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Abstract

Plasma in hydrogen-containing atmospheres is an efficient method for the reduction of iron
oxides. Although a vast number of approaches were performed for the reduction of bulk
Fe oxides with thermal hydrogen plasmas, there is almost no information about the non-
thermal plasma reduction efficiency in the atmospheric pressure range. In the current arti-
cle we present the reduction of natively oxidized iron surfaces applying a dielectric barrier
discharge plasma in an Ar/H, atmosphere at 1000 hPa. By varying the surface temperature
from 25 to 300 °C, we studied the plasma reduction efficiency, which was then compared
with a thermal method. Whereas plasma treatments at 25 °C and 100 °C did not result
in the significant reduction of iron oxidized species, experiments at 200 °C and 300 °C
yielded a reduction of approximately 88% and 91% of initial oxidized components already
after 10 s, respectively. Moreover, we observed an increase in the efficiency with a plasma-
thermal reduction in comparison to a thermal method, which was attributed to the presence
of atomic hydrogen in the plasma phase. Analysis of morphology revealed the formation
of Fe—C structures on surfaces after thermal and plasma-thermal treatments at 200 °C and
300 °C that may be connected with the diffusion of bulk contaminations to the deoxidized
surface and reactions between the reduced Fe with plasma-activated adventitious carbon.
Conclusively, the plasma was characterized by analyzing the reactive species and the elec-
tron temperatures.
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Introduction

Removal of native oxide layers from metal surfaces is an important treatment step in metal
manufacturing processes like coating, welding or bonding, since surface metal oxides usu-
ally negatively affect the mechanic or adhesive properties of samples and final products
[1-5]. For example, strength and fatigue limit of sintered steels can be improved by reduc-
ing the amount of oxygen and surface oxides in the primary Fe samples [1, 2, 4]. In addi-
tion, oxidized metal surfaces are known for their poor adhesive properties in comparison to
deoxidized ones [6, 7].

Reduction of iron oxides can be successfully performed by thermal hydrogen plasmas
[5]. Dissociated and ionized hydrogen gas within the system is found to be effective in the
reduction processes. Nevertheless, as the working temperatures of such methods are usu-
ally in the range of several thousand Kelvin, they cannot be applied for the deoxidation
of metal surfaces, since melting and a strong change of the crystal structure occur [5, 8].
Therefore, development of a method that can be applied for the removal of oxygen species
from iron surfaces without significant changes of morphology is of interest.

One promising way of reducing metal surfaces utilizes non-thermal hydrogen plas-
mas. As it was shown in our previous research, copper surface oxides can be successfully
reduced within seconds of treatment, using an Ar/H, dielectric barrier discharge plasma
(DBD) in the atmospheric pressure range and at room temperature [9]. We attributed the
deoxidation effect to the presence of reducing agents like atomic hydrogen in the plasma
phase [9]. Thermodynamically more stable metal compounds like iron oxides that form
layers on metal, steel or alloy surfaces also can be removed using deoxidation plasma tech-
niques [5]. As it was previously mentioned, thermal plasmas have long been used for the
deoxidation of iron melts [5, 10] and the results have been partly transferred towards low-
pressure plasmas for the deoxidation of solid items, including historic artefacts [11]. In the
review on different hydrogen plasma reduction methods, Sabat and colleagues considered
that plasma-enhanced reduction processes provide thermodynamic and kinetic advantages
over other methods like for e.g. heating in hydrogen [5, 12]. An increase in efficiency was
connected with the presence of vibrationally excited hydrogen molecules as well as ionic
and atomic hydrogen within the plasma phases [5, 13]. For example, Rajput and colleagues
performed an almost complete reduction of hematite by a microwave (MW) plasma in
5 hPa hydrogen at 300 °C after 120 min [13]. They observed a decline in activation energy
of the plasma-enhanced reduction process in comparison to heating in H,, which was most-
likely triggered by vibrationally excited hydrogen molecules [5, 13]. The application of a
low-pressure radio-frequency (RF) hydrogen plasma for the removal of 30 nm-thick sur-
face oxide layers on Fe4,Ni,, substrate was shown by Mozetic and colleagues [14]. They
revealed that the surface oxide layer was removed within 20 s of treatment at a surface
temperature of approximately 185 °C. The rise of a surface temperature was mainly attrib-
uted to the recombination of hydrogen atoms on the surface [5, 14]. Chromium substrates
were also reduced in a low pressure microwave plasma at higher efficiencies compared to
thermal or heterogeneous reduction [15, 16]. Atomic hydrogen from the reduction pro-
cess, however, remained interstitially within the material, leading to hydrogen embrittle-
ment. The same effect of the enrichment of atomic hydrogen within a metal surface after
plasma deoxidation was also found on iron and steel work pieces [17]. The surface of a
stainless steel AISI316L with a 500 nm thick oxide layer was successfully deoxidized in
a MW hydrogen plasma at 0.4 hPa. [18]. The reduction process occurred sequentially in
a few seconds with reducing of Mn oxides, Fe oxides and Cr oxides. Although the sample
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temperature rose to over 1000 °C in the course of the treatment due to the enthalpy of
reaction, the energy transferred into the plasma and the additional heating, it was still well
below the melting temperature, especially for chromium oxide. In general, non-thermal
plasma techniques that operate at low pressures show potential for deoxidation applica-
tions [5]. However, these are mostly limited by the complex setups of many of the plasma
devices. Interestingly, approaches in atmospheric non-thermal hydrogen plasmas for the
reduction of iron surface oxides so far have not been studied at all [5], whereas for other
metals like copper, treatments at pressures in the atmospheric pressure range were found to
be effective already at room temperature [9]. In addition, the attractiveness of non-thermal
plasma techniques for the reduction of metal surfaces include minor impacts on the mor-
phology of sample surfaces as well as the relative simplicity of the setups, which highlights
these methods among the known surface oxide reduction approaches [5, 9, 19-21].

In this work, we show the reduction of natively oxidized iron surfaces using a non-
thermal DBD plasma at 1000 hPa in a gas mixture of Ar/H, with an H, content of 2%.
DBD plasma treatment of samples was performed at different surface temperatures from
25 to 300 °C, which were controlled using a thermocouple and a heater. The reduction
effect of the employed plasma technique are discussed for different surface temperatures
and compared with a thermal reducing method. The current study was performed as part
of a project within the collaborative research center Oxygen-free production (SFB1368), in
which several working groups investigate the influence of promising protective oxygen-free
atmospheres on metal manufacturing processes like coating, welding or rolling. Within our
project, we study the reduction effect of a DBD plasma in Ar/H, or Ar/SiH, mixtures on
different metal systems like copper [9, 19] or iron. The further aims of the project include
the implementation of the investigated DBD plasma reducing method in the industrial fab-
rication processes as a pre-treatment reducing step within the protective atmosphere in the
system.

Materials and Methods
Samples and Preparation

Iron foils with the size of 10x 10 mm? and a thickness of 1 mm (99.5%, Mateck GmbH,
Jiilich, Germany) were highly polished using a sanding machine (Jean Wirtz TG 250, Ger-
many) with silicon carbide sanding papers and wool cloths for final diamond polishing
(Struers GmbH, Hannover, Germany), resulting in smooth freshly prepared metal surfaces.
After the polishing step, the samples were rinsed with ethanol (96%; Sigma-Aldrich Che-
mie GmbH, Munich, Germany) in an ultrasonic cleaner (Bandelin electronic GmbH & Co.
KG, Berlin, Germany) for 5 min, dried and exposed to an ambient atmosphere for approxi-
mately 1 day, resulting in the formation of approximately 3 to 4 nm-thick native oxide
layers [1, 22-24]. Then, the samples were analyzed via atomic force microscopy (AFM)
and transferred into the ultra-high vacuum (UHV) system, where the X-ray photoelectron
spectroscopy (XPS) investigations were performed [19].

Atomic Force Microscopy

The morphology and roughness of the samples before and after plasma treatments were
analyzed using an Atomic Force Microscope (Dimension 3100, Veeco Instruments Inc.,
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Santa Barbara, USA). The AFM images were taken in the presence of air at room tem-
perature and atmospheric pressure. Commercial cantilevers (NSC15/Al BS, Micromasch,
Wetzlar, Germany) with a spring constant of 40 N/m and a resonance frequency in the
range of 325 kHz were used in the measurements. The images were recorded at a line-scan
frequency of 0.5 Hz. The analysis of images was performed with the SPIP 6.1.1 software
(Image Metrology, Lyngby, Denmark).

X-ray Photoelectron Spectroscopy

The chemical structure of surfaces before and after the plasma treatment was characterized
via XPS at room temperature in an UHV apparatus with a base pressure of 3-107'° hPa
using a non-monochromatic Al K, (1486.6 eV) X-ray source (RS40B1, Prevac, Rogéw,
Poland). X-ray photons irradiated the surface under an angle of 80° to the surface normal,
illuminating a spot with a diameter of several mm. Electrons emitted under an angle of
10° to the surface normal were recorded by a hemispherical analyzer (EA10/100, Leybold
GmbH, Cologne, Germany). Survey and detailed spectra were recorded at pass energies
of 80 eV and 40 eV, respectively. All XPS spectra are displayed as a function of binding
energy with respect to the Fermi level. Additionally, a charge correction was applied to all
spectra by referencing the C—C binding to 285.0 eV. For quantitative XPS analysis, pho-
toelectron peak areas were calculated via a Marquardt-Levenberg optimization algorithm
using CasaXPS (Casa Software Ltd., Bay House 5 Grosvenor Terrace Teignmouth, TQ14
8NE United Kingdom) with a Shirley-type background. The XPS deconvolution param-
eters for the detailed regions were obtained from the study on native iron oxides of Bhar-
gava and colleagues [23]. The CasaXPS analysis files for the samples are provided in the
published dataset [25].

Field Emission Scanning Electron Microscopy and Energy Dispersive Spectroscopy

Surface morphology and elemental composition were characterized by combined field
emission scanning electron microscopy (FE-SEM) and energy dispersive spectroscopy
(EDS), carried out at a Helios Nanolab 600 (FEI Germany GmbH, Frankfurt, Germany)
with a dual beam system. Measurements occurred under high vacuum conditions at a base
pressure of 107 hPa. Samples were attached on a standard SEM sample holder using a
conductive silver liquid. SEM pictures of the sample surface were taken at an acceleration
voltage of 5 kV and a probe current of 0.69 nA via an Everhart-Thornley-Detector (ETD).
An X-Max 80 silicon drift detector (Oxford Instruments, Abingdon, United Kingdom) was
used for EDS analysis with signals obtained at an acceleration voltage of 5 kV and 0.69 nA
probe current.

Optical Emission Spectroscopy

Active species within the Ar/H, DBD plasma were identified via optical emission spec-
troscopy (OES) using an AvaSpec—-ULS2048CL-EVO fiber-optic spectrometer (Avantes,
Netherlands) with a measurement range of 200-1100 nm. A spectrometer was not cali-
brated to absolute intensity values. In order to detect the emission in the DBD plasma
phase, a glass fiber was introduced into the reactor using a vacuum feedthrough (Avantes,
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Netherlands). Emissions were detected in the beginning of plasma treatments at room tem-
perature. Optical emission spectra were analysed using AvaSoft 8 (Avantes, Netherlands).

In order to study the electron temperatures of the implemented non-thermal Ar/H, DBD
plasma, we applied the Boltzmann’s plot method, which was in detail described by Das and
colleagues for an Ar/H, non-thermal plasma [26], Falahat and colleagues for an Ar/O, RF
DBD plasma [27] as well as in other studies [28, 29] on non-thermal Ar-based plasmas.
Generally, a DBD plasma is a non-equilibrium plasma, which means that the upper energy
levels of selected atomic transitions are not in the local thermodynamic equilibrium (LTE).
So, the discharges in such plasmas likely do not fulfil the Maxwell-Boltzmann equilibrium
and the steady-state conditions for the equations as formulated by Paris et al. [30]. How-
ever, Bonaventura and colleagues [31] proved that the equations are suited for determining
accurate peak electric fields, and hence accurate peak values for average electron energies,
as long as a sufficient spatial and time-integrated optical emission spectrum is used. There-
fore, the Boltzmann method of analysis of electron tempeartures can still be used for the
characterization of non-equilibrium plasmas with methodological assumptions and a lim-
ited reliability [27-29].

By using a set of Ar I emission lines [26, 27], which we observed with the OES (shown
in the Sect. “OES study of a DBD plasma in an Ar/H2 atmosphere”), the electron tempera-
ture (7, in Kelvin) was estimated with Eq. (1), taking into account the measured intensity
of the spectral line () at the corresponding wavelength (4;,, nm) as well as the statistical
weight (g;) and the probability of the electron transition (4,,) from the kth upper ino the ith
lower level, the upper-level excitation energy for the transition (E,) and the Boltzmann’s
constant (K) [26]. The parameters as (g ), (4;) and (E,) for each Ar I emission line were
obtained from the NIST database [32]. By plotting the left part of the equation as a func-
tion of energy (E,), we could linearly fit the obtained data and get a slope of the line that
represents ﬁ Afterwards, the electron temperature as well as the energy could be esti-

mated. The fitted plot and the main parameters of the observed Ar I emission lines can be
found in the supplementary materials (c.f. Figure S1 and Table S1, respectively). All calcu-
lations were added to the available dataset [25].

PRV E,
In = - +C (1)
i * Aix KT

(<]

DBD Plasma Reactor

The detailed description of the DBD plasma reactor was given previously in our publica-
tions on non-thermal plasma deoxidation of copper at room temperature [9, 19]. As men-
tioned, plasma treatment of metal samples was performed within a DBD plasma chamber
that was attached to the UHV system for XPS analysis. By varying the pressure inside
the reactor in the range from 1078 to 10® hPa with an Ar/H, gas inlet and pump system,
it was possible to treat samples at specific atmospheres and pressures and transfer them
to the UHV chamber without any contact to the ambient air. For the current study a com-
bined plasma and heat treatment was applied. Figure 1 shows a schematic representation
of the setup used for DBD plasma reduction of iron surface oxides at room and elevated
temperatures. A specially designed sample holder and a lift system were used during the
experiments. The sample holder consists of a metal frame and the attached ceramics heater
(Pyrolytic Graphite/Pyrolytic Boron Nitride type, Momentive Performance Materials Inc.,
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Fig. 1 Schematic representation of the experimental setup for a combined plasma and heat treatment. In
addition to the schematic representation, a photo of the DBD plasma discharge in an Ar/H, atmosphere is
presented (Color figure online)

USA) as well as a thermocouple (T/C, type C, Omega Engineering GmbH, Germany).
Each iron film was placed on the ceramics heater and mounted to the holder, using a
molybdenum frame. The heater was connected a power supply (Statron Ltd., Switzerland)
outside the vacuum chamber using kapton-isolated copper wires and a special high vac-
uum feedthrough for the cables (Allectra GmbH, Germany). The control of the temperature
was performed with a multimeter (Keithley Instruments Inc., USA), which was connected
to the cold junction of the T/C with kapton-isolated copper wires. The cold junction was
placed outside of the chamber, attached to the feedthrough and connected with the inside-
placed hot junction, using two separated and isolated T/C wires. The hot junction of the
T/C was placed on the surface between a sample and a molybdenum frame (calibration
measurements for the thermocouple are described and presented in the supplements, c.f.
Figure S2).

The DBD plasma set-up, which was applied in the current publication, was described
in detail in our previous works [9, 19]. In this study, a high voltage power supply with a
sinoidal output signal (PlasmaGreen GmbH, Clausthal-Zellerfeld, Germany) was used to
generate 10 kV peak voltage (measured during plasma ignition, shown in the supplements,
Figure S3) at 8.8 kHz pulse repetition rate for the plasma treatments. The diameter of a
plasma spot was approximately 12 mm. The samples were treated at a pressure of 1000 hPa
in an Ar/H, static atmosphere with the concentration of H, of 2 vol.% (Ar 4.8 and H, 5.0,
Westfalen AG, Miinster, Germany) at room and elevated temperatures. The thermal treat-
ments of samples were performed by using the same set-up without plasma treatment.

Sample Handling

Firstly, the reference state of the iron surfaces before treatment was characterized with XPS
in the UHV chamber. Afterwards, the samples were transferred into the plasma reactor. An
impact of thermal and plasma-thermal treatments on the oxidation state and morphologies
as well as investigation of a reduction kinetics of iron surface oxides at different surface
temperatures was performed by treating samples at several time intervals until an overall
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time of 120 s at 1000 hPa. The heating of samples was performed at a rate of 100-150 °C
per minute. As soon as the surface temperature reached a planned value, plasma treatment
was started and elapsed time was measured. After the needed treatment time, the plasma
as well as heating were switched off and the plasma chamber was evacuated to approxi-
mately 8-1077 hPa. Afterwards, the samples were transferred into the UHV chamber for
XPS measurements. This process of evacuation and transfer of one sample from the plasma
reactor to the UHV chamber took approximately 20 min.

Characterization of the Reduction Process

The reduction effect of a DBD plasma on iron samples at different surface temperatures
was characterized by comparing the relative change in stoichiometry of the samples in rela-
tion to the reference states as determined with the XPS survey analysis. That is, the relative
change in percentage (%) was calculated with the Eq. (2), taking into account the initial
concentration of analysed Fe, O and C species before treatment (7, iey(niriar) @0d the con-

centration of them after a treatment Step (1, jeg(qfier)-

nspecies(after) - nspecies(initial)

Relativechange =

* 100% )

nspecies(initial)

Within the present study we analyzed the reduction of both Fe** and Fe®* natively oxi-
dized species by calculating the corresponding reduced fraction after each treatment step.
Namely, we calculated the fraction of the sum of Fe** and Fe** components (Vspecies)>
according to Eq. (3), where the sum of the relative areas of the oxidized Fe?* and Fe**
species (a,,) were divided by the sum of the relative areas of all presented iron species as
Fe, Fe** and Fe** (ag,). The relative areas of these species were taken from the detailed
Fe 2p;,, XPS spectra.

Vspecies = % (3)
Ape

Following this step, the relative reduced fraction of the sum of oxidized Fe** and Fe**
species (a) was calculated with the Eq. (4), considering the initial fraction of these species
before treatment (Vpeies (initiary) a1 after each treatment step (Vypecies (afier)) [91-

Vspecies(initial) - Vspecies(after)

a= )

Vspeciex(initial)

Results and Discussion
Ar/H, Plasma Deoxidation of Iron Oxides at Different Surface Temperatures

We analyzed the effectiveness of the plasma deoxidation by comparing several iron samples
that were treated with an Ar/H, plasma at surface temperatures ranging from 25 to 300 °C
and 1000 hPa. Table 1 shows the relative changes in the stoichiometry for the natively
oxidized samples that were plasma treated for 10 s at room temperature and in combina-
tion with heating. As it can be seen, plasma treatment at room temperature did not provide
a strong removal of oxygen species after 10 s of treatment. Nevertheless, a pronounced
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Table 1 Relative change in

stoichiometry of the samples Tempera- Treatment duration (s) Relative change of concen-

as determined with XPS for ture (°C) tration of species

specimens treated in Ar/H, Fe (%) O (%) C (%)

plasma for 10 s at different

surface temperatures 25 10 +82 -3 —-51
100 +87 -7 —-65
200 +235 =71 -59
300 +253 -84 —44

elimination of approximately 51% of initial carbon contaminations from the surface with
an Ar/H, DBD plasma was observed, which is connected with the cleaning effect of the
method [9, 19]. This effect could explain the relative decrease of the initial oxygen concen-
tration of approximately 3%, which is connected with the removal of oxygen-containing
organic compounds [9]. As it is shown later, plasma treatment at room temperature did
not provide the oxide reduction effect even after several minutes of treatment. At the same
time, we observe an increase of the effectiveness by applying additional heating treatment
at temperatures from 200 to 300 °C during the plasma process, whereas plasma treatment
at 100 °C did not reveal a strong increase of the deoxidation effect in comparison to room
temperature treatment, which can be only associated with the removal of oxygen-contain-
ing organics. Processes at 200 °C and 300 °C provided a significant improvement, yielding
a removal of oxygen species after 10 s of treatment. That is, the amount of initial oxygen
species decreased by 71% and 84% after plasma treatments for 10 s at 200 °C and 300 °C,
respectively. Due to the strong deoxidation effect, the concentration of observed iron spe-
cies after plasma treatments at 200 °C and 300 °C was increased by a factor of approxi-
mately 3 in comparison to room temperature treatment, respectively. The high effective-
ness of the cleaning effect of an Ar/H, plasma was in general improved at temperatures
of 100 °C and 200 °C. Interestingly, the most efficient cleaning effect was observed after
plasma treatment at 100 °C, whereas the application of additional heat treatment at 200 °C
resulted in less productive cleaning. Moreover, treatments at the temperature of 300 °C
showed the lowest impact on the concentration of carbon species. As it is shown later, the
loss of effectiveness in removal of carbon contaminations at the temperatures of 200 °C
and especially 300 °C is connected with the formation of additional Fe—C species on the
deoxidized iron surfaces. The stoichiometry of the samples is presented in the supplements
(c.f. Table S2).

Relative change in concentration of Fe and O species on the surface as a function of
treatment time is presented in Fig. 2. As it can be seen, plasma treatments at room tempera-
ture and 100 °C do not provide a significant reduction of oxygen components even after
two minutes of treatment. The main reason for an increase of iron species concentration
after these treatments is connected with the partial removal of carbon contaminations from
the surface with an Ar/H, plasma. In contrast, even 2 s of Ar/H, plasma treatment at 200 °C
is enough to remove 26% of initial native oxygen species from the iron surface. Treatment
for longer time brings more reduction effect, that is, 10 s plasma treatment at 200 °C results
in the removal of approximately 71% of initial oxygen content. Nevertheless, treatment for
2 min did not result in a stronger deoxidation effect, yielding a removal of approximately
76% of initial oxygen species. At the same time, almost 84% of native oxygen species were
reduced already after 2 s of treatment at 300 °C. Further deoxidation did not show a sig-
nificant improvement, resulting in the overall deoxidation of approximately 85% of initial
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oxygen species after 2 min. Residual oxygen that was presented on these samples could
arise from the transportation process from the DBD chamber to the UHV chamber as well
as a limited effect of the implemented treatments [9].

A detailed analysis of Fe 2p;/,, O 1s and C 1s regions was performed in order to study
the chemical composition of contamination layers after treatments. Figure 3a presents the
Fe 2p5, regions of samples after 10 s of DBD plasma treatment in an Ar/H, atmosphere at
the surface temperatures from 25 to 300 °C (shown from bottom to top) in comparison to
the reference state before treatments (bottom spectrum). The regions were studied, using
the XPS deconvolution parameters from the XPS study on native iron oxides of Bhargava
and colleagues [23]. We characterized the Fe 2p;,, structure with three components as
metallic iron Fe, Fe?* (as for e.g. FeO) and Fe3* species (like Fe,O; or Fe(OH);) at 706.6,
709.1 and 711.1 eV, respectively. The relative fraction of each component for the reference
state was found to be 27% (Fe), 29% (Fe’*) and 44% (Fe**), so the initial native oxide layer
was represented by a mixture of Fe?* and Fe®* oxidized species. Plasma treatments at room
temperature and 100 °C for 10 s did not show a strong reduction effect, so Fe** and Fe**
species were not reduced to clean Fe. However, due to the cleaning effect, an increase on

b 01s c CFe C1s
300 °C
300 °C
somguemetetN, | 200 °C i
2 2 2
B = E [200°C
=] =] =]
: : TSN
2 2 100°c| z [190.C . .
2 2 | 2
100 °C < TN\ 25 °C
——ﬁ o
25°C Org eut X
H,0 O-Fe
% Ref Ref

715 710 705 700 536 534 532 530 528 526 292 200 288 286 284 282
Binding energy, eV Binding energy, eV Binding energy, eV

Fig.3 a Fe 2p;,, b O 1 s and ¢ C 1 s regions of the reference sample (bottom spectra) and after 10 s treat-

ment in an Ar/H, plasma at 25 °C, 100 °C, 200 °C, 300 °C surface temperatures (spectra are shown from
bottom to top, respectively) (Color figure online)
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intensities was detected. Nevertheless, it was observed that the Fe** species were partly
reduced to Fe?* species already after 10 s of plasma treatment at 25 °C and 100 °C, so the
fraction of Fe?* species was increased to 35% and 39%, respectively. At the same time, a
sharp increase of the Fe® component intensity was observed after 10 s of plasma treatment
at surface temperatures of 200 °C and 300 °C. So, almost no Fe** species were observed
after implemented treatments, whereas the fractions of Fe?* species were 9% and 6% for
plasma-thermal treatments at 200 °C and 300 °C, respectively.

Figure 3b shows the O 1 s XPS region of the same samples. Generally, the spectrum
of the reference sample can be deconvoluted into four peaks as iron oxide at 530.0 eV,
surface oxygen species or OH™ groups at 531.4 eV, oxygen-containing organic species
(e.g. C-O-C, O-C=0) at 532.6 eV as well as water at 533.8 eV [19, 23]. We observed
a decrease in intensity of the components at 531.4, 532.6 and 533.8 eV after the imple-
mented plasma treatments at 25 °C and 100 °C surface temperatures. That is, the clean-
ing effect as well as partial removal of surface oxygen species was observed. In contrast,
an increase of an iron oxide component was detected, which could be connected with the
cleaning effect and a partial oxidation of iron surfaces at low temperatures. In contrast, we
observed a considerable reduction of all oxygen components after 10 s plasma treatments
at elevated surface temperatures of 200 °C and 300 °C.

Figure 3c represents the C 1 s XPS regions of these samples. The reference state was
characterized by C—-C, C-O-C and O-C=0 species at 285.0 eV, 286.3 eV and 288.6 eV,
respectively [9, 23]. After plasma treatment at room temperature and 100 °C for 10 s we
observed a strong decrease of all components, pointing towards a considerable cleaning
effect of an Ar/H, plasma. The C 1s regions of the samples after 10 s treatments at elevated
surface temperatures of 200 °C and 300 °C are represented by almost the same structures
with the addition of a component at the binding energy of approximately 283.8 eV. These
species were assigned to the C—Fe bond [33-35], which could be formed during deoxida-
tion and additional heating of iron samples. Due to the close values in binding energies of
Fe—Fe and Fe—C species within the Fe 2ps, region (the difference between the peaks is
approximately 0.7 eV [23, 33]), we were not able to precisely separate them. Therefore, the
Fe—C component was not introduced into the final Fe 2p;, fits. Generally, all the detailed
XPS deconvolution parameters of the observed components can be found in the supple-
ments in the Table S3.

Morphology of Treated Surfaces

The analysis of the sample morphology before and after plasma treatments at different sur-
face temperatures is presented in Fig. 4. The analysis of the samples was performed in
comparison to the reference state (c.f. Figure 4a) in the presence of air after reoxidation
of treated samples for approximately one day. That is, Ar/H, plasma treatment at room
temperature and 100 °C did not result in a strong impact on the surface morphology even
after 2 min of treatment (c.f. Figure 4b and c¢), which was also observed in our studies
[9, 19]. As discussed previously, plasma treatments at 25 °C and 100 °C only provided
a cleaning effect, but no reduction or formation of other compounds were observed with
the XPS method on the surfaces after 120 s of plasma treatments at 25 °C and 100 °C.
In contrast, the surfaces of the samples after plasma-thermal treatments at elevated
temperatures of 200 °C and 300 °C were found to be mottled with round-shaped struc-
tures (c.f. Figure 4e—i). Those structures could be assigned to the Fe—C component that
was observed with the XPS analysis of these samples after 10 s as well as after 120 s of
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Fig.4 AFM images of the reference sample (a) and samples after Ar/H, plasma-thermal treatment at
25 °C (b), 100 °C (c), 200 °C (e, f), 300 °C (h, i) surface temperatures. In addition, the samples after
thermal treatment at 200 °C (d) and 300 °C (g) are presented. The scan size is 1 pm X 1 pm (Color figure
online)

treatment. The amount of particles on the surfaces increases with longer treatment time.
That is, the surface of the sample after 10 s of plasma-thermal treatment at 200 °C was
covered with barely visible and infrequent structures of approximately 40-60 nm in diam-
eter (c.f. Figure 4e). For a longer treatment time of 120 s the size and amount of parti-
cles were increased (c.f. Figure 4f), which was observed with the AFM as well as XPS, as
it is presented later in the Sect. “Comparison of thermal and plasma-thermal reduction”.
That is, 120 s of plasma-thermal treatment at 200 °C resulted in the formation of approxi-
mately 9 nm-thick particles with a diameter of approximately 50 to 80 nm. Interestingly,
the size of structures increased with the rise of the surface temperature. The sample after
10 s of plasma treatment at 300 °C contained approximately 10 to 15-nm-thick clusters
of 150-300 nm in diameter (c.f. Figure 4h), the amount of which grew after treatment for
120 s (c.f. Figure 4i) (the surface plots for the discussion of the thickness of particles are
presented in the supplements, Figure S4).
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The formation of Fe—C structures was also detected on the samples after 120 s of
heating treatment in an Ar/H, atmosphere without plasma exposure (c.f. Figure 4d and
g). After 120 s of thermal treatment at 200 °C (c.f. Figure 4d), we observed barely vis-
ible 50 nm structures on the surface that have approximately the same sizes as for the
combined plasma-thermal treatment at 200 °C for 10 s (c.f. Figure 4e). In contrast, the
sample after thermal treatment at 300 °C showed inhomogeneous morphology with the
150-300 nm structures that protrude from the material. Such effect could be connected
with the thermally driven diffusion of the carbon bulk contaminations to the deoxidized
iron surface [36, 37]. As it is discussed later in the Sect. “Comparison of thermal and
plasma-thermal reduction”, thermal treatment does not result in the significant removal
of adventitious carbon contaminations, but even more C—C components were observed,
which hints to carbon diffusion towards the surface. Generally, these clusters have
almost the same size as after combined plasma-thermal treatment at the same tempera-
ture. Nevertheless, we observed more Fe—C species on the surface after plasma-thermal
treatment (as it is shown later with XPS method, c.f. Figure 7) that is probably con-
nected with the additional reaction between the plasma-activated carbon species from
the destroyed C—-C, C-O-C, O-C=0 surface structures with the deoxidized iron sur-
faces [37, 38].

Figure 5 depicts the scanning electron microscopy (SEM) images of the reference
iron surface (a) and samples after plasma-thermal treatments for 120 s at 200 °C (b) and
300 °C (c). The reference sample features a smooth structure without any visible parti-
cles. In contrast, as it was observed with the AFM, the plasma-thermal treated surfaces
contained particles of approximately 50 nm and 200 nm in diameter for the experiments
at 200 °C and 300 °C, respectively. We performed the energy dispersive spectroscopy
(EDS) in order to study the differences in morphology and the elemental composition of
the particles. Distinct differences in the quantity of observed elements was detected for
the surface after plasma-thermal treatment at 300 °C with bigger particles (c). We meas-
ured several spots on the surface that contained particles as well as only the substrate
(c.f. Figure 5c, the measurement spots are highlighted with red in the inlay). Impor-
tantly, we observed higher amounts of carbon species on the measured structures in
comparison to the iron substrate. Namely, the particles contained approximately 16 at.%
of C and 84 at.% of Fe, whereas the substrate was characterized by 3 at.% of C and
97 at.% of Fe. Smaller differences were obtained for the sample after plasma-thermal
treatment at 200 °C with 50-nm structures on the surface. Due to the known limitations
in information depth and lateral resolution of EDS [39], we were not able to characterize

5.0 kV - 0.69 nA — ETD 10 pm 50KV-0.69nA-ETD 10 um
—_—

Fig.5 SEM images of the reference sample (a) and samples after 120 s of Ar/H, plasma-thermal treatment
at surface temperatures of 200 °C (b) and 300 °C (c¢) (Color figure online)

@ Springer



Plasma Chemistry and Plasma Processing (2023) 43:957-974 969

the exact composition of particles, despite reducing the acceleration voltage down to
5 kV. Nevertheless, the observed differences allowed us to assume, that these particles
could represent the Fe—C structures that were detected with the XPS method previously.
The EDS analysis as well as the exact measurement spots are presented in the supple-
ments (Figure S5, S6 and Table S4, S5).

Comparison of Thermal and Plasma-Thermal Reduction

Figure 6 shows the time-dependent reduction of natively oxidized species of iron as Fe?*
and Fe** during combined plasma-thermal (blue color) and thermal (red color) treatments at
200 °C in an Ar/H, atmosphere at 1000 hPa. It indicates that an almost complete reduction
of Fe?* and Fe** species was obtained in both cases with differences in efficiency. That is,
a plasma-thermal method results in the reduction of ~84% of initial oxidized species after
approximately 10 s and reaches the maximum value of ~88% after approximately 80 s. In
contrast, thermal treatment for 10 s resulted in the conversion of approximately 22% of ini-
tial oxidized species, whereas an almost full reduction of ~86% was obtained after approxi-
mately 300 s. The increase in reduction efficiency of oxidized Fe?™ and Fe** components,
which we observed for combined plasma-thermal treatment in comparison to the thermal
reduction, can certainly be attributed to highly reactive atomic hydrogen species [9] (shown
later in the Sect. “OES study of a DBD plasma in an Ar/H2 atmosphere”) and most prob-
ably other reducing agents like vibrationally excited hydrogen molecules, which were found
to be present in non-thermal plasmas [5]. It is known that the presence of such hydrogen
species within the system stimulates the reduction process due to the higher reactivity in
comparison to neutral H, species as well as the factors of their recombination, dissociation
and diffusion into the crystal structure [5]. Interestingly, we observed almost no differences
in the reduction efficiencies of thermal and plasma-thermal treatments at 300 °C on thin
native layers (c.f. Figure S7, in supplements). So, both treatments resulted in the reduction
of approximately ~91% of intial Fe** and Fe** oxidized species already after 10 s.

The C 1s XPS regions of the samples after several steps of thermal (a) and plasma-
thermal (b) treatments at the surface temperature of 200 °C are presented in the Fig. 7. We
observed that thermal treatment at the temperature of 200 °C did not result in the signifi-
cant reduction of adventitious carbon contaminations, which were represented in the XPS
spectra by C—C (285.0 eV), C-O-C (286.3 eV) and O—C=0 (288.6 eV) structures [23]. In

Fig. 6 Isotherms of reduction of
Fe?* and Fe** species as a func-
tion of treatment time. Experi-
mental data for the plasma-
thermal (blue symbols) and
thermal (red symbols) treatments
at 200 °C is presented (Color
figure online)
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Fig.7 C 1 s region of the samples after several steps of thermal (a) and plasma-thermal (b) treatments at
200 °C (Color figure online)

contrast, we observed a cleaning effect by applying an Ar/H, DBD plasma at the same sur-
face temperature. That is, almost full removal of oxidized carbon contaminations as well
as partial reduction of C—C structures were detected already after 10 s of plasma-thermal
treatment. Concurrent, formation of C—Fe components was revealed for both treatments
with the difference in the time of appearance as well as amount of species. So, C—Fe struc-
tures were detected on surfaces after approximately 80 s to 120 s of thermal treatment and
10 s of plasma-thermal treatment. The formation of such components appears to be related
to the process of deoxidation of iron metal [37] that, as discussed previously, was almost
fully obtained also after approximately 80 s to 120 s for thermal and 10 s for plasma-ther-
mal treatments. The higher amount of the detected C—Fe structures on the deoxidized sur-
faces, which was observed for the plasma-thermal experiment (after 120 s) in comparison
to the thermal one (after 300 s), is probably related to a degradation of carbon surface
species by the Ar/H, plasma. Whereas thermal treatment most probably did not provide a
significant destruction of surface carbon contaminations but could result in the thermal dif-
fusion of carbon bulk contaminations to the metal [36, 37, 40], an additional non-thermal
Ar/H, plasma could result in the destruction of surface adventitious carbon species that
probably directly react with the deoxidized Fe [37].

OES Study of a DBD Plasma in an Ar/H, Atmosphere

The reactive species as well as the electron temperature within the implemented plasma
phase in an Ar/H, atmosphere at 1000 hPa were characterized with the OES. Figure 8
shows an OES spectrum of the DBD Ar/H, plasma. In the present case, we observed highly
intense emission peaks of Ar I species in the region from 696 to 965 nm. These lines were
used to estimate the electron temperature with the Boltzmann method (c.f. Sect. “Optical
Emission Spectroscopy”). That is, the calculated T, was found to be~8400 K or~0.7 eV,
which is close to the typical T, of nonthermal plasma systems [5, 26]. In addition
to Ar I lines, the low intensity emissions from atomic hydrogen species H, at approxi-
mately 656.5 nm were detected [9]. Because of the weak radiation throughout the spectra,
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Fig.8 OES spectrum of an Ar/
H, DBD plasma at 1000 hPa and
25°C
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hydrogen lines are commonly characterized by low intensities in hydrogen-contained plas-
mas [9, 41]. Nonetheless, such low intensity observations still clearly confirm the existence
of the hydrogen species in the plasma [9, 41]. That is, we can assume that the presence of
atomic hydrogen increases the metal reduction effectiveness of the implemented DBD Ar/
H, plasma, which was also discussed in other publications on non-thermal hydrogen reduc-
ing plasmas [9, 12, 20, 42]. In addition, based on the calculated electron temperature, we
could assume the existence of further highly reactive species like excited-state hydrogen
molecules within the plasma phase [5, 43]. Unfortunately, the emissions of these species
can not be directly observed with the OES method. Nevertheless, according to several stud-
ies, the electron temperature of non-thermal plasmas of approximately 1 eV is enough for
the generation of vibrationally excited hydrogen molecules, which are assumed to play a
crucial role in the reduction of metal oxides with non-thermal hydrogen plasmas [5, 13,
43]. Moreover, a broad emission in the range from 200 to approximately 400 nm was
detected, which could be explained by two factors as the dissociation continuum from H,
molecules in argon gas [44] or by the photoluminescence effect, which was also observed
for the Ar/H, radio-frequency plasmas by Lebreton and colleagues [45]. Besides the main
components, a low-intensity emission peak at~667.5 nm was observed, which could be
assigned to Ar I species. Other contaminants like water or organics were not detected.

Conclusions

A dielectric barrier discharge plasma was applied for the reduction of natively oxidized
iron surfaces in an Ar/H, atmosphere at 1000 hPa and different surface temperatures. The
results reveal that oxidized Fe?* and Fe®* species can be almost fully reduced to clean
metal after approximately 10 s of combined plasma-thermal treatment at 200 °C and
300 °C, whereas plasma treatment at room temperature results only in the significant
removal of adventitious carbon contaminations. By comparing the plasma-thermal and
thermal treatments, we observe an increase in the reduction efficiency for the plasma treat-
ment at the surface temperature of 200 °C. In particular, the plasma-thermal method at
200 °C results in the reduction of ~84% of the initial oxidized iron species after 10 s with
obtaining its maximum of ~88% after approximately 80 s of treatment. At the same time,
thermal reduction results in the conversion of only 22% of the Fe’* and Fe** species after
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10 s and~86% after 300 s. We show that the origin of the high reducing efficiency of a
studied Ar/H, DBD plasma is most probably due to the presence of atomic hydrogen spe-
cies in the plasma phase. Additionally, the estimated electron temperatures hints towards
a probable presence of other highly reactive species like rovibrationally excited hydrogen
molecules that also stimulate the reduction process.

The AFM analysis of morphology of the treated samples after reoxidation in air reveal
that plasma treatment at room temperature does not provide observable changes to the sur-
face structure, whereas thermal and plasma-thermal treatments at elevated temperatures of
200 °C and 300 °C result in the formation of additional clusters on the surface. We attrib-
ute the observed particles to the Fe—C structures, the presence of which was detected with
the XPS as well as EDS methods. The amount of particles is increased with the longer
treatment time, and may hence be connected with the higher reduced fraction of a Fe metal
over time. The sizes of particles depend on the surface temperature. Namely, the surfaces
after treatments at 200 °C contain~ 50 nm structures, whereas treatments at 300 °C result
in the formation of ~ 150-300 nm clusters.
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org/10.1007/s11090-023-10346-7.
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