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Hydrogen isotopes, the reaction ingredients in the nuclear fusion plant, can easily
permeate through the stainless steel (SS) substrate, leading to the so-called hydrogen
degradation. Generally, a widely accepted way to reduce the hydrogen permeation is to
prepare a barrier coating on the substrate. Nevertheless, the coated layer has the inherent
problem of incompatibility with the heterogeneous base materials. In this work, in-situ
selective oxidation was used to explore the optimal oxides with the improved hydrogen
resistance. Two types of layers thermally formed at 450 °C and 750 °C, respectively, were
selected to investigate their hydrogen interaction characteristics. Comprehensive analyses,
including Raman spectra, XPS, EIS and AES, indicate that the oxide formed at 450 °C is a
better candidate of hydrogen permeation barriers, probably due to the formation of
protective layers of chromia and FeCr,04, while the oxides obtained at 750 °C, though
exhibiting a much more stable phase, can rarely reduce hydrogen diffusion through the
shortcuts of defects. This finding provides a potential new way to prepare a hydrogen
permeation barrier.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Iron-nickel based stainless steels (SS) are essential base ma-

the substrate material could barely suppress the hydrogen
permeation, which can lead to the leakage of costly
ingredients and ensuing radioactive pollution [3]. The most
common method to improve the hydrogen diffusion

terials with a host of commercial applications, such as struc-
tural materials in nuclear reactors due to their excellent
mechanical properties and well-established manufacturing
process [1,2]. However, the SS applied in the nuclear plant as
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E-mail address: yhling@mail.tsinghua.edu.cn (Y. Ling).
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resistivity is applying a tritium permeation barrier on the SS
surface, which can mainly be categorized into two groups, i.e.
oxide coatings and silicon or titanium based composite
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ceramic coatings [4,5]. For instance, Cr,03-Si0,+CrPO, com-
posite coatings prepared by a slurry and chemical densifica-
tion method show a permeation reduction factor of about 1000
[6]. In addition, numerous studies suggest that even hundreds
of nanometers thick nanoscale films, such as zirconia,
alumina and erbia, can act as effective hydrogen permeation
barriers [7—10]. Nevertheless, the hetero-interface between
external coatings and the base metal is an important issue in
extreme conditions during the in-pile operation [11,12].

In order to address the problem of incompatibility between
the substrate and coatings, oxides containing similar ele-
ments like Fe or Cr and with a transition layer in between were
widely studied and showed an enhanced bonding strength
[13,14]. Aside from introducing interlayer between the base
metal and coatings to increase the adhesion force, in-situ
selective oxidation was also proposed as another promising
alternative to tackle this issue [15,16]. For example, nanoscale
chromia layers were generated on the austenitic stainless
steel selectively oxidized under an ultra-high vacuum of ca.
1078 torr for up to 20 days, and manifested a treatment
reduction factor of as much as 10,000 [17]. This type of in-situ
selective oxidation, though somewhat effective, is highly time
consuming and demanding for the equipment.

Although massive attempts have been made to suppress
the hydrogen treatment through the base metals, to the best
of our knowledge, a feasible and cost-effective way is still
unavailable. However, noting that the normal operating
temperature of first-wall materials implemented in the nu-
clear fusion reactors is around 350 °C, therefore if oxides
formed above this temperature can demonstrate a desirable
hydrogen treatment resistance, they can be considered as
potential candidates for tritium permeation barriers.

In this paper, the as-received iron-nickel based stainless
steels were thermally oxidized for 4 h at temperatures ranging
from 250 to 750 °C with one-hundred centigrade intervals, and
under a pressure of 1 atm and 1073 Pa, respectively. Then
oxides formed at 450 °C and 750 °C are selected as subjects for
the subsequent hydrogen heat treatment study. Their
hydrogen interaction characteristics are compared and
comprehensively investigated via surface analysis tech-
niques, including Raman spectra, X-ray Photon-electron
Spectroscopy (XPS), Electrochemical Impedance Spectros-
copy (EIS). Results indicated that oxide films prepared at 450 °C
reflected a higher hydrogen sorption resistance, probably due
to the formation of inner dense chromia or FeCr,0, spinel
barrier, whereas stainless steel oxidized at 750 °C, neverthe-
less much more stable overall, can barely impede the
hydrogen diffusion through the shortcuts of defects.

Experimental details

The specimens studied in this work are recrystallized stain-
less steels provided by China Academic of Engineering Phys-
ics. The chemical composition (wt.%) is shown in Table 1. The
as-received samples were then incised into sheets with di-
mensions of 20 mm x 10 mm x 1 mm by an electric sparking
wire-cut. Samples were mechanically ground with SiC paper
of grit sizes ranging from 500 to 5000, and then polished with
diamond paste down to 0.5 um.

Table 1 — Chemical composition of the as-received
stainless steel.

Element Ni Cr Ti Mo Al Si Fe
wt.% 28.49 15.37 2.26 1.38 0.67 0.15 Bal.

Prior to oxidation, the specimens were chemically etched
to remove the native oxide films. The specimen is immersed
in a dilute aqueous solution composed of 20 vol.% HNO; and
5 vol.% H,SO,4 for about 10 s and then rinsed with distilled
water to remove the residues on the surface. The nanoscale
oxide films formed under 1 atm. were obtained using a con-
ventional thermal treatment at different temperatures for 4 h,
while oxide layers formed under low pressure were sealed in
quartz tubes with air pressure of 102 Pa.

With regards to the hydrogen treatment, the as-prepared
samples after oxidation were sealed in quartz tubes with
hydrogen pressure of 5000 Pa at room temperature and heated
at400 °C for 2 h, and thus the estimated hydrogen pressure via
the ideal gas state equation is about 11,000 Pa.

The microstructure of the as-received alloys was examined
by a polarized light optical microscope (OM, 6XB-PC, China)
and Electron Back Scattering Diffraction (EBSD) installed on
the scanning electron microscopy elaborated in the following.
Prior to the observations, the alloys were electrochemically
etched using a solution made up of 90 vol.% C,HsOH + 10 vol.%
HCIO, at a voltage of 0.2 V for 8 min in a water bath with
temperature stabilized at 55 °C. Phase identification of the
oxide layers was performed with a Raman spectrometer (Lab
HR Evolution, HORIBA, France) using argon ion laser excitation
at 532.2 nm at room temperature. Surface morphologies of the
films were examined by field emission scanning electron mi-
croscopy (FE-SEM, JSM-7001F, JEOL, Japan), or atomic force
microscopy (AFM, NTEGRA Solaris, NT-MDT, Russia). Depth
distribution of different elements was measured by Auger
electron spectroscopy (AES, Cypher, OXFORD instruments,
UK), equipped with a coaxial electron gun, a differentially
pumped Ar ion gun and CMA energy analyzer. X-ray photo-
electron spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher
SCIENTIFIC, US) was used with a monochromatic Al X-ray
source of 15 kV, 45 W. The pressure during XPS analysis was
less than 1 x 107° Pa and all spectra were referenced to C 1s
peak of adventitious hydrocarbon at 284.60 eV [18]. The XPS
spectra are curve-fitted with a combination of Gaussian and
Lorentzian line shapes, using a Shirley and Linear combined
background subtraction.

All the Electrochemical results were recorded in a three-
electrode cell with a universal electrochemical interface
analyzer (IM6E, ZAHNER, Germany). The samples, which are
also the working electrode, were embedded in a two-
component epoxy resin with the platinum foil acting as the
counter electrode and the saturated calomel electrode (SCE) as
the reference electrode. All experiments were performed at
ambient temperature in 0.1 M Na,SO,4. The electrochemical
impedance spectroscopy (EIS) test was carried out using an
excitation voltage of 10 mV (peak-to-peak) and an applied
frequency from 1 MHz to 0.01 Hz. The EIS data were analyzed
and fitted to appropriate electrical equivalent circuit (EEC)
using the software Zsimpwin. For the Mott—Schottky
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measurements, the capacitance of the interface was
measured at a constant frequency of 1 kHz at a sweep rate of
50 mV/s. It should be noted that all the electrochemical
measurements were conducted after holding the open circuit
potential for 3 h. The EIS data is tested for three times for
verification.

Results and discussion
Morphology and phase analysis

The optical and EBSD images are shown in Fig. 1. It was clear
that the as-received stainless steel exhibited a typical
austenitic micro-structure. In addition, the EBSD results
confirmed the face-centered cubic (fcc) form of gamma phase
with the point group of m 3 m, and the average grain size is
estimated to be 24 um. In addition, one can see from the in-
verse pole figures that no specific texture is observed.

Raman spectra and the surface morphologies of SS
oxidized at temperatures ranging from 250 °C to 750 °C under
the air pressure of 107> Pa and 1 atm are shown in Fig. 2. It
indicates that at atmospheric pressure and with temperature
below 550 °C, the oxides are mainly composed of hematite,
and spinel of magnetite and NiFe,0,4, while if the temperature
is above 550 °C, for instance 650 °C and 750 °C, the oxides are
predominately made up of composite spinel and chromia,
which is consistent with previous results [19,20]. However,
under the pressure of 107> Pa, the oxidation proceeded much
more slowly. Only scattering oxide particles were observed on
the surface below 550 °C even though Raman spectra dis-
played a well-defined peak for the 450 °C sample. In terms of
oxides obtained at 650 °C and 750 °C, despite the formation of
large patches of oxides, the Raman spectra suggested that no
crystalline phase was generated. Given that a satisfactory
hydrogen permeation barrier should be of desirable thickness,
oxides obtained under the atmospheric pressure were thus
chosen as the subjects in the following discussion. For
simplicity, specimens with and without hydrogen heat treat-
ment are denoted as YH and NH, respectively.

Fig. 1 — Optical (a) and EBSD (b) images of the as-received
stainless steel.

Fig. 3 shows the Raman spectra and AFM images of the
oxides formed at 450 °C and 750 °C with and without hydrogen
annealing. It is well documented in literature that the Raman
peaks at 223, 243, 290, 410, 503 and 612 cm™* can be well
ascribed to the phase of hematite, while the peak at ca.
662 cm ! belongs to magnetite and NiFe,0, spinel [20,21].
Therefore, the 450-NH mainly constituted of hematite and
spinel like phases, whereas Raman spectrum of 450-YH dis-
played the phase of NiFe,0, and chromia. Nevertheless, the
surface morphology remained unaltered. As for oxides formed
750 °C, it appeared that the phase kept unchanged, i.e. both
750-NH and 750-YH are composed of chromia, and composite
spinel, which may contain Ti, Cr, Ni and Fe elements. In terms
of the surface morphologies presented by AFM, it is estimated
that the surface roughness of oxides obtained at 450 °C after
hydrogen heat annealing shows a decrease, whereas that
obtained at 750 °C was increased after hydrogen treatment.
The average surface roughness of 450-NH and 450-YH is
around 20 and 14.2 nm, while the surface roughness of 750-NH
and 750-YH are 44.6 and 47.7 nm, respectively.

Electrochemical measurement

EIS measurements

Fig. 4 presents the observed and fitted EIS bode plots of the
oxide layers with and without hydrogen heat treatment. It is
clear that for oxides formed at 450 and 750 °C, the magnitude
of impedance shows a decline by ca. 60% with hydrogen
annealing. In terms of the phase angle change, it can be seen
from Fig. 4 that at frequency larger than ca. 10 Hz, the phase
angle increases with the decreasing frequency, while it ex-
hibits a decrease when the frequency is lower than ca. 10 Hz.
Comparing the phase angle change of oxides formed at 450
and 750 °C, one can see that the phase angle of 450-YH at low
frequency such as 100 and 10 mHz is higher than that of 750-
YH, which suggests that oxides formed at 450 °C can be more
protective than that formed on 750 °C.

Judging from the above-mentioned and subsequent results
in Subsections Thermodynamic analysis and chemical states
and Oxide structure, the corresponding Randles equivalent
circuits (EC) were employed to fit the curve and provide some
insights into the impedance plots. The applied EC is shown in
Fig. 5. The EIS plots for 450-NH could be best fitted by the
equivalent circuit consisting of Rs in series with three parallel
combinations of resistance and constant phase element,
whereas taking into account the reduction of iron oxides after
hydrogen heat treatment, the impedance diagram of 450-YH
could be resolved to just two resistive layers (Fig. 5(b)). As for
750-NH and 750-YH, the corresponding EIS plots can also be
well fitted using the EC shown in Fig. 5(b). The values of each
parameter and its corresponding error are summarized in
Table 2, namely solution resistance (Rg), the resistance and
constant-phase element of outer oxide layer (R; and Q;), inner
oxide layer (R, and Q,), and the intermediate layer (Ri and Qj, if
existent), respectively. Since the contribution of intermediate
layer to the hydrogen resistance can be neglected, compared
to inner relative dense layer, the fitted values of Ri and Qi are
not listed. It can be seen from Fig. 4 that all the EIS plots are
well fitted using the proposed EC, with the overall squared
error less than 0.001. Compared to750-NH, it is clear that value


http://dx.doi.org/10.1016/j.ijhydene.2017.02.206
http://dx.doi.org/10.1016/j.ijhydene.2017.02.206

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 42 (2017) 20910—20921 20913

(a)

| |
750°C]
5 A
s N
2 . o
2 s . 650°C
g
=
Y 250°C
200 4(;0 660 BII)D 1000 200 4(‘]0 6{;0 860 1000
Raman shift/cm™ Raman shift/cm™

(d)

IS ."A
i
750°C 4wy
o 450°c| |, ",
e X T gu‘ ",
Wby Mrqedy
3
=
£ 650 C
w 1
é I ‘h“’"q“’»"\"“""f r1;1 L7y 4‘“‘.«, o "
c
Y 250°C
550 °c
“I‘ L lhm\“\‘ﬂllhv.*l L‘l M *‘x‘“ “"'N
200 200 600 300 1000 200 w0 s m 1000
Raman shift/cm™ Raman shift/cm’

* Cr,0, V¥ FeCr,0, #Fe,0, A NiFe,0, ®Fe,0, M Spinel TJunknown

Fig. 2 — SEM images and Raman spectra of SS oxidized at temperatures ranging from 250 °C to 750 °C under the air pressure
of 1 atm and 1073 Pa: (a) surface morphologies of oxides grown under air pressure of 1 atm, (b) surface morphologies of
oxides grown under air pressure of 103 Pa, (c) Raman spectra of oxides grown under air pressure of 1 atm, and (d) Raman
spectra of oxides grown under air pressure of 10~ Pa.
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Fig. 3 — AFM images and Raman spectra for oxides formed at 450 °C and 750 °C with and without hydrogen annealing: (a)
AFM images for oxides formed at 450 °C, (b) AFM images for oxides formed at 750 °C, (c) Raman spectra or oxides formed at
450 °C, and (d) Raman spectra or oxides formed at 750 °C.
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Fig. 4 — Bode and Nyquist plots of the oxide layers formed at 450 °C and 750 °C with and without hydrogen annealing: (a)
Bode plots for oxides formed at 450 °C with and without hydrogen annealing, (b) Bode plots for oxides formed at 750 °C with
and without hydrogen annealing, (c) Nyquist plots for oxides formed 450 °C without hydrogen annealing, (d) Nyquist plots
for oxides formed 750 °C without hydrogen heat treatment, (e) Nyquist plots for oxides formed 450 °C with hydrogen heat
treatment, and (f) Nyquist plots for oxides formed 750 °C with hydrogen heat treatment.

of R is lower for 750-YH. In contrast to the oxides formed at
750 °C, oxides formed at 450 °C shows a 44% increase of
resistance from 32.5 to 46.8 kQ cm?, which is in good accor-
dance with above-mentioned phase variation in the lower
frequency range, and confirms the effectiveness of the phase
angle analysis.

Mott—Schottky analysis

Mott—Schottky measurements were carried out to investigate
the semiconductor properties of the nanoscale oxide films.
Generally, according to Mott—Schottky (MS) theory [22], the
space charge capacitances of n-type and p-type semi-
conductors are approximately given by

1 2

kT
C_§C = S—EOQND (V - Vg — ?) n — type (1)
and
1 -2

(2)

KT
(V70 g) PP

Respectively, where Np/N, is the donor/acceptor concen-
tration (cm™3), ¢ is the vacuum permittivity (8.85 x 107'* F/
cm) and e is the relative dielectric constant of the corre-
sponding passive film. It is assumed that the dielectric con-
stant of films with hydrogen annealing remains unchanged. k
is the Boltzmann constant (1.38 x 10~?*J/K) and T is the Kelvin
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Fig. 5 — Randles equivalent circuits for the EIS spectra of
450-NH (a), and other oxides (b).

1

temperature. V is the applied potential, Vg, is the flat band
potential, q is the electron charge (1.6 x 10~ C), and kT/q is
about 25 mV at room temperature. According to the values
well-documented in the literature, the relative dielectric
constants of chromia and iron oxides in this work are
assumed to be similar to the values of the stoichiometric
corundum-like Cr,0; and hematite, i.e. 12 and 14.2, respec-
tively [23,24].

Fig. 6 shows the M-S plots for oxides formed at 450 and
750 °C with and without hydrogen annealing. Taking Fig. 6(a)
of NH for example, one can see that it exhibited two linear
regions with a negative and positive slope separated by nar-
row potential plateau. Judging from Egs. (1) and (2), the region
of straight line with a negative slope indicates the presence of
a p-type semiconductor property and vice versa. The shape of
M-S plots of 450-NH is in consistent with previous studies
[25—-27].

Theoretically, if the total electron number in the conduc-
tion band of oxides is larger than that of holes in the valence
band, the oxides could be taken as an n-type semiconductor,
such as ZnO, TiO,, and WOs. Conversely, it is a p-type semi-
conductor such as NiO, Cr,03 and Cu,0. Numerous researches
suggest that the oxides formed on SS display composite
semiconductor properties [25,28]. It is also concluded that the
specific semiconductor properties are closed correlated to the
predominant defects in the films. Films with a deficiency in
metallic ions or excess of cation vacancies can lead to p-type
semiconductors while n-type ones evolve in the films defi-
cient in cation ions or doped by interstitial anions.

On the basis of the electronic band theory mentioned
above and the observed experimental results, the M—S plots in

this study can thus be explained as the following discussion.
With regards to the 450-NH, the n-type properties could be
attributed to the iron oxide species (Fe304, Fe;03 and NiFe,04)
whereas the p-type component could be assigned to the for-
mation of Cr,03, FeO or spinel oxides such as FeCr,0, [27].
After hydrogen treatment, the obtained 450-YH merely re-
flected the feature of n-type semiconductor, which is probably
caused by the reduction of iron oxides and the hydrogen-
induced oxide vacancies in the inner oxide layers. Neverthe-
less, in terms of the M-S plot of 750-NH, the oxide layer pre-
sents almost an exclusive p-type property, which agrees well
with the phase composition of chromia, and chromium-
related spinel. Additionally, the oxides were partially
reduced to n-type oxides after the hydrogen heat treatment,
leading to the formation of n-type and p-type mixed structure.
According to the slopes of the fitted linear region, carrier
concentrations were calculated and listed in Table 3. The
values of N and Ny, are in the order of magnitude 10*° cm ™3
for the as-prepared oxides formed at both 450 °C and 750 °C.
The magnitude of the carrier concentration is comparable
with the results reported previously [25,29].

As can be seen in Table 3, although the semiconductor type
for oxides formed at 450 °C changed from p-type to n-type
after hydrogen heat treatment, the total carrier density for
certain oxides decreased by 2 orders of magnitude. However,
as for oxides formed at 750 °C, despite the growth of total
thickness of the layer, the carrier density for p-type layer with
hydrogen annealing is two orders of magnitude larger than
that without hydrogen annealing.

Thermodynamic analysis and chemical states

To further substantiate the above-mentioned discussion and
reveal the exact structure of the oxides with and without
hydrogen heat treatment, AES depth profiles related to the
atomic concentration of involved elements and XPS depth
analysis revealing the electronic states of Ols, Fe2p, Ni2p, Ti2p
and Cr2p were implemented. In order to investigate the oxide
growth mechanism, the formation energy and reduction en-
ergy of some oxides are summarized in Tables 4 and 5,
respectively. It is clear that the absolute formation energy
follows the descending order of TiO,, Cr,0s, Fe,03, FeO and
NiO, while their tendency to be reduced follows an opposite
order. However, it should be noted that the oxide growth is a
kinetic process and thus closely associated with a variety of
factors, including the type and concentration of alloying ele-
ments, the physical and chemical adsorption of oxygen, the
defect chemistry, strain and diffusion of cations and anions.
AES depth profiles for oxides obtained at 450 and 750 °C
with and without hydrogen heat treatment were shown in

Table 2 — Equivalent circuit parameter values for oxides with and without hydrogen annealing.

Samples Ry(Q)/E® Qu-T (mF)/E? Q,-P/E? R4(Q)/E? Qo-T (mF)/E* Q,-P/E? R,(Q)/E*
450-NH 28/0.76 0.065/11 0.87/3.0 9125/25 0.14/21 0.83/5.3 32,500/10
450-YH 24/0.36 0.51/2.5 0.88/1.8 1741/8.8 0.60/3.2 0.75/0.78 46,820/8.2
750-NH 20/1.6 0.034/18 0.70/2.7 38/3.0 0.29/1.1 0.74/0.5 9577/1.9
750-YH 24/0.46 2.43/27 0.63/6.2 9.6/9.4 1.4/0.58 0.85/0.42 3398/1.4

& E: error (%).
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Fig. 6 — Mott—Schottky (M—S) plots for the oxides formed at 450 °C and 750 °C with and without hydrogen exposure: (a) M—S
plots for oxides formed at 450 °C without hydrogen annealing, (b) M—S plots for oxides formed at 750 °C without hydrogen
annealing, (c) M—S plots for oxides formed at 450 °C with hydrogen annealing, and (d) M—S plots for oxides formed at 750 °C

with hydrogen annealing.

Table 3 — The semiconductor types and their calculated

carrier concentration for oxides formed at 450 °C and
750 °C with and without hydrogen annealing.

Table 5 — Gibbs free energy of reduction of single oxides

at 400 °C with py, = 1.1 x 10*Pa and assumed

Pu,0 = 1 x 10° Pa, corresponding to 1 mol H,.

Samples Np (10%° cm3)/E? Na (10%° cm3)/E? Cr;0; TiO, Fey03 Fe30s FeO NiO
450-NH 3.9/2.9 3.4/2.1 A\Gr (kJ/mol) 118 141 15 36 19 17
450-YH 0.071/4.1 -

750-NH - 8.4/4.3 . .

750-YH 551/3.0 335/3.2 content of 30% as the thickness of the oxides [30]. However,

& E: error (%).

Fig. 7. The oxides with and without hydrogen heat treatment
are denoted with solid and dash lines, respectively. From
Fig. 7(a), one can see that for 450-NH, the surface was enriched
in Fe with Cr underneath the surface near the oxide/metal
interface, which is in good agreement with the observed
Raman spectra and previous literature [30,31]. The effective
oxide thickness for 450-NH and 450-YH derived from an
empirical method is estimated to be 44.5 nm, i.e. we take the
distance from the oxygen content of 100% to the oxygen

when the temperature is raised to 750 °C, the surface is
enriched in Cr elements, then Fe and Ni elements. The
thickness of 750-NH is more than four-folds higher than that
of 450-NH, and the thickness grows to 367.5 nm for 750-YH. It
is inferred that the increase of oxide thickness resulted from
the residue absorbed oxygen and ensuing generated water
steam in the reductive atmosphere, which is likely due to the
less compact structure of 750-NH as indicated by the surface
roughness. The oxygen and possible water steam then pro-
ceeded to react with the metallic ions during hydrogen heat
treatment. Hultquist et al. once reported that the major
parameter determining the Cr enrichment is the diffusion of

Table 4 — Gibbs free energy of formation (kJ/mol) of oxides formed at 450 °C (723 K) and 750 °C (1023 K), corresponding to

1 mol O,.

Cl’203 TiOZ FEQO3 F63O4 FeO NiO FeCr204 NiFEQO4
723 K —624 —-714 —417 —462 —428 —356 —607 —412
1023 K —573 —760 —367 —420 —392 —304 —557 —360
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Fig. 7 — AES depth profiles for oxides formed at 450 °C (a) and 750 °C (b) with and without hydrogen permeation.

alloying elements from bulk to the gas/oxide interfaces and
the partial oxygen pressure at the interface [32]. In our case,
comparing the Cr content without and with hydrogen heat
treatment, it appears that in the reductive atmosphere Cr
tends to diffuse outward preferentially and intensify its
segregation in the oxides.

X-ray photoelectron spectroscopy is performed to semi-
quantitatively analyze the chemical state of the major ele-
ments on the surface. It is well documented that the
spin—orbit splitting between the 2ps, and 2p,, peak is of
13.5 eV for Fe, 17.9 eV for Ni, a 9.8 eV for Cr, and 5.7 eV for Ti,
respectively [33,34].

The curve deconvolution of the XPS spectra for different
photoelectrons was performed and the corresponding per-
centage of identified components was calculated. From the
fitting results of narrow spectra at the surface (Fig. 8), one can

(a) (b)

see that for 450-NH, the full range survey shows the exclusive
presence of Fe2p, and the narrow scan of Fe2p spectrum ex-
hibits three main peaks at 717.83, 711.91 and 709.942 eV,
which are probably attributed to the Fe304, Fe,03 and NiFe,04.
The multi-peak fitted spectra of 450-YH are depicted in
Fig. 8(b). It shows two peaks at 715.66 and 711.02 eV, which can
be attributed to the reduced spinel phase and O,/Fe/Ni species
[35]. The result indicates a negative chemical shift compared
to that of 450-NH. As for the oxides formed at 750 °C, there are
mainly two identified anion species in both spectra at the
surface, i.e. the peaks corresponding to Ti2ps,, and Cr2ps,.
Also, it is obvious that compared to750-NH, the core levels of
both Ti2ps/, and Cr2ps/, spectra increased to a higher binding
energy, which suggests that oxidation proceeded, probably
due to the absorbed oxygen and resulting water steam in the
reductive atmosphere.

Fe2p Fe2p

NiFe,0,

NiFe,0,
20 O,/FamNi

Cr2p Cr2p

TiCr,0, TiCr,0;

70 78 3 725 7w ms 710 s 740 735 730 725 720 715 710 705 700
B.E. (V)

Ni2p

NiFc,0,
O,NifFe

490 8 Aﬂ a‘lra aéo Béﬂ
B.E. (V)

5 5;0 585 5;0 5;! 595 5;0 5;5 580 5;5 570
B.E. (eV) B.E. (eV)

Tizp

TiCr,0,

470 468 466 464 462 460 458 456 454
BE. (aV)

468 455 454 462 450 458 456 454

B.E. {aV)

Fig. 8 — Multi-peak fitted XPS spectra of cations in the oxides formed at 450 °C and 750 °C with and without hydrogen

permeation: (a) 450-NH, (b) 450-YH, (c) 750-NH, and (d) 750-YH.
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In addition, the XPS depth analyses (see Figs. S1-54) indi-
cate that for the 450-NH, nickel oxides can be identified at the
surface. But only the metallic nickel species could be identified
within the oxides, and so is the 750 °C-NH [35,36]. Also, the
depth profile confirmed that both oxides formed at 450 °C and
750 °C are composed of iron oxides, titanium or chromium
related oxides, and both are of a transitional oxygen/metal
ratio of the chemical composition from the oxide/gas interface
to the metal/oxide interface.

In order to assess the chemical state shift of specific
photoelectron with and without hydrogen heat treatment, an
approximate method was employed to estimate the average
binding energy values (denoted asBE) of relevant elements in
the oxides whose XPS plots could be de-convoluted to multi
core levels [37]. It is specified as the following equation.

BE= zi:(BEi X Wi%) (3)

Where, BE; is the binding energy values of each identified
component and w;% is the corresponding percentage. The
calculated BE s for oxides formed at 450 °C and 750 °C at
different sputtering depth are listed in Tables 6 and 7,
respectively. It is evident that iron oxides of 450-NH were
reduced after hydrogen annealing.

In addition to XPS profiles of photoelectrons belonging to
cations, it should be noted that for the oxides with hydrogen
annealing, the O1s depth profiles of 450-YH and 750-YH could
be well fitted to two peaks with core-levels centered at ca.
530.3 eV and 531.7 eV, which can be assigned to 0>~ and
possible hydroxide. The hydroxide peakis also shown in other
works [38,39], which can somewhat be used to indirectly
reflect the existence of hydrogen in the films.

Oxide structure

Based on the comprehensive surface analyses, oxide struc-
tures of 450-NH and 750-YH are illustrated. We firstly dis-
cussed the possible growth mechanism of each involved
isolated mono oxide. According to the Fe-O binary phase

Table 6 — Summary of calculated average binding energy

values of core levels of different photoelectrons for oxides
formed at 450 °C.

Photoelectron Thickness  BEyy (eV)  BEyy (eV)

type (nm)

450°C-Fe 2p3/2 0 713.6 712.9
10 711.5 709.1
25 708.9 708.5
40 708.5 708.2

450°C-Cr 2p3/2 10 576.5 576.2
25 575.6 574.7
40 575.0 574.4

450°C-Ti 2p3/2 10 458.6 458.8
25 457.8 455.9
40 456.0 455.8

450°C-Ni 2p3/2 0 = 858.7
10 852.8 852.8
25 852.8 852.8
40 852.8 852.8

Table 7 — Summary of calculated average binding energy

values of core levels of different photoelectrons for oxides
formed at 750 °C.

Photoelectron Thickness BEny (V)  BEyy (eV)

type (nm)

750°C-Fe 2p3/2 200 708.8 =
360 = 708.9

750°C-Cr 2p3/2 0 576.5 576.8
200 574.5 =
360 = 574.4

750°C-Ti 2p3/2 0 458.3 458.8
200 467.6 —
360 — 455.2

750°C-Ni 2p3/2 200 852.8 =
360 = 852.8

diagram, for the pristine iron, the iron oxide is composed of an
inner magnetite and outer hematite at 450 °C, while at 750 °C
the oxide constitutes a triple layer, i.e. wustite-magnetite-
hematite from the inside to the outside oxides. Since the
wustite and magnetite are highly deficient in iron cations and
thus the self—diffusion coefficient of Fe*" and Fe" is much
larger than that of oxygen, and thus the oxidation behavior of
wustite and magnetite shows an outward feature. Although
the diffusion coefficient of iron ions are closely related to the
defect concentration, the magnitude of self—diffusion coeffi-
cient of iron ions in FeO is in the order of 10~ ~ 10~7 cm?¥/s at
1000 °C [40]. As for the magnetite Fe;0,, the diffusion coeffi-
cient of iron ions at 1200 °C with oxygen partial pressure of
14 Pa is in the order of 1078 cm?/s [41]. For the corundum-like
hematite layer, at the temperature of concern the oxygen
migrates faster than iron ions, indicating an inward oxidation
mechanism [42—44]. For the oxidation of pure nickel, it is quite
similar to that of wustite because of the formation of rock-salt
structure NiO, which is a p-type oxide in its electronic nature.
For NiO, at 1500 K with an enriched oxygen environment, the
(self) diffusion coefficients for nickel and oxygen are in the
order of 10~ cm?¥s, and 10~*? cm?/s, respectively [45]. As for
chromium, the most stable phase is the corundum-like
eskolaite, which also shows a p-type character. The self-
—diffusion coefficient of both oxygen and chromium ions is
much smaller than that in wustite and NiO, which means that
the oxidation rate is much slower compared to iron and
nickel. For instance, at 1300 °C with partial oxygen pressure of
1.01 x 107°~1.01 Pa, the (self) diffusion coefficient of chro-
mium and oxygen in Cr,05 is 10~ and 10~ cm?/s, respec-
tively [46]. Therefore, its oxidation mainly occurs at the inner
side of the composite oxides. As for titanium, it generally
forms n-type oxides with deficiency in oxygen, thus it follows
the process of internal oxidation, which means that oxidation
occurs mainly in the inner layer as well. Nevertheless,
considering the trace amount of titanium, it is only taken as
doping elements for 450-NH.

It should be noted that the aforementioned growth mech-
anism of each involved single oxide is based on the prereq-
uisite that the oxide layers are compact with no linear or
planar defects such as dislocation or grain boundary, and no
compound oxides formed. Yet, it is quite common to generate
spinel-like phases such as NiFe,0, and NiCr,04. Moreover, due
to the incompatibility between the oxides and the substrate it
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grows on, stress may be induced and therefore significantly
change the growth mechanism. In addition, the doping of
trace elements could somewhat alter the defect chemistry
and it usually promotes the oxidation process due to the
doping-induced increase of carrier concentration, which
however will be neglected in the following discussion because
the XPS depth profile can barely identify the existence of these
doping elements such as Mo. After all, the simple analysis of
oxidation for each metal element enables us to obtain a not
quite rigorous, yet qualitative understanding of the formation
of oxides at 450 °C and 750 °C.

For oxides obtained at 450 °C, the schematic illustration of
the oxide growth process is shown in Fig. 9. Because of the
high formation energy of all the related oxides (Table 4),
initially the oxidation occurs simultaneously for iron, chro-
mium and nickel, i.e. the metals donate electrons to the
absorbed oxygen and form a chemical bond. In the next step,
nickel and iron oxides continue to grow fast via reacting with
the chemically absorbed oxygen and cation ions at the oxide/
air interface, while the chromium oxide grows much more
slowly due to the much smaller diffusion rate of chromium
cations. For the diffusion of iron and nickel ions, though it is
hard to determine which migrates fast in the oxides, based on
the observed results it can be inferred that Ni*" migrates
faster than Fe>* and Fe?*, and forms an outermost layer of NiO
[47].

Therefore, in the intermediate layer, there exists magnetite
and hematite. The innermost layer is initially composed of
scattering chromia due to the low partial pressure of oxygen
inside. Taking into account the order of the formation energy
for the different oxides, chromia is energetically much more
stable than iron oxides, and the least stable oxide is the nickel
oxides. At 450 °C, the oxidation is mainly diffusion controlled
due to the formation of compact oxide layers of NiO
(PBR = 1.70), hematite (PBR = 1.02 on magnetite) and magne-
tite (PBR = 1.2 on wustite) [32]. It should be mentioned that
once these single oxides form, at the interface of those inner
oxide layers it tends to react and form a more stable spinel-
like phase of FeCr,04, magnetite and NiFe,0,4. According to
the Raman spectra, all the nickel oxides forms the spinel-like
phase. Additionally, the less stable oxides tend to be reduced
by Cr and Fe®", which is another path for the formation of

Fe,O, FeO
€Y, €,0; 02
SS N Feb
Fe**
Feh
e
NS e
Cri*, e e
Ni2+
Cr,03
o*
IV

I 11 111

chromia and can well explained the absence of nickel oxides
within the oxides. It should be mentioned that the formation
of more protective spinel-like phases or corundum-like pha-
ses will further reduce the outward diffusion rate of cation
and thus reduce the oxidation rate.

As for 450-YH, based on the free energy calculations
(Tables 4 and 5), the iron oxides and NiFe,O, ware preferen-
tially reduced, and it generated the resultant metal nano-
particles, which is indirectly shown by the surface XPS results
(see Fig. 8). Due to the hydrogen-induced oxygen vacancies
and the small concentration of protons could enhance the
transport of oxygen in oxides in the form of hydroxide ion
diffusion [48]. Therefore, further oxidation occurs for the more
stable phase of chromia, which agrees well with the Raman
results (see Fig. 3).

When the temperature is raised to 750 °C, the concentra-
tion of both oxygen vacancies and cation vacancies increases
exponentially. At the incubation stage, the oxidation process
is similar to that depicted in Fig. 9, followed by the rapid
growth of all oxide layers, and eventually formed the chromia
and spinel phases. It is also inferred that the fast growth of
oxides leads to the increase of internal stress, which can
probably be caused by the formation of incompatible chromia
(PBR = 2.02). Therefore, micro cracks emerged and further
promoted the oxidation process, which then results in the
coarsening of the surface (Fig. 3). Consequently, the oxidation
process is thermodynamically controlled. According to the
formation energies of all single oxides, the outermost layer
should be the composite oxides composed related to titanium
oxides and chromium oxides, which agrees well with the XPS
results. As for 750-YH, hydrogen treatment further enhances
the oxidation process and cause an increase of surface
roughness (Fig. 3) and the obvious increase of oxide thickness
(Fig. 7).

In brief, schematic illustration of the exact oxide structures
for oxides formed at 450 °C and 750 °C without hydrogen
treatment was presented in Fig. 10. The 450-NH are divided to
mainly three layers, ie. the outer layer of hematite layer
dispersed with NiFe,0,, the intermediate layer being magne-
tite with the inclusion of scattering Ni metal particles, and the
inner layer made up of titanium doped FeCr,O4, chromia,
nickel and iron particles (Fig. 10(a)). The layer mainly

I Fe— Fe** +2¢'; Ni— Ni*" +2¢'
Cr — Cr* +3¢'; 2Cr+3Fe* —2Cr* +3Fe
2Cr +3Ni** = 2Cr* +3Ni
II Fe** +2¢'+Fe,0, — 4FeO
Cr,0; +FeO — FeCr,0,
III 2Fe* +30* — Fe,0,
Fe" +ne’ +4Fe,0, — 3Fe,0, (n=20r3)
2Fe* +Ni*" »2Fe* +Ni

v %oz +2¢' > O™; Ni* +0* — NiO

Ni* +2e'+%02 — NiO; Fe,0,+NiO — NiFe,0,

Fig. 9 — Schematic illustration of the oxide growth process for the iron-nickel based stainless steel at atmospheric pressure.
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Fig. 10 — Schematic illustration of the oxide structures
formed at 450 °C and 750 °C without hydrogen permeation.

NiFe,0,

FeCr,0,

450-NH

composed of hematite, combined with NiFe,O, and Fe3Oy,
display the n-type semiconductor properties while the inner
Cr,03 and FeCr,04 shows the p-type electronic character. The
decomposition of p-type feature and the drop of overall carrier
concentration of n-type oxides for 450-YH are probably
attributed to the reduction of iron oxides and the further
oxidation of Cr,0s; and FeCr,0,4, which however underwent
the p-n change due to the formation of hydrogen-induced
electron donors, ie. oxygen vacancies. Therefore, it is
reasonable to presume that the enhancement of the protec-
tiveness of the inner layer originates from the further oxida-
tion of chromium related oxides.

With regards to the oxides formed at 750 °C, it could be
assumed that there mainly exist FeCr,0, spinel and chromia
with the outermost layer being chromium oxides, showing an
obvious p-type semiconductor character (Fig. 10(b)). Unlike
what happens to the oxides formed at 450 °C with hydrogen
annealing, for 750-YH only fractional oxide shows a turn-over
of the electronic character, i.e. from p-type to n-type char-
acter, probably due to the newly emergence of oxygen va-
cancies, while the decline of N, is assumed to originate from
the decomposition of p-type phases and the possible further
doping of Fe?" ions in Cr,0s. It is also conjectured that the
obvious increase of oxide thickness results from a large
amount of surface areas due to the significant increase of
defects caused by the rapid oxide growth, which potentially
provides myriad of sites for oxygen species adsorption and
hence leads to the further oxidation. As a result, the increase
of defect sites and surface roughness further decline the
protectiveness of the oxide layers, which can explain the
observed EIS results.

Conclusions

Nanoscale oxide films were prepared by selective thermal
oxidation, and oxides formed at 450 °C and 750 °C were
selected for the subsequent study in a hydrogen environment.
The oxide properties with and without hydrogen treatment

are evaluated by comprehensive surface analyses. The prin-
cipal findings and conclusions of this work are as follows:

) Oxides formed at 450 °C are mainly composed of three
layers, hematite and FeNi,O, spinel at the outermost
part, intermediate layer of magnetite, and the innermost
layer being FeCr,0,4 and chromia. While oxides formed at
750 °C mainly constitute of chromia and FeCr,0,.
) Oxides formed at 450 °C exhibits p—n junction like
composHe semiconductor properties and demonstrates
higher hydrogen resistance compared to that formed at
750 °C, which shows a predominant p-type feature and a
significant surface coarsening upon hydrogen exposure.
(3) It could be inferred that the formation of p-type chro-
mium related oxides is the main reason for its higher
hydrogen resistance.

Strictly speaking, for a more exact and thorough under-
standing, further work such as kinetic analysis and simulation
based on the first-principles and Monte Carlo calculation
combined with more in-depth thermodynamic analysis will
be required in the future. However, we believed that this work
might provide some insights and open new door for the design
of a more compatible and hydrogen resistant barrier via
optimizing the composition of stainless steel or carefully
manipulate the oxidation process.
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