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High-temperature cyclic voltammetry (HT-CV) is a versatile technique for accurately characterizing metal
oxidation processes. This method uses YSZ (Yttria-stabilized zirconia), a solid-state oxygen ion conductor, as an
electrolyte. By applying defined potentials, different oxide species are produced. Hence, thermodynamic pro-
cesses such as the stability of oxides and kinetic properties, like growth rates, can be investigated. However, in
electrochemical reactions the current cannot be assigned to specific reactions unequivocally. To address this
issue, in situ analytical methods are necessary. This is crucial when investigating diffusion processes and reaction
products, as they require additional analytical information.

This work presents a novel method that combines high-temperature electrochemistry with Raman spectros-
copy to investigate metal oxidation processes and diffusion phenomena directly at the solid-electrolyte/metal
interface. The HT-CV method is used to achieve controlled oxidation states of metals. To this end, a commer-
cial Raman heating stage was adapted to enable electrochemical measurements in the cell. The use of a trans-
parent YSZ single crystal allows Raman measurements, as the laser penetrates through the material to the metal
(oxide)/electrolyte interface. With Raman spectroscopy, oxides produced under controlled conditions can be
analyzed. Furthermore, optical microscope images of the oxides can be taken during their formation. Our
combined method also enables the investigation of metallic interdiffusion. The electrochemical control of the
potential allows for the selective oxidation of diffusing species whilst the layer through which the diffusion takes
place remains in the reduced state. The results obtained with Raman spectroscopy confirm the existence of the
species predicted from electrochemical experiments.

1. Introduction

The oxidation behavior and mechanisms of different metals is of
significant interest in almost every industry sector. In numerous appli-
cations, metals are exposed to elevated temperatures both during pro-
duction and during actual use. Clarification of the ageing processes is
crucial for designing metals with preferable, defined properties. In
addition, diffusion phenomena are strongly influenced by temperature.
A simple and robust method is desirable to determine the diffusion of
metals through metal barrier layers.

Commonly, metal oxidation is investigated by oxidizing the sample
under defined conditions (i.e., oxygen concentration and temperature)
and subsequent chemical analysis [1,2]. However, this procedure is very
extensive and time-consuming. Furthermore, it is challenging to
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conclude the kinetics of the oxidation process, as only the final state can
be accessed for analysis. This is particularly important for metals that
can form more than one oxide, e.g. copper: Cuz0/CuO.
High-temperature cyclic voltammetry (HT-CV) is a method for the
controlled oxidation of metals [3-5]. In HT-CV, the potential controls
the oxygen partial pressure at the solid electrolyte/metal interface. In
this work, a single-crystal of yttria-stabilized zirconia (YSZ) is utilized as
an oxygen ion conducting electrolyte. HT-CV has been used to investi-
gate the oxidation behavior of materials ranging from metals and alloys
[6] to materials, e.g., for SOFC applications. Thereby, the kinetic and
thermodynamic properties of the mechanism can be studied during the
oxidation. However, electrochemical techniques require some comple-
mentary analytical information. In almost every electrochemical
experiment, several processes contribute to the measured current
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simultaneously. Therefore, an analytical measurement should be per-
formed concurrently with the electrochemical oxidation.

One such complimentary technique is Raman spectroscopy. Raman
spectroscopy allows the distinction between the different oxidation
states of metals. In liquid systems, in situ Raman spectroscopy has been
performed on copper and its oxides [7]. However, compared to HT-CV,
where pure oxides are formed, an aqueous electrolyte leads to a higher
number of possible compounds that can form, such as Cu(OH), and
NaCuO,, [7]. Single crystals of YSZ are optically transparent, allowing
visible light to pass through. Therefore, confocal Raman spectroscopy is
the method of choice for analyzing oxidic species through the solid
electrolyte. The confocal arrangement enables focusing on thin layers.
For our HT-CV measurements, Raman spectroscopy was chosen as
complimentary techniques, since the measurements can be performed
through the optically transparent ionic conductor.

In this work, different metals and metal layer structures are oxidized
under electrochemical control. The different oxidation states, produced
by HT-CV, are preserved by cooling down under electrochemical con-
trol. Subsequently Raman spectroscopy and optical microscopy are
performed. The oxidation and reduction current peaks observed during
HT-CV can thus be reliably assigned to specific oxides. In general, metals
are not Raman-active, whereas oxides show Raman scattering.

In the semiconductor industry, titanium is used as a metal barrier
layer between the silicon substrate and the conductive (structured) gold
top-layer to prevent interdiffusion [8-13]. However, above tempera-
tures of 250 °C diffusion of titanium through gold is observed [9]. Our
novel method can be utilized for the electroanalytical analysis of the
stability of such barrier layers. Initially, the intact gold top layer does not
show Raman scattering. A potential is applied at which the less noble
metals (e.g. Ti), which are supposed to diffuse toward the surface, are
oxidized at the surface. The more noble top layer (e.g. Au) remains in the
metallic state. The oxidized, diffused species at the surface can then be
detected by Raman spectroscopy.

2. Materials and methods

Single crystalline yttria-stabilized zirconia (YSZ) is used as a solid
electrolyte in high-temperature cyclic voltammetry. It is conductive for
oxygen ions at elevated temperatures with a value of 3-107° S/cm at
300 °C and about 2:102 S/cm at 750 °C [14]. HT-CV is carried out in a
three-electrode arrangement, with the Raman laser irradiating the
sample through the optically transparent YSZ (Fig. 1). The working
electrode (WE) is the metal of interest. Two types of samples were used.
Depending on the sample type, either spherical/cuboid metal electrodes

Counter electrode (CE)
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or sputtered metal layers were used as WE (Fig. 2). Platinum metal,
molten to a spherical shape, is used as the reference electrode (RE). The
counter electrode (CE) consists of a porous, burnt-in layer of platinum.
The top of the solid electrolyte is entirely covered by the porous plat-
inum, except for a small hole for the Raman laser. The whole arrange-
ment is placed in a gas-tight chamber with a constant argon flow.
Thereby, a constant, known oxygen partial pressure, pj5’, equal to the
amount of residual oxygen in the argon is reached. By applying a defined
potential, the oxygen partial pressure at the metal surface can then be
adjusted, according to the Nernst equation (Equation (1) [15].
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In this equation, R is the ideal gas constant, T is the temperature and F
the Faraday constant. The number of transferred electrons is represented
by z and po, is the oxygen partial pressure at the solid electrolyte/metal
interface. Performing cyclic voltammetry (CV) leads to the reversible
oxidation of the metal and reduction of the oxides. The current is pro-
portional to the amount of metal converted into oxide and vice versa. All
mentioned potentials are calculated against the reversible electrode in
pure oxygen (ROE). All potentials in the diagrams and in the text refer to
this reference potential. The electrochemical measurements were car-
ried out using a Methrom Autolab PGSTAT128N potentiostat.

A commercially available Raman heating stage from Linkem® was
used for the coupled electrochemistry-Raman measurements. Fig. 2
shows a schematic representation of the setup inside the heating cell for
the two different sample geometries. The heating block inside the stage
is made of silver, which enables efficient heating. Three gold-coated
tungsten needles are utilized to establish electrical contact, one for
each electrode. The needles are also used to press the solid electrolyte
onto the sample. The needles can be placed freely in the chamber using
magnets and are connected to the outside via BNC sockets. A milled
alumina block contained recesses to hold the working electrode and
reference electrode. Molten metal spheres (Cu, Ni), cubes cut from sheet
metal (Ti) as well as sputtered metal layers (Au/Ti) on conductive silicon
were used as samples. Metal spheres with diameters of approximately
0.5 mm were produced by melting wires with a purity of 99.99 %. The
surface oxide was then etched away using 4 mol/L sulfuric acid. The
spherical shape and soft nature of the samples allowed for the formation
of a small contact area between the metal and the solid electrolyte by
slight deformation upon pressing the YSZ onto the sphere, as shown in
Fig. 2. The cubic, metallic titanium samples were cut out of a metal plate
with 5 mm thickness. The layers for the gold-titanium samples were
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Fig. 1. Schematic layout of the three-electrode arrangement for HT-CV with in situ Raman spectroscopy. The Raman laser irradiates the oxide through the solid

electrolyte. A modified heating stage is used to control the temperature.
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Fig. 2. Schematic setup inside the heating stage with the two possible arrangements: a) Rectangular samples: metallic or sputtered metal layer on a conductive

substrate. b) Spherical metallic samples.

produced by cold sputtering the metals onto a conductive silicon
substrate.

For the Raman measurements presented in this work, a WITEC
alpha300RSA + confocal microscope was used. A blue laser with a
wavelength of 488 nm was used at 5-50 mW energy within a 50x extra-
long working distance (ELWD) objective. The long working distance is
required to be able to focus inside the cell. However, our setup for the in
situ Raman spectroscopy in a solid-state configuration is inherently
associated with a few disadvantages:

e Stokes scattering becomes less intensive at higher temperatures: The
used Raman device is equipped with an edge filter, which only gives
access to Stokes scattering. Anti-Stokes scattering increases in in-
tensity at high temperatures, but is inaccessible with our device.
Focusing the laser beam through the heating-stage cover glass and
the YSZ-solid electrolyte: The laser beam has to be focused through
the quartz cover glass of the heating stage and the solid electrolyte.
Therefore, the light is scattered four times on its way to the sample
and back to the detector (i.e. cover glass-YSZ-metal oxide-YSZ--
cover glass). Electropolished single crystalline YSZ with a roughness
of Ra < 0.5 nm was used to minimize these negative scattering as-
pects. However, as seen in Fig. 5, this still leads to blurry microscopic
images.

The solid electrolyte YSZ is Raman active: Amongst all oxygen ionic
conducting electrolytes, YSZ is the only one that can be produced as
an optically transparent single crystal with a sufficient size (>3 x 3
mm?). Even though confocal-Raman is applied, the focus on the
oxide/electrolyte interface leads to the excitement of both the oxide
and the solid electrolyte [16].

The high temperature (>300 °C) poses the most significant issue for
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obtaining Raman spectra of the oxides. To mitigate the temperature-
related problems, the oxide is cooled in a controlled way to maintain
the defined, electrochemically formed oxides. Therefore, during cool-
down, the applied potential is shifted with the decreasing temperature
(Fig. 3a) to maintain the thermodynamically defined oxidation state. A
step-wise adjustment of the potential was used, approximating the
calculated potential curve. The potential was adjusted every 50 s, as
displayed in Fig. 3b. As the temperature drops rapidly in the first 50 s at
a rate of over 150 °C/minute, the further redox reaction during cooling
is only marginal.

3. Results and discussion
3.1. High-Temperature cyclic voltammograms of metal oxides

High-temperature cyclic voltammograms of metals reveal the sta-
bility ranges of their oxides. Every cyclic voltammogram (CV) consists of
oxidation peaks (referred to as Ox) and reduction peaks (referred to as
Red). The number of peaks depends on the number of possible oxides
and the scanned potential range. The possible redox couples for the
different investigated metals are displayed in the table in Fig. 4d. Each
oxide is stable within a specific potential (=oxygen partial pressure)
range. These stability ranges can be calculated using thermodynamic
data. Fig. 4a—c displays the cyclic voltammograms of copper, nickel, and
titanium recorded at 550 °C at a scan rate of 10 mV/s. The arrows at the
bottom x-axis indicate the calculated stabilities for the oxides. The redox
potentials of the different redox pairs were calculated using thermody-
namic data from literature [17]. Following Equation (2), the Gibbs free
energy of a reaction can be converted into an electrochemical potential
AE. The potential vs. ROE, plotted on the x-axis, can be converted into
the oxygen partial pressure (top x-axis) by using the Nernst equation
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Fig. 3. a) Cooling curve of the Raman heating stage. b) Red: potential shift with respect to the potential at 550 °C to maintain the defined oxidation state. Blue: Step-

wise approximation of the potential shift.
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Fig. 4. Cyclic voltammograms at 550 °C and a scan rate of 10 mV/s. Recorded in the Raman heating cell modified for electrochemical measurements: a) Copper, b)
Nickel, ¢) Titanium. d) Calculated potentials for the redox pairs of the metal oxides at 550 °C.

Equation (1).

AG
z-F

AE = @
In Eq. (2), z is the number of transferred electrons, F the Faraday con-
stant and AG the Gibbs free energy. At potentials above around 0 V, the
current increases in the CVs as the oxygen evolution reaction starts. This
phenomenon occurs in all measurements displayed in Fig. 4a-c,
regardless of the metal.

Copper
2Cu + 0> 2Cu,0+2¢~  AE= —0.55V
Cuy0 + 0> 22Cu0 + 2e~ AE = —0.29V

The cyclic voltammogram of copper shows three oxidation and two
reduction peaks for the two known oxidation states, Cu(I) oxide and Cu
(I) oxide. The occurrence of three oxidation peaks can be explained,
since during the initial oxidation of the copper metal to Cu(I) oxide, a
thin passivation layer is formed, resulting in the pre-peak Ox1 [18].
After this layer has been formed, Cu is further converted to Cuy0 (0x2).
The third oxidation peak, from Cu(I) to Cu(Il), is superimposed by the
second oxidation peak. At much slower scan rates, the separation of the
peaks is improved, i.e. below 1 mV/s.
Nickel

Ni+ 0> 2NiO +2¢~ AE = —0.84V

Nickel oxide has only one oxidation state (nickel(II) oxide) within the
scanned potential range. In the CV one oxidation and one reduction peak
are visible. The current in the cyclic voltammogram of nickel is one
order of magnitude lower than that of copper. As nickel is much harder,
a smaller contact area is obtained upon pressing the solid electrolyte
onto the metal. Furthermore, nickel forms a highly resistive oxide layer
which leads to a reduction in current [15].

Titanium
Ti + 0> 2TiO + 2e~ AE = —-2.34V
TiO 4+ 0> 2TiO, + 2¢- AE = —0.88V

In terms of HT-CV, metallic titanium is stable only at potentials below
—2.32 'V, which cannot be reached using YSZ as an electrolyte. The YSZ
would be reduced itself before reaching such low potentials. Therefore,
the titanium oxidation and reduction peak in Fig. 4c show the transition
from TiO to TiO, and vice versa.

3.2. In operando optical microscopy of metal oxides

Microscopic images of the electrochemically formed oxide species
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during HT-CV were recorded in operando. The transparent solid elec-
trolyte allows to obtain images during their electrochemically controlled
formation. Microscopic images were taken of the different oxidation and
reduction states described in the previous chapter (Fig. 4). For these
pictures, the focused light passes the glass of the heating-stage cover and
the transparent singly-crystalline electrolyte. Therefore, the light is
scattered four times (i.e. cover glass-YSZ-metal oxide-YSZ—-cover glass),
resulting in partially blurry images. However, the different metal oxides
clearly show different colors, as expected. The copper and nickel spheres
only show the oxidation reaction at the small metal/solid electrolyte
contact area. For titanium, the metallic state is only present before the
first oxidation step, as it can only be reduced from TiO to TiO with the
utilized solid electrolyte. Furthermore, titanium was used as a sputtered
layer, as it cannot be molten into a sphere in a conventional oxyhy-
drogen flame. Copper: As copper is a soft metal, a large contact surface
is created when the flat electrolyte is pressed onto the metal ball. The

Metallic state
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different states of copper (i.e., metallic, copper(l), and copper(II)) can be
clearly distinguished optically. In the metallic state, a reddish color is
visible. Cup0 and CuO appear in their true colors which are orange/red
for Cuz0 and black for CuO. Nickel: With the harder nickel, only a small
contact area is formed when pressed onto the electrolyte. Still, the
oxidized and reduced state could be spotted since nickel has a grayish
appearance, and nickel(II) oxide is darker. Titanium: Titanium always
has a passive layer under ambient conditions. The layer, however, is so
thin that it is not optically visible. This “native metallic state” was
already present before the controlled oxidation at elevated tempera-
tures. Once the titanium is oxidized, it cannot be reduced from TiO to Ti
with HT-CV anymore. The colorless TiOy appears in blue interference
colors. The edge in the titanium pictures in Fig. 5 represents the edge of
the silicon substrate. Due to the construction of the heating cell, the best
contact between the metal and the solid electrolyte is achieved at the
edge of the substrate.

Oxidic states

Fig. 5. In operando microscopic images of the different metals and their oxides (obtained at a 50x magnification).
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3.3. Raman spectroscopy

Raman spectroscopy was performed to confirm the electrochemically
formed oxides by an analytical method without detaching the electro-
chemical setup. We found that at temperatures exceeding 300 °C, which
are required for electrochemical oxidation, it was not possible to obtain
satisfactory Raman spectra. Therefore, the defined oxides were cooled to
room temperature under electrochemical control, in order to obtain
reliable Raman spectra.

3.3.1. In situ Raman spectra at elevated temperatures

Initially, Raman spectra of the oxides were acquired in situ directly
during the HT-CV measurements at high temperatures. As the intensity
of the Stokes scattering decreases with increasing temperature, the total
Raman signal is substantially lower than at room temperature. However,
at temperatures above 300 °C, which are needed to obtain satisfactory
electrochemical data, the solid electrolyte completely overlaps the
oxidic Raman peaks. Note, that YSZ shows a broad range of Raman
scattering in the Region from 100 cm™! to 600 cm™! (see Fig. 6). Most
metals also show their main Raman bands in this region. Hence, the
introduced method with electrochemically controlled cooldown for
preserving the oxidation state, as explained in the materials and
methods section (Chapter 2, Fig. 3), was used.

3.3.2. Raman spectra at room temperature after electrochemically
controlled cooldown
The Raman measurements of the defined oxides were carried out at

Journal of Electroanalytical Chemistry 965 (2024) 118373

room temperature to obtain identifiable spectra. For each of the four
oxides, the respective Raman spectrum shows at least one characteristic
Raman band (see Fig. 6). Since all spectra were recorded through the
solid electrolyte, each oxide spectrum contains vast contributions from
the YSZ Raman spectrum. The utilized YSZ from CrysTec GmbH shows
Raman scattering in the 100 cm ™! to 600 cm ™! range with two distinct
bands at 150 cm ! and 625 cm ™. The spectrum is denoted as YSZ Ref. in
Fig. 6. Copper: Copper(I) oxide has its most intense Raman signal at the
second-order overtone at 218 em™! [19]. Copper(II) oxide exhibits its
main vibrational mode (Ag) at 282 cm ! [20]. The YSZ spectrum covers
all further Raman modes of the two copper oxides. In the Cup0 spec-
trum, a small CuO peak at 282 cm ™! can be found. During the cyclic
oxidation and reduction in HT-CV an incomplete conversion is observed.
This suggests minor changes in the surface morphology of the material,
which changes the contact area between the oxides and the electrolyte.
Nickel: The Raman spectrum of nickel oxide exhibits three bands in the
range from 900 cm ™! to 1500 cm ™}, which can be assigned to the two-
phonon modes (906 cem~ ! and 1090 cm’l) and the two-magnon scat-
tering at ~ 1500 cm~! [21]. These shifts can be identified more clearly,
as they are not overlapping with the YSZ Raman scattering. Titanium:
The thermal oxidation of titanium on different substrates at tempera-
tures of 500-700 °C is described in literature [22-24]. X-Ray diffraction
analysis (XRD) has shown that at these temperatures TigO and the rutile
phase (TiOy) are formed [22]. Raman spectroscopy provides even more
detailed information about structural features. As an example, slight
wavelength shifts are obtained and detected by isotopic exchange of 160
by 180 in the anatase structure of titanium dioxide [25]. Further,

150

Intensity / a.u.

—TiO,
——NiO
—CuO
—Cu,0
—— YSZ Ref.

150
625

250 500 750

| ] ] |
1000 1250 1500 1750

Raman shift / cm™

Fig. 6. Raman spectra of YSZ (black, background reference) and the different oxides after the electrochemically controlled cooldown in the heating stage: TiOy
(turquoise), NiO (blue), CuO (brown) and Cu,O (red). The spectra are offset for clarity and the intensity scale is zoomed by different factors (TiO:1.5; NiO:1;

CuO:1.1; Cuy0:1.2; YSZ:0.09).
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structural changes during insertion of lithium into anatase were deter-
mined in situ by Raman spectroscopy [25]. Despite these abilities of
Raman spectroscopy described in the literature, in our solid-state elec-
trochemical cell, the Raman signal of the YSZ electrolyte overlaps with
most of the anatase peaks. Therefore, such detailed information cannot
be extracted from our Raman spectra. However, the dominant phonon
mode E¢(1) which is located at 144 cm 1 [26] indicates, that in contrast
to the thermal oxidation [22,24], the HT-CV method at 550 °C leads to
the formation of the anatase phase. The preferential formation of the
anatase phase might be due to the higher oxidation rate or the electro-
chemical oxidation mechanism in our HT-CV solid-electrolyte experi-
ment. The Raman spectrum of the sample also shows the presence of
other active Raman modes typical of the anatase phase, namely the
B14(1) mode at 394 cm_l, B14(2) mode at 516 em~! and Eg(3) at 638
cm ! [27]. However, the formation of rutile cannot be completely ruled
out due to the high baseline from the solid electrolyte. All modes are
consistently shifted to higher wavenumbers (~6 wavenumbers). The
shifts of the B14(1) and B14(2) modes agree with the shift of the dominant
mode. This verifies the presence of titanium as the main mode around
150 cm ™! which almost matches the Raman shift of the solid electrolyte.

4. Application: Diffusion of titanium through a gold layer

The stability of barrier layers is crucial in semiconductor
manufacturing, where different metals are used as barrier layers to
prevent the diffusion of other metals [28-30]. Titanium films are often
used as adhesion and/or barrier layer between metallic layers and sili-
con substrates, and have therefore already been investigated using
several methods [9,12,13]. For this purpose, samples with sputtered
metal layers on a conductive silicon substrate were produced by
depositing 50 nm Ti on the silicon substrate and then sputtering 200 nm
Au on the titanium layer. The samples were heated up to 400 °C and then
held at this temperature. Simultaneously, chronoamperometry was
performed at a potential of —0.7 V. At this potential, titanium oxide is
thermodynamically stable, leading to the oxidation of titanium atoms
reaching the surface. In contrast, the gold layer remains metallic at the
selected potential. As a consequence, the measured anodic current is a
measure of the diffusion of the less noble metal through the more noble
metal. Fig. 7a shows the current over time. The red line marks the time
when the final temperature of 400 °C was reached. The reference elec-
trode is not in equilibrium at lower temperatures and consequently the
potential of the RE is not stable. Therefore, during heating, neither the
potential nor the current is precisely defined [31]. After the temperature
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stabilizes at 400 °C, the reference electrode equilibrates. The heating
process causes a negative current peak, but this is not related to the
diffusion process. The same behavior is observed when measuring pure
gold samples without a titanium layer. At 1275 s, a sharp increase in
current can be observed. The current increase marks the point when the
first titanium atoms reach the surface and are oxidized. The onset of the
current increase is the time lag, tlag. The apparent diffusion coefficient D
can be calculated using the formulaD = [?/6ty45, Where lis the thickness
of the gold layer [32]. At around 1700 s, a plateau is reached, where the
diffusion of titanium and its oxidation are in equilibrium. The gray
shaded area in Fig. 7a marks the time period during which the charac-
teristic “S-shape” occurs. This current profile is typical for electro-
chemical diffusion and permeation [33]. After that the current slightly
decreases. The freshly formed titanium oxide at the surface suppresses
further diffusion, preventing the oxidation and reducing the current. The
parabolic current decrease also indicates oxidic layer growth. After the
diffusion process, a HT-CV scan was performed to clarify whether tita-
nium is indeed responsible for the rise in current. In Fig. 7b the Ox1 and
Red1 peaks of titanium are visible, confirming the presence of titanium
at the interface to the electrolyte.

Before the electrochemical experiment at elevated temperatures, an
unaltered gold surface is visible under the Raman microscope (Fig. 8a).
After the diffusion process during the heat treatment, the whole surface
exhibits an almost uniform blue-green layer (Fig. 8b). In accordance
with the HT-CV, Raman spectroscopy indicates the presence of titanium
dioxide (anatase). A difference in peak position is observed between the
main phonon mode in the Raman spectrum of titanium dioxide at 150
cm~! and that of YSZ at 155 cm™ ! (Fig. 8c). Furthermore, the Raman
mode at around 620 cm ™! is shifted to higher wavenumbers at the ti-
tanium sample. This shift indicates the presence of another anatase band
at 635 cm ™! [27] which is superimposed with the YSZ one.

With our coupled method, diffusion can be determined qualitatively
based on the time lag and the current plateau. (In situ) Raman spec-
troscopy yields analytical proof of the electrochemical observations.
Further planned work on this topic focuses on quantification of diffusion
at different temperatures and conducting depth-resolving analytical
methods afterwards.

5. Conclusion
In this work, we demonstrate a novel method that couples high-

temperature electrochemistry with Raman spectroscopy to investigate
metal oxidation processes and diffusion phenomena without detaching
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Fig. 7. a) Current and temperature over time. Different stages of the diffusion process are highlighted. b) CV after the diffusion process. The presence of titanium

redox peaks confirms the presence of diffused titanium at the interface.
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b)
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Fig. 8. a) Surface of the untreated sample. Only a pristine gold surface is visible. b) Surface after the heat-treatment/diffusion process. the surface is homogenously
covered by a blue-green titanium dioxide layer. ¢) Raman spectrum of the surface after diffusion showing the major tio, Raman band and a slight shift of the Raman

signal at around 620 cm ™.

the metal electrode from the solid-electrolyte. High-temperature cyclic
voltammetry is a suitable method for the controlled formation of defined
oxides. For metals that have several oxidation stages, such as copper
(Cup0 and CuO), the different oxides can be formed in a targeted way.
The reduction stability of the solid electrolyte (YSZ) poses a limit on
measurable reduction processes. As a result, metals with a high affinity
for oxygen, such as titanium, cannot be reduced back to their metal form
once they have been oxidized. At the other end of the potential window,
the oxidation process is limited by the oxygen evolution reaction. This
means that the oxidation of noble metals like gold cannot be investi-
gated with HT-CV.

In electrochemical experiments it is sometimes difficult to assign
observed currents to specific reactions. Analytical validation of the
formed products is essential. At high temperatures and subsequently
weaker Raman Stokes scattering, the oxide bands are entirely overlaid
by the YSZ. However, a method to work around this problem has been
found. The defined oxidic states from HT-CV can be preserved by elec-
trochemically maintaining the oxygen partial pressure during cooling.
Raman spectroscopy of the thereby preserved defined oxides at room
temperature reveals their chemical composition. In operando optical
microscopy, during the electrochemical measurements, can also be used
to visually confirm the different oxides through respective color changes
on the surface.

The introduced method can also be applied to determine the diffu-
sion of metals through other metal layers. It is limited to the diffusion of
base metals through more noble metals, as the surface must remain in a

metallic state at the set potential. The breakthrough time, extracted from
the current-time plot can be used for the calculation of the diffusion
coefficient. Raman spectroscopy can be used to verify the observed
oxide species. Hence, the combination of HT-CV and Raman spectros-
copy provides a versatile method for studying metal oxidation and
diffusion processes of various metals through metal layers.
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