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Abstract
Gold thick films have been characterized by means of cyclic voltammetry in nitric acid and are compared with
a pure gold electrode. Surface reconstruction and roughening is found for all electrodes, whereby the pure gold
reference sample rapidly exhibits stationary behavior. In contrast, the screen-printed electrodes show a permanent
linear increase of the gold surface area as measured by the charge densities for gold oxidation, which is connected with
the dissolution of glass-ceramic compounds. Oxides of bismuth and copper and their aluminates are regularly used to
adjust the morphology of thick films and to enhance the adhesion of screen-printed layers. Electrochemical reactions
of both elements (Bi, Cu) are detected. An in-house produced gold paste free of these oxides was used for comparison
and shows a linear increase in oxidation charge density as well. Cu and Bi compounds take part in the electrochemical
reaction and accelerate the surface increase. The dissolution of glass-ceramic components from the surface and at the
interface between thick film and substrate is revealed in FESEM images of the electrodes and at cross-sections. A model
is set up for the electrochemically induced localized degradation of the thick films, which are attacked at the boundary
layer to the electrolyte and the glass-ceramic interface between the LTCC substrate and gold layers.
Keywords: LTCC, screen printing gold paste, thick film electrode, electrochemical degradation

I. Introduction
Since the first production of a silver screen-printing paste
by DuPont in 1939, thick film technologies have become
well-established manufacturing methods for various industries 1. The hybrid integration of silicon-based integrated circuits bonded to ceramic substrates applies thick
films for electric connection via screen-printed conductors. Modern silicon solar cells contain front- and backside
metallization as current collectors produced with screenprinted aluminum and silver 2. Also, today electrochemical sensors for gaseous and liquid media are produced with
thick film technologies 3, 4.
Each screen-printing paste is a composition of metal
powders, glasses and ceramics, organic binders and additives for the rheology of the paste, which is adapted to
the individual substrate and the purpose of duty. Nevertheless, the sintered thick film is often post-processed
with electrochemical methods. High-efficiency solar cells
contain reinforced electroplated silver metallization 2. In
microelectronics, copper or silver conductors are often
bonded with electroless deposits of nickel and gold 5. Furthermore, permanent and regular analysis especially of liquid media (e.g. drinking water monitoring) with screenprinted electrochemical sensors affords high stability of
*
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the material. The influence of paste composition or morphology of the sintered electrode has not been investigated sufficiently, literature on the influence of the thick films
on electrochemical reactions is sparse 6, 7.
Thick film compositions are generally optimized for
good adhesion or low contact resistance to the substrate,
which is not necessarily the optimum composition for
electrochemical applications. The chemical durability of
binding glasses in thick films has been investigated 8 and
glass compositions especially for electrochemical applications have been recently developed 9. In the literature, no
detailed information is available on the electrochemical
stability of thick films or possible electrochemical degradation mechanisms. Three screen-printing pastes were
selected to investigate different morphologies and compositions of thick films. These thick films are regarded as
model systems that represent possible structures of thick
films in order to study the influence on the electrochemical behavior. Thick films often contain Bi 2O 3 and Cu 2O
to achieve good adhesion and better sintering characteristics 10, 11. With an in-house produced paste free of these
oxides, it is possible to investigate and compare their influence on stability. A pure gold electrode was used as a
reference sample.
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II. Experimental
Three different gold thick films (DuPont 5742, ESL
8837G and an in-house produced paste) and a sheet of
gold (99.9 % Au, MaTeck GmbH) were polarized in 1.0 M
HNO 3. Prior to the polarization treatment the sheet of
gold was mechanically ground with an abrasive paper and
cleaned with a piranha solution. The thick film electrodes
were screen-printed in a circular shape and a conductor
path onto a LTCC substrate (DuPont951) that was covered by a resin. The electrolyte solutions were prepared
by means of dilution of highly concentrated nitric acid
(HNO 3 65 % p.a. grade, Acros Chemicals) with deionized water. Exact concentration was achieved by means
of titration control. All the materials were polarized in a
three-electrode arrangement with a saturated calomel reference electrode (SCE; Sensortechnik Meinsberg GmbH,
Germany) from E = -400 mV to 1700 mV for 3000 sweeps
at a scan rate of 200 mVs -1. The potential values in this
report are given with respect to SCE. All cyclic voltammograms (CV) were measured in a separate, nitrogenpurged electrolyte solution. Afterwards the electrodes
were placed again into the original electrolyte solution to
keep almost the total amount of the cumulative dissolved
material components over the whole treatment period.
The experimental setup was realized with a PGU 20V2A-E potentiostat (IPS, Germany). A platinized titanium
extended metal (A = 1.0 cm 2) was used as the counter-electrode. All measurements were performed in a polypropylene beaker with an unstirred electrolyte (80 ml), at room
temperature (23 °C) and FESEM investigations and EDX
analysis were conducted in collaboration with Carl Zeiss
NTS GmbH, Germany. The Au-ratio at the surface of
each thick film was calculated based on analysis of FESEM images.
III. Results and Discussion
Gold is the most noble metal. Nevertheless, pre-conditioning of gold electrodes is necessary to achieve ideally reversible electrochemical processes. A simple cleaning
of the electrodes is often insufficient. Different methods
of combined cleaning and pre-treatment for electrochemical applications were investigated. Besides chemical cleaning, e.g. with a piranha solution or other oxidants, electrochemical methods have been successfully applied 12. With
repetitive potential cycling in acids, it is possible to obtain
stationary and reproducible conditions at the surface of
the electrode. Each cycle leads to a change of the crystal
lattice of gold to Au 2O 3 and back to the gold at boundary layers. Especially at defect sites the crystal lattice can
rearrange thereby, which is often described as reconstruction 13, 14. Furthermore, impurities are removed by anodic
oxidation, and changes of the pH with hydrogen and oxygen development at the electrode enhance the dissolution.
The later effect can be regarded as a microscopic electrochemical cleaning.
For these reasons cyclic voltammetry was chosen as pretreatment as well as a characterization method for the material. Screen-printed electrodes and a pure gold sample were
investigated in the range of the electrolyte stability from
the cathodic hydrogen evolution reaction (E = -400 mV) to
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the anodic oxygen formation (E = + 1700 mV). Fig. 1 provides an overview of all measurements in the complete potential range during 3000 cycles. Differences of the thick
films in comparison with the pure gold are found and will
be discussed with regard to four aspects: gold oxidation,
changes of the surface morphology, specific nitrate adsorption, as well as the oxidation and reduction of glass-ceramic phases that are functional components. Thick films consist of a composite material, and an influence on the electrochemical reactions and long-term stability can be expected.
Changes in the morphology and microstructure are analyzed based on cross-sections and an electrochemically induced degradation mechanism is unfolded.
A sheet of pure gold (99.9 %) was used as a reference sample. The polycrystalline material exhibits a broad potential
range for the gold oxidation during the first cycles (Fig. 2
bottom). At first a small peak a 2 is detected at E = 1220 mV
followed by a broad peak a 3. During the first 100 cycles,
permanent changes in the oxidation curve are observed
and a 2 increases strongly. Thereafter an almost stationary
behavior is obtained and the current density for the gold
oxidation shows minimal changes between the 100th and
3000th repetition, which can be regarded as one criterion for sufficient pretreatment. According to the literature,
the observed current shape in the range of a 2 and a 3 could
be assigned to (210) oriented crystals in the material 15. It
is very unlikely that the polycrystalline gold sample contains a higher amount of (210) oriented grains, however,
the electrochemical procedure and the adsorption of nitrate anions can increase the surface area of (210) oriented planes in a super lattice structure by reconstruction as
described in literature 13, 14. Interestingly for all thick film
electrodes, a strong peak at E = 1220 mV is detected, which
indicates that nitric acid prefers the formation of super lattice structures on (210) oriented planes.
The increase of the current density of the gold oxidation
during the first cycles is considered as a typical behavior,
which will be compared with the thick films. Three phenomena (cleaning, reconstruction and roughening) can
cause the increase at the pure gold electrode. Since the surface was cleaned thoroughly and the electrode consists of
99.9 % gold, the removal of organic layers and impurities
can only have a minor influence on the increasing current
density. Nevertheless, the subsequent hydrogen and oxygen formation does affect the electrode. The changing pH
value as well as gas formation enhance the dissolution of
impurities and surface layers, which can be regarded as microscopic cleaning.
Microstructural changes of the gold boundary layer are
expected to have a rather strong influence on the increasing
gold oxidation peak. On the one hand the crystal lattice is
permanently exchanging between Au 2O 3 and Au whereby atoms at defect sites can rearrange. A potential induced
diffusion of surface atoms with the formation of super lattices structures is called reconstruction. On the other hand
the increasing oxidation current density can be caused by
a roughening either owing to a cavitation effect of collapsing hydrogen and oxygen or by repetitive dissolution and
subsequent reduction of soluble gold nitrate. However,
Shackleford 16 et al. showed that gold dissolution is kineti-
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cally inhibited at scan rates above 10 mVs -1. Nevertheless,
the FESEM image of the gold sample shows strong macroscopic roughening after 3000 cycles (cf. Fig. 10), which explains the increase of the current density for the oxidation.
The combination of macroscopic roughening and reconstruction leads to the increase of oxidation current density
with preferred formation of super lattices on (210) oriented crystal planes. Surface cleaning and reconstruction can
also be recognized from a pre-oxidation peak a 1 at a potential of E = 1000 mV, which is detected after 100 cycles
(see Fig. 2, bottom). It is known that specifically adsorbed
anions like sulfate or nitrate are exchanged at the surface
before the gold oxidation. Peukert 17 et al. investigated the
Au oxidation process in 0.5 M H 2SO 4 with CV and XPS
studies and concluded that following equations can be derived for the oxidation process occurring within the potential range from E = 900 mV to E = 1500 mV vs. SCE:
According to Peukert et al., Au 2O 3 will be formed via
an intermediate AuO(OH) at higher potentials. For the
discussion of the electrochemistry of thick films it is important to investigate the potential interval between E = 200 mV up to E = 800 mV (Fig. 2 top) since the oxidation

201

of typical glass-ceramic phases can be observed. In the case
of the pure gold sheet no oxidation of other metals is observed. Besides this, after approx. 2000 cycles the oxidation of hydrogen can be detected in a high amount (Fig. 2
top). The overvoltage for the hydrogen reduction at the
gold electrode decreases owing to the pre-treatment procedure (compare Fig. 1), and at a sweep rate of 200 mVs -1
enough hydrogen is developed in front of the electrode
that such a high oxidation peak is observed.
In contrast to the reference material, the gold oxidation
of the thick film from DuPont (DP5742) does not become
stationary (Fig. 3 bottom). As mentioned earlier, stationary behavior can be expected after approximately 100 cycles. The permanent increase of the current density therefore has to result from the specific properties of the composite material where not only reactions at the gold occur but also at glass-ceramic phases, leading to extended
growth of the gold surface area. Before gold oxidation,
again a pre-oxidation peak a 1 from desorption of nitrate
anions is observed. In accordance with the permanent increase of gold oxidation this pre-peak also rises, which indicates the surface growth during 3000 cycles.

Table 1: Reactions of electrochemical gold oxidation
Peak Fig. No.
a1

Reaction

Equation No.
Au⋅NO - 3 ad + H 2O → Au⋅H 2O ad + NO - 3

a2

Au⋅H 2O ad + H 2O → Au⋅OH ad + H 3

a3

Au⋅OH ad + 2 H 2O → Au(OH) 3 + 2

O+

H+

+

Eq. 1

e-

Eq. 2

e-

Eq. 3

+2

Fig. 1: Cyclic voltammograms of the investigated materials polarized vs. SCE in 1.0 M HNO 3 (a) Au(99.9%), b) DuPont 5742, c) ESL
8837G and d) IKTS with a sweep-number-dependent arrangement; initial state (front) to final state (background).
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Fig. 2: CV curve sections of pure Au (99.9%) within the potential
ranges from -200 mV to 800 mV (top) and from 900 mV to 1700 mV
(bottom). Curves of the 10th (solid), the 1500th (dashed) and the
3000th (dotted) sweep are shown.

Fig. 3: CV curve sections of the DuPont 5742 thick film within the
potential ranges from -200 mV to 800 mV (top) and from 900 mV to
1700 mV (bottom). Curves of the 10th (solid), the 1500th (dashed)
and the 3000th (dotted) sweep are shown.

From the beginning of the first cycle up to the end of
the experiment the DP5742 electrode shows one predominant oxidation peak at E = 1220 mV, which again can be explained by a high amount of (210) oriented crystal planes
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even though thick films are expected to be a polycrystalline
material. However, during the sintering of screen-printing
pastes the growth of grains and the arrangement of a typical microstructure are observed (compare Fig. 10 b, c, d).
All thick films were sintered under the same conditions at
850 °C with a typical temperature routine. Gold particles
will not melt below 1064 °C, but screen-printing pastes
contain ceramic and glass components (e.g. Bi 2O 3, PbO)
that can create a liquid phase at 850 °C, enabling a flow of
gold particles inside the thick film. A sintering of gold below the melting point in combination with the flow of particles inside the glass phase generates a typical microstructure for each screen-printed paste depending on the specific composition and glass content.
In the case of the DP5742 thick film, the predominant
peak at E = 1220 mV increases further during the 3000 cycles, which shows the reconstruction on (210) oriented
planes similar to the pure gold sheet. Besides this, another small peak at E = 1370 mV develops, which might indicate a surface reconstruction as well on (111) oriented crystal planes. In a previous study, predominant (111) oriented crystal planes had clearly been detected at the DP5742
thick film 7. In the meantime, the supplier has changed the
composition of the paste, which is now declared as leadfree and obviously induces changes in the microstructure
of the sintered electrode.
The glass-ceramic components can be detected in the second potential range (Fig. 3 top). Two oxidation (a 5, a 6) and
reduction (c 2, c 3) peaks are visible in the cyclic voltammogram. According to the data sheet, DP5742 does contain
Cu 2O but the exact composition of each screen-printing
paste is the intellectual property of the supplier. Lead oxide had been a component formerly but the paste is meanwhile labeled as lead-free. From our measurements it can
be assumed that lead oxide has been replaced with bismuth
oxide, which was not detected in a previous study 7. The
strong influence of glass and ceramic phases on the microstructure can be concluded once more from this fact.
Metal oxides and glasses are used for two purposes inside thick films. One function of low temperature melting
glasses like PbO (mp. 888 °C) or Bi 2O 3 (mp. 817 °C) is to
establish a flow during sintering by which metal particles
can rearrange. The amount and composition of these oxides strongly determines the morphology and microstructure of the sintered thick film. Furthermore these glasses
establish an adhesion to the substrate, and ceramic metal oxides like Cu 2O or CuO generate a chemical binding
of the thick film to the substrate based on the formation
of spinel-type compounds 10, 18. LTCC mainly consists of
Al 2O 3, glassy SiO 2 and various alumosilicates. During
sintering, CuO forms CuAl 2O 3 and enhances the adhesion of the screen-printed layer.
The observation of corresponding oxidation and reduction peaks in Fig. 3 top implies that metal oxides inside
the thick film can be reduced electrochemically. Therefore it becomes obvious that the oxides are in electrical
contact to the gold phase and the electrolyte. From this
fact the question arises via which compounds do the electrochemical reactions with Cu and Bi proceed? Copper
can form CuAl 2O 3 (spinel-type) as well as CuAlO 2 (de-
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lafossite-type) 19, 20, bismuth will be contained as Bi 2O 3
and additionally it can form the bismuth-aluminates 21, 22
Bi 2Al 4O 9 and BiAlO 3 with Al 2O 3. Furthermore Cu and
Bi can be dissolved as aqueous Cu 2+ and Bi 3+ complexes.
Possible reactions and their standard potentials 23 (as far as
known) of Cu, Bi and their compounds are given in Eqs.
4 – 11.
From EDX analysis (cf. Table 3) it is known that Cu and
Bi are contained inside the thick film. In comparison to
the standard potential (Eqs. 4 – 11) the peak couple (a 6, c 3)
at approx. E = 330 mV vs. SCE has to be identified with
Cu/Cu(I) reaction. However, aqueous Cu(I) complexes
are unstable but can be stabilized by anions. It can be assumed that the insertion of Cu(I) ions into a ceramic network or matrix also stabilizes this oxidation state. The
formation of delafossite copper(I)-aluminate (CuAlO 2)
during sintering can be regarded as such a matrix. During cyclic voltammetry, Cu(I) becomes reduced but the
AlO(OH) network partially remains and can incorporate
Cu(I) again after subsequent oxidation.
The second peak (a 5, c 2) at approx. E = 30 mV vs. SCE
cannot clearly be assigned to one reaction. Compared to
standard potentials Bi/Bi(III) as well as Cu/Cu(II) reactions are possible (see Eqs. 4 – 11). Bismuth as well as Copper can be oxidized to soluble Bi(III) and Cu(II) complexes. In this case a gradual decrease of the peak current
density would be expected since the reduction will never be complete owing to diffusion losses. In contrast the
peak current density increases firstly and remains on a constant level. Therefore Eqs. 6 and 10 are considered, where

the reaction proceeds via solid state compounds of Cu
and Cu(II). The dissolution of Cu(II) and Bi(III) will take
place on a minor scale.
Similar to the DP5742 electrode the gold oxidation of
the thick film 8837G from ESL shows a strong peak at
E = 1210 mV vs. SCE indicating a predominant oxidation
on (210) oriented crystals, but a small peak at E = 1370 mV
is also found (Fig. 4 bottom). The consecutive potential
scans lead to a strong increase of the surface size, which
is displayed in rising current density for the oxidation.
Again a cleaning effect due to the pre-treatment is detected
from the increase of both the oxidation peaks and the preoxidation peak owing to the exchange of nitrate anions by
water before the gold oxidation.
The increase of current density at the ESL8837G electrode is connected with strong degradation. After 2000
cycles the thick film is completely delaminated from the
substrate (in Fig. 4 only the 10th and the 1500th cycles are
given). After delamination the electrode was not investigated any further although the gold part retained its shape
and was not dissolved. The electrochemically induced
degradation hence only affects the glass-ceramic phases.
In Fig. 4, top, the dissolution of glass-ceramic compounds
is shown. Again reactions for Bi and Cu can be found
but the current density for the oxidation and reduction
is much higher in comparison to the DP5742 thick film.
This electrode contains more glass-ceramic parts at the
surface which become dissolved (cf. Table 1). Moreover
an additional peak (a 8) is observed between the others,
which could not be identified so far.

Table 2: Electrochemical redox reactions of typical compounds in thick films
Peak Fig.No.

Reaction

Electric Potential

Equation No.

a5

Bi → Bi 3+ + e -

E = 0.067 V vs. SCE

Eq. 4

a5

Cu → Cu 2+ + 2 e -

E = 0.099 V vs. SCE

Eq. 5

a5

Cu + 2 AlO(OH) → CuAl 2O 4 + 2 H + + 2 e -

E = 0.099 V vs. SCE

Eq. 6

a6

Cu + AlO(OH) → CuAlO 2 + H + + e -

E = 0.280 V vs. SCE

Eq. 7

c2

2 Bi + 4 AlO(OH) + H 2O → Bi 2Al 4O 9 + 6 H + + 6 e -

E = 0.067 V vs. SCE

Eq. 8

c2

Bi + AlO(OH) + H 2O → BiAlO 3

E = 0.067 V vs. SCE

Eq. 9

c2

Cu + 2 AlO(OH) → CuAl 2O 4

E = 0.099 V vs. SCE

Eq. 10

c3

Cu + AlO(OH) → CuAlO 2 + H + + e -

E = 0.280 V vs. SCE

Eq. 11

+ 3 H+ + 3 e-

+ 2 H+ + 2 e-

Table 3: Properties of the investigated gold electrode materials.
Electrode material

Add. included elements *)

Firing process

A geo
/cm 2

Au-ratio on surface /%

Au (99.9%)

-

-

0.38

100

DuPont 5742

O, Al, Si, Ca, Cu, Ag, Pb, Bi

co-fired

0.18

96

ESL 8837G

O, Al, Si, Ca, Pb, Bi

post-fired

0.10

73

IKTS

Ag

post-fired

0.18

98

*) obtained by means of EDX analysis after firing process
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the basis of the composition of the screen-printed paste.
Nevertheless there is the possibility for an enrichment of
glasses from the LTCC substrate inside the thick film after firing. Although the IKTS electrode does not contain
Bi 2O 3 or Cu 2O, good adhesion during the experiment is
achieved. From this result it can be concluded once more
that the electrochemical reduction of metal oxides leads to
a destabilization and can be regarded as a new degradation mechanism in addition to solely chemical dissolution.
An additional reduction peak c 4 is observed at E = 0 mV
vs. SCE which occurs after 1500 cycles. Since no corresponding oxidation peak is detected, the reduction of oxygen is highly presumable at this potential. All electrolytes
have been nitrogen-purged before the recording of the
shown cyclic voltammograms (in Figs. 2 – 5), but of course
there is oxygen development above E = 1600 mV vs. SCE.
It is highly presumable that oxygen becomes stored inside
pores of the thick film which prevent cavities from ascending so that oxygen is available for reduction.

Fig. 4: CV curve sections of the ESL 8837G thick film within the
potential ranges from -200 mV to 800 mV (top) and from 900 mV
to 1700 mV (bottom). Curves of the 10th h (solid) and the 1500th
(dashed) sweep are shown.

It is obvious that the rapid delamination of the ESL
8837G electrode is connected with electrochemical reactions. The oxidation peak a 7 is much broader for this electrode and it has to be assumed that in this case Bi and Cu
are also dissolved as aqueous complexes, accelerating delamination. High contents of bismuth and its oxide will be
dissolved electrochemically and the copper reactions between solid state compounds can only proceed if the matrix of aluminate is sufficient for higher amounts of oxidized Cu(I) and Cu(II). Owing to the strong dissolution
of the glass-ceramic phase the thick film is partially delaminated, leading to a further increase of gold surface area and
a diffusion of the electrolyte into the interface of substrate
and thick film, which also destabilizes the adhesion by Bi
and Cu compounds.
The IKTS thick film is an in-house development which
is optimized to minimize glass-ceramic particles at the surface and contains no oxide of copper or bismuth. Very similar to the other thick films the current density for gold oxidation increases significantly up to the 1500th cycle and
continues growing until the 3000th cycle (Fig. 5, bottom).
At the pure gold electrode the current density becomes stationary after 100 cycles. Therefore this increase at the IKTS-electrode has to be assigned to changes and dissolution
of the glass-ceramic phases even though this thick film is
optimized to a pure gold surface. Two oxidation peaks (a 2
and a 3) are found which display (210) and (111) oriented
crystal planes similar to the other thick films. The pre-oxidation peak, a 1, from desorption of the nitrate anion increases in a similar way to the oxidation peaks, which expresses the electrode cleaning and the surface growth.
Within the second potential range no oxidation of Bi or
Cu compounds is found (Fig. 5, top). This is expected on

Fig. 5: CV curve sections of the IKTS thick film within the potential
ranges from -200 mV to 800 mV (top) and from 900 mV to 1700 mV
(bottom). Curves of the 10th (solid), the 1500th (dashed) and the
3000th (dotted) sweep are shown.

The increase of the current density for the gold oxidation
can be quantified to give information about the changes
of the gold surface. Gold oxidation has been applied to
characterize and quantify the surface area of polycrystalline and single crystal electrodes 24. Although the reaction has been investigated in great detail over the past
50 years 17,25 – 32, no final conclusion has been drawn either about stoichiometry of the formed oxide/hydroxide nor about the oxidation mechanism itself. However, this present work proceeds from the assumption that
until a specific anodic potential is reached, localized at
the s.c. Burshtein minimum, the electrochemical oxidation of gold only forms a monolayer of Au(OH) 3 on the
surface. This process affords approximately a charge of
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390 lCcm -2 for a smooth, polycrystalline gold surface 24.
For all electrodes the real surface area was estimated with
this procedure. Different reasons have to be taken in account for the increase of current density.
1) Anodic and cathodic polarization as well as hydrogen
and oxygen evolution will remove impurities and adhering layers from the electrode
2) The gas formation in front of the electrode – oxygen
evolution in the case of anodic polarization and hydrogen evolution in the case of cathodic polarization – can
cause surface roughening as a result of the implosion of
cavities
3) A potential induced surface reconstruction during
cyclic voltammetry can lead to an increase of surface
atoms by up to 24 % as reported in the literature 13
4) In the case of thick film electrodes, the dissolution of
glassy and ceramic compounds leads to an increase in
free gold surface
The pure gold electrode shows a fast rise of charge density from 0.9 mCcm -2 to 1.25 mCcm -2 within the first 100
cycles, thereafter a stationary behavior is observed (Fig. 6).
Removal of impurities can only have a minor effect at
the cleaned electrode since the reference sample contains
99.9 % gold. A reconstruction of the crystal planes owing to the potential scans and a roughening of the surface
by developing gas cavities have to be the reason. The FESEM image of this electrode (Fig. 10 a, bottom) provides
evidence of the strong roughening as a result of the electrochemical treatment, which has to be regarded as a typical behavior of pure gold surfaces under these conditions.
It has to be assumed that the surface roughness is stationary after approximately 100 cycles.
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the potential scans. Except in the case of the ESL8837G
electrode, even during the first 100 scans only a linear increase is observed at the thick films. Therefore a surface
roughening or a reconstruction of crystal planes has to take
place at slower time scales or is completely suppressed.
Surface roughening by gas cavities could be reduced because of less hydrogen and oxygen development and crystal reconstruction might be limited because of defects at
the boundary surface owing to glass-ceramic inclusions.
The permanent increase of charge density for the oxidation does not occur at the pure gold and therefore it has to
result from a growth of gold surface owing to dissolution
of glass-ceramic material during each cycle.
A similar behavior is found for the pre-oxidation peak,
which also shows a stationary charge density at the pure
gold electrode but a linear increase for the thick films
(Fig. 7). The peak results from the exchange of specifically
adsorbed nitrate anions at the surface within the electrochemical double layer, which of course is connected to the
surface size. But in comparison to oxidation charge density, a different order for the electrodes is found for the
pre-oxidation peak. The highest peak is observed for the
IKTS electrode which exhibits the smallest gold charge
density of the thick films. The specific adsorption of anions is strongly depending on the crystal orientation. Even
though a similar oxidation peak was found for the three
different thick films, it has to be assumed that many more
nitrate anions are adsorbed at the IKTS electrode owing to
appropriate crystal planes.

Fig. 7: Charge density of the pre-oxidation peak during 3000 potential scans.

Fig. 6: Charge density for the gold oxidation during 3000 potential
scans.

The development of gold oxidation charge density of
thick films can be compared to the reference material. A
generally different behavior is found for all thick films. Up
to the 500th or 2000th cycle respectively, the gold oxidation of thick films shows a charge density well below that
needed for pure gold. The thick films possess a smaller gold
surface owing to their smoothness and glass-ceramic inclusions. The charge density does not become stationary.
The gold oxidation proceeds with a linear increase during

To find a reason for the increase of gold oxidation charge
density at the thick films, the oxidation and reduction
peaks a 5, a 6 and c 2, c 3 are analyzed (Figs. 8, 9). As shown
by cyclic voltammetry and by EDX, the IKTS electrode
does not contain any copper or bismuth. Nevertheless, a
linear increase of the gold oxidation charge density is also observed, which results from the dissolution of glasses and ceramics at the surface and at the interface binding
the metal/substrate. This can be regarded as basic dissolution behavior which is induced by the electrochemical
reaction even if the thick film does not contain elements
that can be reduced or oxidized. ESL and DuPont thick
films contain to some extent copper and bismuth oxides
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and aluminates which take part in the electrochemical reaction. In Fig. 6 it becomes obvious that these thick films
show a faster increase of charge density which displays a
faster degradation. Both the ESL and DuPont thick film
shows reactions of copper and bismuth, however, the temporal development is different. The oxidation and reduction of copper and bismuth increases at the DuPont thick
film during the 500th to 1500th scan but remains constant
on a higher level (Fig. 8). At the ESL thick film the reaction rates are reversed, decreasing from high charge densities to a low level. As mentioned before, this is connected
with a delamination of the gold layer in which all Cu and
Bi components are finally removed from the thick film. It
is obvious to suggest that the strong reaction at the ESL
electrode leads to the dissolution of glass-ceramic Cu- and
Bi-containing phases, inducing the delamination. In contrast to this the stationary charge densities at the DuPont
electrode have to be explained by reactions between solid
state compounds without a significant release of Cu and Bi
ions into the electrolyte.
The development of charge densities for gold oxidation (Fig. 6) and for dissolution of copper and bismuth
(Fig. 8, 9) has to be explained by changes on the surface
of the gold or at the interface to the ceramic substrate.
All electrodes have been analyzed by FESEM before and
after the electrochemical measurements to correlate the
increase of oxidation current density and dissolution of
glass-ceramic compounds with changes of the morphology. The pure gold sheet (Fig. 10a, left) shows scratches
from polishing before the experiment. Severe roughness
is observed after 3000 polarization cycles (Fig. 10a, right),
which causes the increase of current density for gold oxidation.
The thick film from DuPont (Fig. 10 b) is characterized
by sharp-edged steps and a terrace structure which indicate the presence of predominant oriented crystals as
detected by specific peaks in the cyclic voltammogram.
Ceramic inclusions are visible between gold grains. Image analysis reveals a portion of 4 % ceramic particles at
the surface before the measurements. During the potential
scans a permanent oxidation and reduction of metal oxides
was observed, which increased slightly up to the 3000th
cycle. The FESEM image shows that the inclusions are no
longer present. Severe roughening comparable to that of
the pure gold electrode is not observed.

Fig. 8: Charge densities of the redox-processes of Bi and Cu containing glass-ceramic phase of DuPont 5742 thick film. Dotted line
shows the ratio between A real and A geo (cf. Fig. 6).
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Fig. 9: Charge densities of the redox-processes of Bi and Cu containing glass-ceramic phase of ESL 8837G thick film. Dotted line
shows the ratio between A real and A geo (cf. Fig. 6).

The ESL thick film has a porous morphology with small
inclusions and broad domains where the surface is covered
with a glass-ceramic phase. Owing to the high amount of
boundary surface between gold and glass-ceramic phase
in the initial state, it is obvious that the dissolution of Cu
and Bi proceeds at high charge densities from the beginning. After polarization the gold surface is roughened on
selected grains whereas others remain smooth. A similar
behavior is found for the IKTS electrode. Before the electrochemical procedure a polycrystalline microstructure is
found with smooth grains but some pores. The polarization in nitric acid causes severe roughening on some grains
of thick film which presumably possess crystal orientations that easily generate reconstructed surfaces.
Nevertheless from these FESEM images it cannot be understood why there is a constant oxidation and reduction reaction of Cu and Bi at the DuPont electrode. After
3000 cycles the surface contains far fewer ceramic inclusions than was initially the case. Moreover, no pores or severe roughening on the surface is found which could increase the real surface area after dissolution of inclusions.
The electrochemical reaction can be regarded as a cleaning procedure in this case. Cross-sections of the interface
between gold thick film and ceramic substrate were analyzed to explain the permanent growth of the gold surface
area and constant oxidation and reduction charge density for Cu and Bi (Figs. 11 and 12). Initially the gold thick
film is attached via a closed interface to the glass-ceramic
substrate (Fig. 11). After 3000 polarization cycles a clear
gap between the thick film and the glass-ceramic phase
from LTCC substrate is found. Inclusions from the surface of the thick film are apparently dissolved. Therefore
it is possible that glass-ceramic compounds at the interface can also be dissolved by the electrochemical reaction
as shown by the cross-section. Thus the electrolyte reaches
more gold boundary surface, which explains the increase
of the gold oxidation charge density. Moreover it becomes
clear why a constant Cu and Bi reaction is observed. Inside the gap very little electrolyte is exchanged whereby
oxidized compounds can be reduced without losses due to
diffusion.
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Fig. 10: FESEM images of initial surface and after electrochemical reaction a) pure gold and the thick films b) DuPont 5742, c) ESL
8837G and d) IKTS.

Fig. 11: FESEM cross-section of the initial interface between the
DuPont thick film and the ceramic substrate.

The experimental observations allow us to set up a model for the degradation of thick films. FESEM and EDX
analysis show that copper and bismuth are contained inside glass-ceramic inclusions between the gold grains and
at the interface to the substrate. The electrochemical measurement verifies that both metals take part at the reaction
and therefore are in a conductive contact between the gold
and electrolyte. The electrochemical dissolution involves
the following steps as schematically shown in Fig. 13. During anodic sweep, elemental copper and bismuth contents
of the thick films are oxidized, can diffuse into the electrolyte and are replaced by protons (Fig. 13 – (2)). Fur-

thermore water becomes electrolyzed at higher potentials,
which leads to a further increase of protons at the surface
(Fig. 13 – (3)). The glass-ceramic matrix is attacked by the
generated protons and is partially dissolved. During the
reduction of Cu (in spinel or delafossite-type aluminates)
aluminum-oxy-hydroxide is formed in accordance with
Eqs. 6 and 7, which further enhances the dissolution of the
matrix (Fig. 13 – (4)). Similarly aluminum-oxy-hydroxide
formation can be supposed for bismuth-aluminates (Eqs. 8
and 9). In the following anodic sweep, copper and bismuth
can be oxidized and dissolved correspondingly. At lower potentials protons are reduced to hydrogen gas, leading to a local increase of the pH value whereby the glassceramic matrix can be dissolved in the case of very high
hydrogen development. By repetition of anodic and cathodic polarization the matrix is dissolved. The FESEM
images show that inclusions are removed at the surface
and a gap between substrate and thick film is formed at
the interface. The oxidation of Cu and Bi must not necessarily lead to aqueous dissolution of metals with depletion of the glass-ceramic phase. As mentioned above, both
metals could also be oxidized and reduced to solid state
components. Nevertheless the generation of high proton
concentration and the electrochemically induced formation of aluminum-oxy-hydroxides will lead to dissolution
of the glass-ceramic matrix. Four resulting degradation effects by electrochemical treatment are summarized in Fig.
13 – (6).
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Fig. 12: FESEM cross-section of the interface at the DuPont thick
film after the electrochemical reaction.

1. The dissolution of the glass-ceramic anchor of the thick
film will cause its delamination as observed for the ESL
thick film.
2. The gold surface is roughened.
3. Removal of glass-ceramic inclusions on the surface.
4. Removal of glass-ceramic inclusions within the material via channels along the grain boundaries. This would
explain the side-by-side increase in the real surface area
with the charge of Cu and Bi redox reactions observed
at the DuPont thick film (Fig. 8).
Conclusion
The stability of three different thick films has been tested
in an acidic medium under the influence of repeated anodic and cathodic polarization and compared with a pure
gold electrode. The investigated thick films are regarded
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as model electrodes that represent three different possible
surface morphologies, compositions and therefore exhibit
different electrochemical behavior and stability.
The gold electrodes are pre-conditioned and cleaned by
means of the electrochemical procedure. Surface reconstruction and roughening cause an increase in surface area.
A stationary charge density is observed after approx. 100
cycles at the pure gold sheet. In contrast, the oxidation
charge density shows a linear increase for all thick films.
Reconstruction and roughening are also found at certain
grains of the screen-printed electrodes but the permanent
growth of gold surface is mainly caused by dissolution of
glass-ceramic phase as a result of electrochemical treatment. The oxidation charge density provides a quantitative measure to characterize the gradual degradation. Two
electrodes contain copper and bismuth oxides and aluminates, which are oxidized and reduced electrochemically.
Since the third thick film is free of these elements but also exhibits a linear increase of oxidation charge density,
the main electrochemical degradation proceeds via the dissolution of the glass-ceramic matrix but can be enhanced
by compounds that take part in the electrochemical reaction. Glass-ceramic phases are dissolved from the surface
of the thick film, and from FESEM images of cross-sections it can be concluded that the main dissolution takes
place at the interface to the substrate. A strong dissolution leads to the delamination of the screen-printed film
as observed at one electrode with a high boundary surface.
In this case very strong Cu and Bi reactions are detected
until complete depletion. The degradation obviously depends strongly on the morphology of the electrode and
compact, closed thick films are preferred for better durability in harsh media and under these polarization conditions.

Fig. 13: Schematic drawing of the electrochemically induced thick film degradation.
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It could be shown that under polarization very localized
dissolution processes occur which can be regarded as an
electrochemically induced degradation mechanism. Furthermore it becomes possible with electrochemical measurements to observe gradual changes at the electrodes as
a result of degradation.
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