 3.4. Copper or platinum was used as working
electrodes and a piece of copper served as counter electrode. The
potential was measured versus the saturated calomel electrode, SCE,
(0.2444 V vs. SHE at 25oC).

Figure 3.4 Schematic drawing of the experimental set-up.
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Chapter 4
In-situ pH measurement during the self-oscillating process
One of the crucial parameters to induce the self-oscillations is the pH in
the bulk electrolyte. The pH also affects the oscillation pattern within the
self-oscillating window. Moreover, the composition can be tuned by
changing the pH in the electrolyte. For a detailed investigation pH was
measured in-situ, in close vicinity of the electrode where the selfoscillations were induced (Paper II).
4.1 The pH-sensor
In-situ pH measurement can be performed with the use of a
microelectrode as pH-sensor. Examples of pH-microelectrodes are the
traditional pH-glass microelectrode, the iridium oxide microelectrode
pH-sensor [17] and conducting polymer based pH-microelectrodes [18,
19]. The glass microelectrode posses some drawbacks concerning the
high Ohmic resistance and the alkaline error and is therefore not a good
alternative for this measurement. The use of polymers as sensors is
presently the subject of intense research [20] and conducting polymers,
e.g. polyaniline (PANI) and polypyrrole, are very attractive candidates
as new pH-sensors [18, 19]. The electrochemical behaviour of PANI
films has been extensively studied in recent years and it has been shown
that PANI may exist in three different oxidation states, where one of
them, the emeraldine form, is dependent upon the degree of
protonation [21, 22]. The emeraldine form of PANI has recently been
applied as micro-pH sensor in the literature, and was shown to possess
a linear response (-60 mV/pH-unit) over a pH range from 2.0-12.5 [23].
The pH-sensor has to be positioned with great precision within the
diffusion layer of the electrode under study. This is often associated
with experimental difficulties. To overcome these difficulties,
microband electrodes were used (Figure 4.1). A pH sensitive film of
PANI was electropolymerised on one of the microbands, while the
other band was used for the oscillation reaction. This is a novel way of
performing in-situ pH measurements in self-oscillating systems.
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Figure 4.1 Image of a microband electrode. This electrode has four parallel bands,
which could be separately connected.

The PANI-film was grown potentiodynamically. After formation, the
PANI-film was calibrated in the Cu(II)-lactate solution and possessed a
linear and fast response with a slope of -65 mV vs. SCE/ pH-unit
(Figure 4.2)
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Figure 4.2 Calibration curve for the PANI film in 0.6M Cu(II), 3M lactate.

4.2 pH-response during the self-oscillating process
The result from the in-situ pH measurement in the Cu(II)-lactate
system is shown in Figure 4.3, where a) shows the spontaneously
oscillating potential and b) shows the corresponding pH-response. The
curves clearly show that the self-oscillating process is closely connected
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to pH variations. The variations in pH have a similar appearance as the
self-oscillations. As the pH is increased, the potential follows similarly,
and as the pH is decreased, the potential is also decreased. To
understand what processes during the copper deposition (lower
potentials) that causes the local pH to increase, a closer examination of
the Cu(II)-complexes in the electrolyte has to be performed.

Figure 4.3 a) Spontaneous potential oscillations observed when applying a cathodic
current density of 2 mA/cm2 to a 0.6M Cu(II), 3M lactate solution at pH
9.4 to a gold microband electrode. b) Potential response, and the
corresponding pH-value calculated from Figure 4.2, of the PANI-coated
microband electrode during the self-oscillating process.

4.3 The Cu(II)-complexes
Very little thermodynamic data is found in the literature concerning the
alkaline Cu(II)-lactate system. However, the different Cu(II)-tartrate
species existing in the alkaline region have been studied by Norkus et al.
[24]. From calculations of the different Cu(II)-tartrate species, it is
deduced that the CuT24- complex is dominating. Since the lactate and
tartrate are similar and the lactate is used in excess (1:5), the analogous
CuL22- complex is assumed to be the dominating complex in the Cu(II)lactate electrolyte as well. In the CuL22- and CuT24- complexes
respectively, both the carboxy groups and the deprotonated D-hydroxyl
groups coordinate to the Cu(II)-ion, forming a chelating complex. (The
12

D-hydroxyl group is situated on the D-carbon, which is the carbon next
to the carboxy group). This means that the D-hydroxyl proton is
liberated at a lower pH value than its actual pKa, due to the formation
of the chelating complex. The concentration of Cu(II)-hydroxide
complexes is also calculated to be high in the Cu(II)-tartrate electrolyte,
where the Cu(II):tartrate ratio is 1:1. The concentration of Cu(II)hydroxy complexes in the Cu(II)-lactate system however, is assumed to
be lower since the Cu(II):lactate ratio is at least 1:5 in the performed
experiments.
In Figure 4.3, a slow increase in pH is seen at the lower potentials
followed by a faster increase in pH where the potential changes in the
same way. The fast increase in pH indicates the absence of buffering
species in the electrolyte from pH values of about 10 to 12. Moreover, a
similar behaviour is shown in the calibration curve of the PANI film;
there is a lack of points at pH values between pH 10.5 to 12 even
though small volumes were added to the solution. To further
investigate the buffering behaviour of the Cu(II)-lactate electrolyte, a
titration curve for the Cu(II)-lactate electrolyte was recorded (Figure
4.4a).
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Figure 4.4 Titration curves obtained for a) 0.6M Cu(II), 3M lactate b) 0.4M Cu(II),
0.4M tartrate when adding 5M NaOH to the electrolyte.
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From the titration curve it is clearly shown that there is an absence of
buffering species between pH 10 and 12. This finding explains the
shape of the positive pH shift in the in-situ pH measurement (Figure
4.3b). The buffering specie in the electrolyte is presumably the CuL22complex or other complexes formed at fast kinetics. The percentage of
consumed Cu(II)-complexes in the titration was calculated from the
equivalence volume assuming a 1:1 molar ratio. About 70% of the
Cu(II)-complexes were consumed and the rest of the complexes (30%)
are assumed to be present in other forms of inert complexes. A likely
buffering reaction should be reaction 4.1.
CuL22- + OH- o [CuL2(OH)] 3-

(4.1)

Even though pH was not measured in-situ in the Cu(II)-tartrate system,
a titration curve for the electrolyte was also obtained, Figure 4.4b. The
titration curve for the Cu(II)-tartrate exhibits a similar behaviour as the
Cu(II)-lactate electrolyte with the absence of buffering species within a
specific pH region. The difference in shape between the titration curves
of the Cu(II)-tartrate and -lactate electrolytes could probably be related
to the differences in the shape of the oscillation patterns, which will be
discussed later.
4.4 Reaction scheme for the self-oscillating process
The Cu(II)-lactate and Cu(II)-tartrate systems are believed to follow
analogous reaction schemes, and will therefore be discussed together.
Reaction formulas will be exemplified for the Cu(II)-lactate system. For
a more detailed discussion, an oscillation cycle (obtained in a 0.1M
Cu(II), 3M lactate electrolyte) has been divided into different regions IVI, as shown in Figure 4.5. With neither thermodynamic data for the
alkaline Cu(II)-lactate system nor the kinetics for the different reactions
in the Cu(II)-lactate and -tartarte systems respectively, only a hypothetic
discussion can be held. A schematic overview of the self-oscillating
process is seen in Figure 4.6.
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Figure 4.5 A close view of an oscillation period obtained when applying a cathodic
current density of 0.1 mA/cm2 to a 0.1M Cu(II), 3M lactate solution at
pH 9.3

When going through the oscillation period (Figure 4.5) the first step in
the reaction scheme would be the reduction of CuL22- into copper
(reaction 4.2). As the lactate ligands are liberated at lower pH values
than pKa for the D-hydroxyl group, the ligands are successively
protonated (reaction 4.3), which result in an increase in pH. A liberated
ligand can also exchange hydroxide ions in a Cu(II)-hydroxide complex
and thereby cause an increase in pH (reaction 4.4) or the pH could be
increased through the direct reduction of Cu(II)-hydroxide complexes
(reaction 4.5). The latter two pH-generating reactions are likely to be
most evident in the Cu(II)-tartrate system where the concentration of
Cu(II)-hydroxide complexes is higher than in the Cu(II)-lactate system.
If, however, the connected reactions are fast, the electroactive complex
could be a complex existing in a low concentration.
CuL22- + 2e- o Cu(s) + 2L2L 2- + H2O o HL- + OH22L + Cu(OH)x(2-x)- o CuL22- + xOHx2Cu(OH)x(2-x)- + 2e- o Cu2O + (2+x)OH(2+x)- + H2O
2CuL2 2- + 2e- + 2OH- o Cu2O(s) + 4L 2-+ H2O
2[CuL2(OH)] 3-+ 2e- o Cu2O(s) + 4L2-+ H2O

15
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Figure 4.6 Schematic presentation of the self-oscillating process.

The direct reduction of Cu(II)-hydroxide complexes most likely results
in the production of cuprous oxide since it is not likely that the
intermediate Cu(I)-hydroxide species, formed during the reduction
process, is further reduced into copper (at least not at low current
densities) when having the possibility to react with the hydroxide ions
and produce cuprous oxide. The reduction of Cu(II)-hydroxide
complexes into cuprous oxide could be the reason for the small amount
of cuprous oxide deposited concomitant with the copper at the lower
potentials.
16

The increase in pH would be relatively slow as long as the
concentration of the pH buffering species (e.g. CuL22-) is sufficiently
high near the electrode (reaction 4.1). In Figure 4.5, this region
corresponds to section I, where mainly copper is deposited. As the
pH is successively increased, the potential is increased and the amount
of co-deposited cuprous oxide is increased. When the buffer capacity
in the vicinity of the electrode drops as a result of a complete titration
of the buffering species, a fast increase in the pH is seen (see Figure
4.3b). At this point, the CuL22- complexes would have been converted
into [CuL2(OH)] 3- complexes (reaction 4.1). As a result of the fast
increase in the pH, a fast increase in the potential is seen in section II,
where mainly cuprous oxide is deposited, reaction 4.5/4.6/4.7. After
point III, the potential is seen to drop rapidly in section IV.
Simultaneously there is a drastic decrease in the local pH (see Figure
4.3b). Three tentative models for the behaviour in section IV will be
presented.
Model I
In the first model, the depletion of hydroxide ions due to the
formation of cuprous oxide is assumed to decrease the local pH,
which then would result in a renewed deposition of copper (reaction
4.6). In this model, the rate of cuprous oxide deposition must be
assumed to be faster than the protonation reaction, involving the
released ligand. Otherwise, the local pH should increase rather than
decrease, as is assumed during the initial deposition of copper
(reaction 4.2 and 4.3). A problem with this assumption is that
protonation reactions generally are considered to be fast reactions,
although there are also examples of slow protonation reactions. The
main drawback with this model is that after the equilibrium point has
been reached, according to the discussion above, the dominating
complex would be the [CuL2(OH)]3- -complex. In this case, the
dominating electrochemical reaction may now become reaction 4.7 in
which there is no net consumption of hydroxide ions. This model
therefore seems to be unable to explain the sudden pH drop seen
after the pH maximum, but as the identity of the electrochemically
active complex (or complexes) still is unknown, the model can not be
completely ruled out.
Model II
The second model is based on the depletion of the Cu(II)-complexes
close to the electrode surface as a
result of the reductions. When
17

comparing reaction number 4.2 with reaction number 4.5/4.6/4.7, it is
seen that in reaction 4.2, two electrons are consumed per Cu(II)complex, while the corresponding ratio is unity in reaction 4.5/4.6/4.7.
As the Cu(II)-complexes are reduced to Cu2O rather than to Cu, twice
the number of complexes would thus have to be transported to the
electrode per unit time in order to keep up with the constant current. If
the diffusion layer then is depleted with respect to Cu(II)-complexes,
the potential would shift negatively and the deposition would be
restored. This would explain the negative shift in the potential seen in
section IV. However,a calculation of the transition times for an unstirred
solution of 0.6M Cu(II), assuming a current density of 1 mA/cm2, n =
1 and D | 5 x 10-6 cm2/s, employing the Sand equation [16], it is clearly
shown that such a depletion effect is unrealistic on the time scale of the
oscillations (the calculated transition time is about 13 000 s). This is
further supported by the fact that the experiments were carried out in
stirred solutions. More importantly, this model is also unable to explain
the pH decrease in the region corresponding to section IV in Figure
4.5b.
Model III
In the third model, the sudden drop in the pH seen in Figure 4.3b is
assumed to be due to a precipitation of an insoluble species (e.g.
Cu(OH)2(s)) close to the electrode surface as a result of the rapid
increase in pH seen immediately before the pH drop. This effect, which
would involve the formation of dispersed nanoparticles in the diffusion
layer, would result in a sudden decrease in the local pH as well as a drop
in the concentration of the Cu(II)-complexes in the diffusion layer. This
would result in a shift in the potential towards more negative values, as
the pH no longer is sufficiently high to enable the deposition of Cu2O.
As a result of this, the potential relaxes back to more negative values
where mainly copper is being deposited and the oscillation cycles start
all over again. Since most solutions can be supersaturated prior to the
onset of a precipitation, the solution has to be assumed to be
supersaturated before the fast pH-increase. This is in agreement to
thermodynamic calculations in the Cu(II)-tartrate system (Figure 4.7).
The concentration of the aqueous Cu(II)-complex, calculated from the
stability constants for the Cu(II)-tartrate and -hydroxy complexes
(dotted line), is higher than the concentration of the aqueous Cu(II)complexes, calculated from the solubility product (straight line). This
indicates that the solution is
18
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Figure 4.7 The concentration of aqueous Cu(II)-complexes calculated from the
solubility product Ks(Cu(OH)2) ------- , and from the stability constants for
the Cu(II)-hydroxy and Cu(II)-tartrate complexes - - - -.

likely to be supersaturated. Some irreproducible bumps in the selfoscillation pattern are seen in experiments where the concentration of
Cu(II) is 0.1M, 3M lactate (Figure 4.8). This means that the
precipitation reaction has started before the fast pH increase. This can
be achieved since the oscillation period is longer (compared to the case
with the 0.6M Cu(II), 3M lactate electrolyte) and the solution thereby
has longer time to start the precipitation process. The precipitation
model may also explain the potential minimum seen in section V in
Figure 4.5, as well as the pH minimum seen after the peak in Figure
4.3b. Until now, this model fits best into the self-oscillating puzzle.
However, it is clear that additional experiments are needed in order to
test this hypothesis further.
Leaving the three different models to explain the observations in
section IV, the deposition of copper is believed to have been resumed
in point V. An undershoot in the potential and in the pH (Figure
4.3b) is observed, which can be explained by model number three. In
section VI, the potential is increasing again as a result of the increase
in the local pH due to the deposition of copper (reaction 4.2) and
concentration levelling, leading into the next cycle in the oscillation
process.
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Figure 4.8 Spontaneous potential oscillations with irreproducible bumps observed
when applying a cathodic current density of 0.1 mA/cm2 to a 0.1M Cu(II),
3M lactate solution at pH 9.3 at 250 rpm. The lower part shows an
enlargement of the dashed region of the pattern.

4.5 General aspects of the self-oscillating systems
A self-oscillating behaviour is obtained in the alkaline Cu(II)-lactate and
-tartrate systems during electrochemical deposition due to the fact that
the deposition of either copper or cuprous oxide can be tuned by the
pH in close vicinity to the electrode surface. The alternation between
lower pH values, where mainly copper is deposited and higher pH
values where cuprous oxide is deposited, is an effect of the connected
reactions occurring as a consequence of the reduction process. The
specific criterions to be fulfilled to cause a self-oscillating behaviour in
these systems will be discussed in this section.
The reduction of copper must induce an increase in pH to stimulate
the deposition of cuprous oxide. This can be achieved as the species
liberated from the Cu(II)-complex, being reduced, participate in
connected reactions, with the net result of increasing the concentration
of hydroxide ions in close vicinity of the electrode.
The absence of a buffer in a suitable pH region is also a criterion to
obtain the self-oscillating process. The fast increase in pH, caused by the
absence of a buffer, is the reason for the positive potential shift in
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the self-oscillating behaviour and consequently the deposition of
cuprous oxide.
A pH decreasing reaction also must exist to cause the self-oscillating
behaviour. Two different pH decreasing models have been discussed in
section 4.4.
There is a further criterion for the Cu(II)-complex that has to be
fulfilled to be able to cause the alternate deposition of copper and
cuprous oxide. In the self-oscillating process the deposition is altered
between the reduction of the Cu(II)-complex into copper, and to a
Cu(I)-complex intermediate which then reacts with the hydroxide ions
to form cuprous oxide. If, however, the ligand also forms a strong
complex with the Cu(I)-specie, further reduction of the Cu(I)-specie
into copper could be more favourable than the reaction between the
Cu(I)-specie and the hydroxide ions to produce cuprous oxide.
Therefore the ligand has to form a weak complex to the Cu(I)-species
to fulfil the alternate deposition.
The strength and concentration of the buffering species most likely
influence the oscillating pattern. During a closer examination of the
titration curves (Figure 4.4) a correlation between the oscillation
patterns and the titration curves obtained for the Cu(II)-lactate and
-tartrate electrolytes can be seen. From the titration curves it could
be extracted that the buffer strength is weaker in the Cu(II)-tartrate
system than in the Cu(II)-lactate system, since less NaOH is added
before the equivalence point is reached. For the self-oscillating
process this means that fewer hydroxide ions have to be produced,
as a consequence of the reduction process, before the equivalence
point is reached. This is seen as a shorter oscillating period in the
oscillation pattern (see Figure 3.1 a and b). A shorter oscillation
period is observed in the self-oscillating Cu(II)-tartrate system
compared to the Cu(II)-lactate system. A shorter jump in pH is
observed in the titration curve obtained for the Cu(II)-tartrate
solution compared to the Cu(II)-lactate solution. Moreover, the
jump in pH is less pronounced in the Cu(II)-tartrate case, which is
an effect of the high pH-value at the equivalence point. The size of
the jump in pH at the equivalence point for the different solutions
titrated, is probably reflected in the size of the oscillation amplitude in
the oscillation pattern. Larger oscillation amplitude is observed in
the Cu(II)-lactate system compared to the Cu(II)-tartrate system,
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concomitant with the size of the jump in pH in their respective
titration curves. Generally, a lower concentration of the buffer yields a
shorter jump in pH in the titration curve. Comparing the differences in
size of the oscillation amplitude for experiments in the lactate system
with different concentrations of Cu(II)-ions, 0.1M respective 0.6M
(Figure 3.1b and 4.8), the size of the amplitude is larger for the higher
concentration (0.3V) compared to the lower concentration (0.2V),
which is expected according to the discussion. However, the
comparison of different experiments has to be done with highest
vigilance and respect to all other experimental parameters, since all
parameters are closely connected and together build up the suitable
condition for the self-oscillating behaviour. Summarising, both the
concentration of buffering species within the diffusion layer and the
strength of the buffer, are probably reflected in the oscillation
amplitude and period. A weaker buffer and a lower concentration of the
buffering species give a shorter oscillating amplitude and period.
From the titration curves it is also seen that the equivalence point is
reached at about pH 11.7 in the Cu(II)-tartrate electrolyte compared to
about pH 11.3 in the Cu(II)-lactate electrolyte, which agrees well with
the observation that pH have to be around 10 in the bulk Cu(II)tartrate electrolyte and at around 9 in the bulk Cu(II)-lactate electrolyte
respectively, before the oscillations can be observed (at the
concentrations which the titrations were performed).
As mentioned in chapter 3, the deposition temperature affects the size
of the oscillating period. As the temperature is increased from 25 to
350C, the oscillating period is decreased with a factor of two for both
oscillating system investigated in this work. An increase in temperature
by 10 degrees generally increases the rate of which a reaction proceeds
with a factor of about two to four, while the diffusion of species is
increased by about 1% per centigrade increased temperature. Therefore,
the reason for the decrease in oscillation period as the temperature is
increased is most likely due to the increased rate of the chemical
reactions in the oscillating system.
The pH value in the bulk electrolyte also affects the oscillation pattern,
as the pH in the bulk electrolyte is increased the oscillation period is
decreased. The reason for this is that less hydroxide ions have to be
produced, as a consequence of the reduction process, before the
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equivalence point is reached since the concentration of hydroxide ions
already is higher from the beginning than at a lower pH value.
The appearance of the self-oscillating behaviour is the result of the
dynamic and interconnected reactions in the diffusion layer as a result
of the reduction process. The variation in concentration of the species
in the diffusion layer, as a consequence of the current, together with pH
and temperature in the bulk electrolyte, are the crucial parameters that
all have an important and interconnected role in setting up the
conditions required to enable the self-oscillating process.
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Chapter 5
In-situ confocal Raman studies of the self-oscillating process
The deposit of copper and cuprous oxide, produced by the selfoscillating process, has been characterised by Switzer et al. and has been
described as alternate layers of cuprous oxide and a composite
containing copper and cuprous oxide [12]. Sharp interfaces between the
layers have however not been observed. One reason for the blurred
interfaces is probably the fairly high roughness of the resulting deposits,
which in both the Cu(II)-lactate and Cu(II)-tartrate systems have a
cauliflower-like appearance, Figure 5.1. This makes the phase
characterisation difficult since the thickness of the cuprous oxide layer
is expected to be very thin, only a few nanometers, which is less than
the expected roughness of the films according to the images below.
Another reason for the blurred interfaces could be that the relative
composition of the two phases, copper and cuprous oxide, probably are
changed by time, due to the high self-diffusion of copper ions within
the cuprous oxide [25]. The application of a suitable in-situ technique
for characterisation of the deposit is therefore desirable.

a)
b)
Figure 5.1 Deposit obtained from a) the Cu(II)-lactate system b) the Cu(II)-tartrate
system.

5.1. Confocal Raman spectroscopy of electrode surfaces
Raman spectroscopy is a powerful tool for in-situ studies of
electrochemical reactions. The interfacial region can be probed and
processes such as adsorption, desorption and related processes can be
studied, which is of greatest importance when investigating reaction
mechanisms [26]. A “vibrational fingerprint” in sample volumes down
to Pm3 could be recorded by interfacing an optical microscope with an
existing spectrometer [27-30], which was first demonstrated in the
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1970s [31]. The magnification of the microscope objective controls the
probed sample volume and the laser beam is delivered and collected
through the same objective. The discovery of the surface enhanced
Raman spectroscopy (SERS) effect revolutionised the study of
condensed phase-metal interfaces and further enhanced the power of
Raman spectroscopy [32, 33]. Through the SERS-effect, the intensity of
the recorded spectra could be enhanced up to a 106-fold factor. The
SERS-effect has only been observed for a certain collection of
substrates, the coin metals (Cu, Ag and Au), some of the alkali metals
(Li, Na, K) and a few others. Soon after the discovery it became
apparent that the surface morphology is a crucial parameter to obtain
the effect. The electromagnetic and the chemical mechanisms have
been developed over the years to describe the SERS-effect [32].
The different species and phenomena involved during the deposition
process in the Cu(II)-lactate and -tartrate systems, were probed in-situ
using confocal Raman spectroscopy (Paper III). Copper is one of the
metals that can be used to observe the SERS effect when the
wavelength of the incident laser light is in the red region.
Spectroelectrochemical information was obtained by focusing the laser
spot onto the working electrode and continuously recording spectra
during the oscillating process.
5.2 The experimental cell and reference spectra
The measurements were performed in an adapted electrochemical cell
placed on the computer-controlled stage of the Raman microscope
(Figure 5.2). A circle shaped copper wire was placed around the
working electrode and used as a counter electrode, and an oxidized Cu
wire acted as pseudo-reference electrode. The potential of the pseudoreference was estimated to -140 mV vs SCE. To minimize the
absorption of the incident light, the thickness of the electrolyte layer
above the working electrode was kept as thin as possible (600 Pm).
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Figure 5.2 Schematic drawing of the electrochemical cell.

Reference spectra of the Cu(II)-lactate and Cu(II)-tartrate electrolytes
and of cuprous oxide are shown in Figure 5.3. The spectra of 1M
tartrate was recorded in order to probe the significant bands of the
tartrate anions since no significant bands were evident in the Raman
spectra of 0.1M tartrate due to the low concentration.
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5.3 In-situ probing of the self-oscillating processes
The in-situ probing of the self-oscillating process in the Cu(II)-lactate
and -tartrate systems are presented in Figures 5.4 and 5.5. The
spontaneously oscillating potential and the spectroscopic evolution of
the integrated Raman spectra for the Cu(II)-lactate and -tartrate systems
respectively, are shown (Figures 5.4a and 5.5a). The so-called integrated
Raman spectra (integrated between 400 and 700 cm-1) concerns the
whole spectroscopic signal investigated (Figures 5.4b and 5.5b), resulting
from the contribution of both the intensity of the continuum
background and of the Raman spectra. The oscillations of the Raman
spectroscopic signal for the two systems (lactate in Fig. 5.4a and tartrate
in 5.5a) have the same temporal period as the one

Figure 5.4 a) Spontaneous potential oscillations observed when applying a current
density of 0.1 mA/cm2 to 0.1M Cu(II), 3M lactate solution at pH 9.7 and
the spectroscopic signal (Raman and background) integrated from 400-700
cm-1, spectrum time: 3 s. b) Spectroscopic signal (Raman and background)
obtained with start in point I-III in figure 5.4a.

displayed by the working electrode potential, with the minima
coinciding with the potential maximum. This oscillation effect of the
integrated Raman signal is observed for an incident radiation
wavelength of 752 nm, but not for 514 nm and 632 nm, which give
information that these spectroscopic oscillations could be the signature
of the Surface Enhanced Raman Scattering (SERS) effect. Copper is a
SERS active metal, which hence means that mainly copper is believed
to be deposited during the highest intensities in the spectra, which
corresponds to the regions where the potentials are the lowest. The
deposit could be described as a matrix of copper, where also cuprous
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oxide is embedded. The relative composition between the deposited
copper and cuprous oxide is a function of the working electrode
potential. From the figures it can be seen that a greater enhancement is
seen in the Cu(II)-lactate system than in the Cu(II)-tartrate system,
which is also concomitant with the electrochemical potential, that is
lower for the lowest regions in the Cu(II)-lactate system. Both these
findings indicate that less copper is being deposited during the lower
potential regions in the Cu(II)-tartrate system compared to the Cu(II)lactate system. This is in agreement with earlier discussions (chapter 4),
that the concentration of Cu(II)-hydroxy complexes is believed to be
higher in the Cu(II)-tartrate electrolyte compared to the Cu(II)-lactate
electrolyte and therefore the amount the of deposited cuprous oxide
would also be higher.

Figure 5.5 a) Spontaneous potential oscillations observed when applying a current
density of 0.1 mA/cm2 to 0.1M Cu(II), 0.1M tartrate solution at pH 10.5
and the spectroscopic signal (Raman and background) integrated from
400-700 cm-1, spectrum time: 3s. b) Spectroscopic signal (Raman and
background) obtained with start in point I-III in figure 5.5a.
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5.4 The deposit
The resulting deposit, induced during the self-oscillating Cu(II)-lactate
and -tartrate processes, can roughly be described as a matrix of copper
particles in which cuprous oxide particles are embedded, and the
relative composition of the phases deposited is a function of the
working electrode potential. The film composition is continuously
varying, concomitant with the potential, oscillating between a copper
rich phase at more cathodic potentials, and a cuprous oxide phase at
the higher potentials. A hypothetic sketch of the evolving deposit in
connection to the potential is shown in Figure 5.6. The deposit
produced from the Cu(II)-tartrate system has a lower overall content of
copper than the one obtained from the Cu(II)-lactate system, which is
believed to be an effect of the lower concentration Cu(II)-hydroxy
complexes present in the Cu(II)-lactate electrolyte compared to the
Cu(II)-tartrate electrolyte.

Figure 5.6 Hypothetic sketch of the evolving deposit concomitant the working
electrode potential. The white ball symbolises cuprous oxide and the grey
copper.
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Chapter 6
Deposition of cylindrical Cu/Cu2O microstructures
The self-oscillating Cu(II)-lactate system has been applied to deposit
cylindrical Cu/Cu2O microstructures using polymer ion-track
membranes as templates. Large two-dimensional arrays of the freestanding Cu/Cu2O wires were obtained (Paper IV).
6.1 The template method
Pores in various materials can be created by irradiation with swift heavy
ions and subsequent etching [34]. Polymers, dielectric crystals or glasses
are example of materials that can be structured. Each heavy ion acts as a
projectile and creates a damage zone of a few nanometers in diameter.
Afterwards, the damaged material can be selectively removed in a
chemical etching process where the composition, temperature and
concentration of the solution determine the final size of the pores. In
several studies it has been demonstrated that pores can be filled with
different materials like metals, semi conductors and polymers by using
electrochemical deposition [35-39]. The self-oscillating Cu(II)-lactate
system has recently been applied to deposit Cu/Cu2O nanowires having
diameters of 230 and 550 nm [40]. Replication of ion track membranes
by electrochemical deposition produces large-area arrays of identical
micro- and nanowires. There is a great interest in producing nanowires
due to their promising applications [41-46]; as interconnects in future
generation of nano-scale electronics [47], emitters in field emission
arrays [46] or constituents of magnetic storage devices [48].
The template method is schematically described in Figure 6.1. The
polymer template is first created through heavy-ion irradiation and
subsequent chemical etching. (Figure 6.1a-b). A thin gold-layer is then
sputtered onto one side of the polymer foil and reinforced galvanically
with copper to close the pores at this side of the membrane (Figure 6.1
c-d). This conductive layer acts as cathode in the deposition process.
The membrane was mounted at the bottom of the electrochemical cell
(Figure 6.2) and then electrochemically filled
(Figure 6.1e). After the deposition process the membrane was dissolved
in dichloromethane to image and characterize the wires (Figure 6.1f).
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Figure 6.1 Schematic description of the template method

The thickness of the polymer membrane was 30 Pm. A conical shaped
copper piece served as counter electrode and all potentials were
measured and reported versus a copper wire, acting as pseudo reference
electrode (the potential of the pseudo reference electrode was -83/-79/77 mV vs. SCE at 25/30/35oC respectively).

Figure 6.2 Schematic illustration of the experimental set-up.
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6.2 Deposition of cylindrical microstructures
Cylindrical Cu/Cu2O microstructures were created in pores having a
diameter around 1Pm. Figure 6.3 shows the nice and smooth wires
deposited at 25oC. During the self-oscillating process a regular
oscillation pattern is observed for the million of pores present in one
template (Figure 6.4). Interestingly, the limited space of the pores is not
affecting the ability to obtain oscillations. The oscillation pattern
obtained at 25oC is very similar to the oscillation pattern obtained at
macroscopic surfaces during the equivalent experimental conditions
(Figure 6.2a). The oscillation pattern obtained at 30oC however, differs
from the oscillation pattern obtained at macroscopic surfaces at
increased temperatures (Figure 6.4b). Both the oscillating amplitude and
period is decreased. The reason for this could be, according to the
discussion in section 4.5, that the increase in temperature increases the
reaction rates for the chemical reactions more than the rate for the
diffusion of species is increased. An increase in temperature requires
the diffusion to be fast enough to show a similar oscillation pattern as
that obtained at macroscopic surfaces, which can be achieved when the
diffusion layer is thin. Within the pores, however, the diffusion layer is
thick and therefore a shorter oscillation amplitude and period is seen at
increased temperatures.

Figure 6.3 SEM image of smooth wires deposited from the self-oscillating Cu(II)lactate system.
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Chapter 7
Summary of the results and future work
An increase in the understanding of the self-oscillating behaviour
induced in the Cu(II)-lactate and Cu(II)-tartrate systems during
electrochemical deposition of copper and cuprous oxide have been
received through the application of an in-situ pH measurement and insitu confocal Raman spectroscopy.
The self-oscillating process, which results in alternate deposition of
cuprous oxide and a composite of copper and cuprous oxide, is induced
by variations in pH close to the electrode surface. The deposition of the
composite is favoured by lower pH values. During its deposition, the
production of cuprous oxide is triggered as a result of the pH increase.
This is a consequence of the reduction of the Cu(II)-complexes
participating in connected reactions. The oscillating behaviour is caused
by the absence of buffering species in a certain pH region, which is the
reason for the fast and sudden increase in pH and thereby the positive
potential shift. The pH close to the electrode surface is then decreased
again, which is most likely the result of a precipitation reaction where
insoluble species is formed (e.g. Cu(OH)2(s)). The appearance of the
self-oscillations is a consequence of an interplay between the reduction
process and connected reactions in the diffusion layer, which moreover is
affected by the temperature and the pH in the bulk electrolyte. The
strength and concentration of the buffering species in the electrolyte
have been observed to affect the shape of the oscillation pattern.
The deposition process has been studied in-situ through the application
of confocal Raman spectroscopy, and is described as being oscillating
between the deposition of a copper rich phase at the lower potentials
and a cuprous oxide phase at the higher potentials, where the relative
composition of the phases is a function of the working electrode
potential. The amount of cuprous oxide, co-deposited with the copper at
the lower potentials, is most likely dependent upon the concentration
of Cu(II)-hydroxide complexes present in the electrolyte. Therefore, the
deposit obtained from the Cu(II)-tartrate system has a higher overall
content of cuprous oxide content compared to the deposit obtained
from the Cu(II)-lactate system.
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The two in-situ techniques applied, pH proximity measurement and
confocal Raman spectroscopy, have been powerful tools for probing
the dynamic behaviour in the diffusion layer. The method of measuring
pH is moreover a novel way of performing in-situ pH measurements in
self-oscillating systems.
The self-oscillating Cu(II)-lactate system has furthermore been applied
to deposit cylindrical Cu/Cu2O microcylinders through a template
method. Large two-dimensional arrays of free-standing Cu/Cu2O wires
were obtained.
Experimental verification of the electro active complexes, and the
complexes participating in the connected reactions, are examples of
work that can be done in the future. Furthermore, it would be
interesting to search for other self-oscillating metal/metal oxide systems
with the aid of the knowledge received from the work summarised in
this thesis.
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Populärvetenskaplig sammanfattning
Materialen i vår omgivning är antingen bildade av naturen eller på
konstgjord väg av oss människor. De flesta material som vi dagligen
träffar på är speciellt utvalda på grund av sina egenskaper. En dator till
exempel består av tusentals komponenter där varje komponent har en
specifik uppgift. Tillsammans gör de så att datorn fungerar. För att
tillverka ett material för en viss tillämpning så krävs det kunskap om
materialets egenskaper och hur det tillverkas. Forskning pågår hela tiden
för att hitta nya material. En del av de material som idag undersöks på
laboratorier runt om i världen kommer imorgon att dyka upp i någon
tillämpning.
I det här arbetet har en fascinerande process som omväxlande bildar
koppar och kopparoxid undersökts. Koppar är en metallisk ledare och
används ofta i elektriska sammanhang. Kopparoxid är en halvledare som
bland annat kan användas i solceller. Tillsammans bildar koppar
och kopparoxid ett nytt material. Egenskaperna hos det nya materialet gör
att det skulle kunna användas som beståndsdel inom elektroniken.
Den teknik som har använts för att tillverka materialet kallas
elektrodeponering. Koppar och kopparoxid bildas från laddade
kopparpartiklar i en vattenlösning genom att energi (ström) tillförs. Det
speciella med just den här processen är att koppar och kopparoxid
spontant bildar en så kallad skiktstruktur. En skiktstruktur kan liknas vid
en smörgås som man växelvis lägger ost och skinka på i flera lager så att
en ost- och skink skiktstruktur uppkommer. Det här beteendet är
väldigt ovanligt.

Figur 1. a) En tunn film av koppar och kopparoxid sedd ovanifrån. b) Små stavar
av koppar och kopparoxid.
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Materialet bildas vanligtvis som en mycket tunn film (< 10 Pm) på en
yta. Figur 1a visar hur en sådan tunn film ser ut ovanifrån. Bilden har
tagits med ett elektronmikroskop som gör att man kan se mycket små
detaljer (skalstrecket i figuren är 200 nanometer, 1 nm är en miljondels
mm). Med blotta ögat ser filmen helt blank och slät ut. Figuren bredvid
(1b) visar några små stavar som också har tillverkats med
elektrodeponering.
Målet med det här arbetet har varit att förstå varför koppar och
kopparoxid spontant bildar en skiktstruktur. För att undersöka detta har
två experimentella metoder, pH-mätning och så kallad Raman
spektroskopi, använts. Resultaten visar att skiktstrukturen bildas på
grund av att pH-värdet i vattenlösningen varierar under processen. Ett
högt pH-värde gynnar bildning av kopparoxid medan ett lägre pHvärde gynnar koppardeponering. Med vetskap om detta kan ett material
med speciella egenskaper framställas. Med denna kunskap kan man
också hitta andra, liknade system som kan användas i andra
tillämpningar.

Figur 2. Ibland blir inte experimenten riktigt som man har tänkt sig. Svampar och
cigarrer är exempel på oväntade fynd.
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