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Abstract

Co-Ce/NaA zeolite film/metal fiber catalysts were synthesized for the oxidation of low-concentration
carbon monoxide. The support was prepared via in-situ hydrothermal synthesis, and cobalt and cerium
oxide were added through incipient wetness impregnation. Parameters like Co/Ce ratio, metal loading,
and calcination temperature were optimized. A catalyst with 24 wt% Co and 6 wt% Ce loading, calcined
at 500°C for 2 hours, showed the best performance and stability. Both fresh and used catalysts were
analyzed using H2-TPR, XRD, Nitrogen isotherms, SEM, EDS mapping, and XPS. The results indicated
a partial transition of cobalt oxide to an amorphous state during the stability test.

Introduction

The protracted exposure to minor
concentrations of carbon monoxide (CO)
in enclosed areas such as submarines,
spacecraft, and indoor parking structures can
result in chronic poisoning. One of the most
effective methodologies for mitigating CO
is catalytic oxidation. Though noble metals
such as platinum, gold, and rhodium exhibit
exceptional catalytic activity, their exorbitant
cost and limited availability inhibit their
large-scale deployment. Consequently, there
has been an increasing focus on transition
metal oxides such as copper, iron, manganese,
and particularly cobalt-based catalysts, which
are not only abundant but also resistant to
deactivation by poisoning. Cobalt oxide
catalysts have proven promising in a wide
array of reactions, including CO oxidation.
Moreover, the inclusion of cerium oxide
operates as a beneficial additive, offering a
substantial oxygen storage capacity linked
with the rapid Ce4+/Ce3+ redox process. This
process facilitates an increased availability
of oxygen for the oxidation procedure,
thereby enhancing the catalytic activity. Co-
Ce catalysts exhibit high activity in various
reactions including CO and Volatile Organic
Compounds (VOCs) oxidation, methane
combustion,  Fischer-Tropsch  synthesis,
among others.

Zeolites are considered ideal substrates
for catalysts due to their extensive specific
surface area, homogeneous pore structure,
and presence of acid sites. Numerous types
of zeolites such as BEA[1, 2], FAU[3],
MORJ[4-7], MFI[8-10], CHA[11,12] and

LTA[13, 14] have been previously employed
as catalyst supports. Among these, LTA
zeolites present a certain appeal due to their
selectivity and superior thermal stability. They
have demonstrated excellent performance
in applications including Volatile Organic
Compounds (VOCs) combustion and CO
oxidation.[15-17] However, the use of granule
and powder catalysts faces certain limitations
due to high mass and heat transfer resistance,
significant bed pressure drop, and low
contacting efficiency. Contrastingly, zeolite film
supports are considered more advantageous
than these granular supports, displaying
marked enhancements such as high mass and
heat transfer rates, reduced bed pressure drop,
and increased contacting efficiency.[18]

The objective of the present study is threefold:
firstly, to synthesize Co-Ce catalysts supported
on LTA (4A) zeolite film/metal fiber; secondly,
to optimize the Co/Ce ratio, total metal loading,
and calcination temperature for CO oxidation,
and thirdly, to evaluate the stability of the
catalysts post a 48-hour operation period.

Experimental

Materials

3-Aminopropyltrimethoxysilane (APTMS)
(> 97%, Aladdin Industrial Corporation);
Sodium hydroxide (> 96%, Nanjing Chemical
Reagent Co., Ltd); Sodium aluminate (A1203
>41%); LUDOX HS-30 colloidal silica
(30% Si0O2/water, Aldrich); Toluene (99.5%,
Hunan Hengyang Kaixin Chemical Co., Ltd);
Co(NO3)3-6H20 (99.0%, Tianjin Kermel
Reagent Co., Ltd); Ce(NO3)3-6H20 (99.0%,
Tianjin Kermel Reagent Co., Ltd); Stainless

Citation: Zhang D, Sha HM, Zhao JR, Sun HJ, Cao BJ. Cobalt-Cerium Oxide Supported Zeolite Film Catalyst

for Enhancing CO Oxidation. Japan J Res. 2024;1(1):02

Page 1 of 7



Dong Zhang, et al. Global Journal of Engineering Innovations and Interdisciplinary Research. 2024;1(1):02

steel fibers (6.5 um in diameter, Huitong Advanced Materials
Co., Ltd); NaA zeolite (250-425 pm in diameter, Pingxiang
Xintao Zeolite Co., Ltd); CO/Air mixture (180 ppm, Guangzhou
Zhuozheng Air Co., Ltd).

Preparation of catalysts

The innovative porous NaA zeolite film/metal fiber
composites, comprised of metal fibers were fabricated through
the application of a wet lay-up mixing process succeeded by in-
situ hydrothermal synthesis, in accordance with the previously
reported methodology.[19] The Co-Ce modified NaA zeolite
film/metal fiber catalysts were subsequently prepared via the
process of incipient wetness impregnation. The impregnating
medium consisted of a solution containing Co(NO,), and
Ce(NO,), at predetermined Co and Ce concentrations.

The samples underwent impregnation at a controlled
temperature of 298K for a duration of 12 hours, followed by
a drying phase at 423K for 4 hours, and finally calcination in
an air environment at a specified temperature for 2 hours. The
nomenclature adopted for the catalysts was CoxCey-aC, where
'x' and 'y' denote the respective Co and Ce loadings, and 'a’'
represents the calcination temperature (°C). The granular Co-Ce
catalysts were designated with the appended suffix '-Granule'.
Furthermore, the unused and utilized catalysts subsequent to the
stability test were marked with the suffixes '-Fresh' and '-Used'
respectively.

Characterization

H,-Temperature ~ Programmed = Reduction ~ (H2-TPR)
examinations were conducted on a Quantachrome Automated
Chemisorption Analyzer by subjecting the sample to heat in a
H,/Air (10 vol%) atmosphere at a heating rate of 10°C-min-1
in the range of 100 to 700°C. X-ray diffraction (XRD) patterns
were generated on a D8 Advance (manufactured by Bruker
Co.) diffractometer employing Cu Ka radiation (set at 40 kV,
40 mA). The specific surface area and pore size distribution
were determined via an ASAP 2020 Analyzer (manufactured
by Micromeritics Instrument Co., Ltd) at a temperature of 77K.
The samples were degassed at 250°C for a duration of 4 hours
under vacuum conditions.

Morphological analysis and elemental distribution assessments
were conducted with the aid of Scanning Electron Microscopy
(SEM, model Hitachi S-3700N), with Elemental Mapping
performed by Energy Dispersive Spectroscopy (EDS mapping,
model Quantax, produced by Bruker Co.) in conjunction with
the microscope chamber. X-ray Photoelectron Spectra (XPS)
data were acquired via a Kratos Axis Ultra (DLD) spectrometer
utilizing Al Ko (1486.6 eV) radiation. The Binding energies for
Co 2p, Ce 3d, and O 1s were calibrated with reference to the C
1s signal (284.5 eV) from carbon impurity.

Catalytic test

Catalytic activity evaluations were conducted within a
continuous-flow fixed bed reactor, comprised of a stainless-
steel tube (with an internal diameter of 10 mm and a length of
450 mm), under standard atmospheric pressure. The reactor's
temperature was supervised using E-type thermocouples.
A feed, composed of 180 ppm CO balanced with Air, was
channeled through the reactor with a bed height of 10 mm at a
rate of 100 mL-min-1. The Gas Hourly Space Velocity (GHSV)
was established at 7643 h-1.

The outlet concentration of CO was monitored using an
infrared gas analyzer (model QGS-08B, manufactured by Baif-
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Maihak Co.). The CO conversion was computed in alignment
with the following equation:

Ceo = €0, -C€0,, %x100%
where Cco was the CO conversion, Coin and COout
represented the inlet and outlet CO concentration.

Results and discussion

Effects of Co/Ce ratio

The influence of the Co/Ce ratio was scrutinized by varying
this ratio within the spectrum of 30:0 to 0:30, while the total
metal loading remained constant at 30 wt%. The catalysts were
calcined at a temperature of 500°C.

Subsequently, these catalysts were characterized by H2-TPR
to elucidate the redox properties, as depicted in Fig. 1. For the
majority of the catalysts containing cobalt, two consecutive
reduction peaks between 200 and 400°C were discerned. These
peaks, termed o and P respectively, can be attributed to the
stepwise reduction of cobalt oxide. The o peak is associated
with the reduction of Co3+ ions, which exist within the spinel
structure (Equation 1), while the § peak results from the reduction
of CoO to metallic cobalt (Equation 2).[20, 21] In certain
samples (namely, Col18Cel2-500C and Co6Ce24-500C), the o
peaks were challenging to distinguish, as they overlapped with
the B peaks. The pure CeO2 sample (Co0Ce30-500C) displayed
a reduction peak around 460°C, attributable to the removal of
surface capping oxygen ions during the reduction process. [22,
23] . The reduction peak associated with the bulk oxygen of
Ce0O2 was anticipated around 800°C, but this is beyond the
detectable temperature range.[24]

Co,0,+H,=3Co0O +H,0 (1)

CoO+H,=Co+H0 2)

The a and B peaks of Co30Ce0-500C were at 294 and 323°C,
while the peaks of most samples with the addition of cerium
oxide, shifted to lower temperature. For example, the a peak of
C024Ce6-500C is at 255°C; the B peak of Col8Cel2-500C is
at 305°C. This may be caused by the interaction of cobalt oxide
and cerium oxide. According to the report elsewhere, the higher
dispersion could contribute to the lower reduction temperature
peak in TPR analysis.[25] Therefore, the samples with lower
reduction temperature such as Co24Ce6-500C is likely to have
the higher dispersion of cobalt oxide, which leads to the higher
catalytic activity.
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Figure 1. TPR profiles of catalysts of different Co/Ce ratio.
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The catalytic efficacy of catalysts with varying Co/Ce ratios
has been assessed, as depicted in Fig. 2. This implies that overall
catalytic activities exhibit a volcanic curve as the Co/Ce ratio
escalated from 0:30 to 30:0. Among the samples, Col8Cel2-
500C and Co024Ce6-500C demonstrated the most pronounced
activity towards CO oxidation. Conversely, the sample devoid of
cobalt — Co0Ce30-500C — displayed suboptimal performance
due to the absence of active cobalt oxide species. The superior
performance of Col8Cel2-500C and Co024Ce6-500C can
be attributed to the heightened dispersion of cobalt oxide, as
corroborated by TPR results. Additionally, the incorporation of
Ce02 enhanced oxygen storage capacity, further facilitating the
oxidation process.[24]

In comparison with Col18Cel2-500C, Co024Ce6-500C
performed marginally better as it exhibited enhanced activity at
lower (80°C) and higher (>110°C) temperatures. Consequently,
C024Ce6-500C was selected as the benchmark for subsequent
investigations.
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Figure 2. Catalytic activity of catalysts of different Co/Ce ratio.

Effects of total metal loading

The impact of total metal loading was probed while
maintaining the Co/Ce ratio at a constant 4 and altering the metal
loading between 20 to 40 wt%. The catalysts were calcined at a
temperature of 500°C. Fig. 3 delineates the H2-TPR profiles of
these catalysts. Generally, as total metal loading amplifies, the
a and P peaks become more pronounced, indicating a higher
amount of cobalt oxide. Nevertheless, the o peak is no longer
discernible in C032Ce8-500C, possibly due to its overlap with
the B peak. Furthermore, the reduction temperature of a and 3
peaks in Co24Ce6-500C is the lowest among all, indicating the
cobalt oxide on this catalyst boasts the highest dispersion. The
a peak in Co24Ce6-500C is more intense than in other samples,
representing a substantial amount of highly dispersed cobalt
oxide. This property could prove beneficial to catalytic activity.
Additionally, the reduction peaks observed around 500°C are
ascribed to the cerium oxide, as previously discussed.

Figure 4 illustrates the catalytic activities of catalysts with
differing total metal loadings. C024Ce6-500C and Co032Ce8-
500C exhibit nearly identical activity while Col6Ce4-500C
presents inferior performance. The heightened activity of
C024Ce6-500C is due to the high dispersion of cobalt oxide.
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Figure 3. TPR profiles of catalysts of different total metal loading.

However, as the metal loading incrementally increased from 30
to 40 wt%, the activity did not improve. A substantial amount
of metal oxide on the surface caused aggregation rather than
a highly dispersed state of cobalt oxide. Conversely, the large
content of cobalt and cerium oxide offset the loss of highly
dispersed cobalt oxide. As a result, catalytic activity did not
enhance with an increase in total metal loading. Even though
C024Ce6-500C and Co32Ce8-500C exhibited similar activity,
C024Ce6-500C was preferred due to its lower metal loading
which translates to reduced costs. Therefore, it was chosen as
the benchmark for further study of calcination temperature.
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Figure 4. Catalytic activity of catalysts of different total metal
loading.

Although C024Ce6-500C and Co32Ce8-500C had the similar
activity, Co24Ce6-500C was preferred because of the less metal
loading which led to the low cost. Therefore, it was selected as
the reference for further study of calcination temperature.
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Effects of calcination temperature

The influence of calcination temperature was assessed by
varying the calcination temperature from 400 to 600°C. All
catalysts were laden with 24 wt% Co and 6 wt% Ce.

Figure 5 showcases the H2-TPR profiles of the catalysts.
Except for Co24Ce6-600C, both a and B peaks can be identified.
For C024Ce6-400C, the reduction temperature corresponding
to a and B peaks was 283 and 370°C, respectively, which is
greater than that of Cu24Ce6-500C (255 and 325°C). This
implies that the redox ability of Cu24Ce6-400C is inferior to
that of Cu24Ce6-500C. Furthermore, the absence of the a peak
in Cu24Ce6-600C suggests it was overlapped by the B peak,
suggesting the o peak in this sample must exist at a higher
temperature, signifying lower reduction ability. Thus, we can
infer that the calcination temperature significantly impacts the
redox ability of catalysts by manipulating the combinational
state between cobalt and cerium oxide.
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Figure 5. TPR profiles of catalysts of different calcination
temperature.

The catalytic efficacy of catalysts calcinated at disparate
temperatures has been investigated, as shown in Fig.
6. Co024Ce6-600C exhibited the poorest performance.
Concurrently, C024Ce6-500C and Co024Ce6-400C displayed
analogous activity at lower temperatures (<100°C), but at higher
temperatures (>100°C), C024Ce6-500C demonstrated superior
performance. The substandard activity of C024Ce6-600C can
be attributed to the fact that the redox ability of the catalyst was
constrained. As seen in the TPR profile, the unobservable o peak
at higher temperature is a consequence of a low dispersion state
brought about by the elevated calcination temperature. This
suggests that the aggregation of metal clusters of low catalytic
activity could have been generated, thus accounting for the poor
performance of C024Ce6-600C. Regarding Co024Ce6-400C,
it manifested diminished performance at higher temperatures,
also attributable to the lower dispersion state of cobalt oxide,
as indicated by TPR, where both o and  peaks were shifted to
higher temperatures. Therefore, after optimization of synthetic
factors, it can be concluded that the catalysts with 24 wt%
Co and 6 wt% Ce calcinated at 500°C for 2h exhibit the best
catalytic activity.
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Figure 6: Catalytic activity of catalysts of different calcination
temperature.

Catalytic performance of catalysts with different supports

To illustrate the impact of the NaA zeolite film/metal fiber,
we also evaluated the catalytic performance of the Co-Ce/NaA
zeolite film/metal fiber composite (also known as Co024Ce6-
500C), Co-Ce/metal fiber catalyst (without the zeolite film),
and granular Co-Ce/NaA zeolite catalyst (250-425 pum in
diameter). All catalysts were loaded with 24 wt% Co and 6 wt%
Ce and calcinated at 500°C. The results are depicted in Fig.
7. The catalytic performance of the Co-Ce/NaA zeolite film/
metal fiber catalyst significantly surpasses that of the Co-Ce/
metal fiber catalyst and granular Co-Ce zeolite catalyst. The
potential reason why the Co-Ce/NaA zeolite film/metal fiber
catalyst outperforms the granular Co-Ce/NaA zeolite catalyst is
that the structured metal fiber support provides relatively lower
mass transfer resistance. As such, internal diffusion resistance
can be largely eliminated, and the contacting efficiency can
thus be amplified.[26] Compared with the Co-Ce/metal fiber,
the catalytic activity of the Co-Ce/NaA zeolite film/metal fiber
catalyst was also enhanced due to the presence of the zeolite film.
The NaA zeolite film offers a relatively large surface area and
pore volume to anchor and distribute the active metal species,
allowing the cobalt and cerium oxide species to be uniformly
distributed, leading to heightened activity.[27].
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Figure 7. Catalytic activity of catalysts with different supports.
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Stability test

The stability test for CO oxidation over Co024Ce6-500C
was conducted. As shown in Fig. 8, this catalyst displayed
impressive stability for CO oxidation. The CO conversion of
98% was maintained for 48h. The fresh and used catalysts,
post-stability tests, were further analyzed using H2-TPR, N2
adsorption/desorption isotherms, XRD, XPS, SEM, and EDS

mapping.

100

B _m—
96 |-
94 |-
92 |-
90 |
88 |-

86 |-

CO Conversion / %

84 |
el —=— Co24Ce6-500C

ao 1 L L 1
0 10 20 30 40

Duration / h

Figure 8. Stability test for CO oxidation over Co24Ce6-500C (180
ppm CO/Air in the inlet, reaction temperature of 110°C, reaction
duration of 48h, GHSV of 7643 h™')

Figure 9 discloses the H2-TPR profiles of the fresh and used
catalysts following the stability test. Both o and 3 peaks can be
observed in both catalysts. Post-stability test, the a peak shifted
from 255 to 265°C, while the B peak shifted from 305 to 330°C.
This shift could possibly be attributed to the reduction of some
cobalt oxide species during the stability test. [28] It could also
be due to the minor compromise of the redox ability during the
stability test, despite it showing high activity during the stability
test.

™o
* @

Co24Ce6-500C-Used |

)

TCD Signal / a.u.

—— C024Ce6-500C-Fresh  \.
1 1 1 1 1

100 200 300 400 500 600 700

Temperature / °C

Figure 9. H2-TPR profiles of the fresh and used catalysts after
stability test.
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The textural properties were characterized using N2
adsorption/desorption isotherms, shown in Fig. 10. The pore
volume and the BET surface area for the fresh and used catalysts
are given in Table 1. As can be seen in Fig. 10, both catalysts
barely absorb nitrogen at the lower pressure range (P/P0 =0 ~
0.3), not due to the blockage caused by the introduction of metal
oxide species, but due to the poor adsorption of N2 molecule at
the pore openings of 4A zeolite.[19] The used catalyst exhibited
a relatively large mesopore volume, identifiable by the larger
hysteresis loop at higher relative pressure. This can also be seen
in the detailed data in Table 1. The BET surface area of the fresh
catalyst was 24.2 m2-g-1, while that of the used one was 26.7
m2-g-1. Likewise, the mesopore volume slightly increased from
0.109 to 0.114 cm3-g-1. Generally, the relatively higher BET
surface area and larger mesopore volume is a result of the slight
change in pore structure during CO oxidation.
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70+

co L —8— C024Ce6-500C-Fresh ‘
—&— C024Ce6-500C-Used

o
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8 &

P2
(=]

-
[=]

o

0.0 0.2 0.4 06 0.8 1.0
Relative Pressure / P/P,

Figure 10. N2 adsorption/desorption isotherms of the fresh and used
catalysts after stability test.

Table 1. Pore properties of the fresh and used catalysts after stability

test.
Pore structure properties
Total BET
Sample Micropore | Mesopore Surface
s P volume
(cm*-gh) (cm?*-g™) (cm*g) area
g (em*g")
C024Ce6-300C- 0.007 0.10 0.11 23
Fresh
C024Ce6-500C- 0.01 0.13 0.14 42
Used

Figure 11 exhibits the XRD patterns of the fresh and used
catalysts. Two peaks at 46 and 51° correspond to the support.
However, the intensity of these peaks was much weaker than the
ones of support as previously reported.[19] Also, the diffraction
peaks of NaA zeolite were nearly unobservable in both catalysts.
This was likely due to the uniform coverage of the surface by
the metal oxide species, making the zeolite layer and substrate
difficult to detect by XRD. Additionally, the diffraction peaks
related to CeO2 with fluorite structure (20 = 28, 33, 47°) can
be seen in both catalysts.[29] The peaks associated with Co304
with spinel structure (20 = 38, 45°) were visible in the fresh
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catalyst. The weakened peaks of Co304 were due to the lower
crystallinity, which might result from the decrease in crystal size
or the transformation to amorphous forms during the stability

test.
. * . | #° -#
Co024Ce6-500C-Used
S
@
=
©
=
2
£
o 00304
. CeCZ‘2
Co024CeB-500C-Fresh # PSSF
1 1
20 40 60

2theta / degrees

Figure 11. XRD patterns of the fresh and used catalysts after stability
test.

The SEM was used to characterize the morphology and
crystallinity of catalysts, as depicted in Fig. 12. Fig. 12(a)
displayed that the junctions of metal fibers were sintered
together, forming a 3-D network structure of high mechanical
strength. In addition, the metal oxide species were also uniformly
covered on the surface. Fig. 12(b) shows the cubic LTA crystals
well intergrown on the substrate surface. The thickness of the
zeolite layer was about 2 pm according to Fig. 12(c). For the
used catalyst, some amorphous species appeared on the surface,
as shown in the red circle in Fig. 12(e). Furthermore, a higher
number of amorphous species can be identified in Fig. 12(f). It
is hypothesized that these amorphous species are related to the
cobalt oxide, which aligns with the XRD results that diffraction
peaks of Co304 were absent for the used catalyst.

The energy-dispersive X-ray spectroscopy mapping (EDS
mapping) results in Fig. 13 reveal that both catalysts contained
Al, Si, Ce, and Co atoms. The Al and Si elements originated

Figure 12. SEM images of Co24Ce6-500C-Fresh at 500 x (a), 10k x
(b) and its intersection at 5k x (c); Co24Ce6-500C-Used at 500 x (d),
10k x (e) and its intersection at 5k x (f).

GJEIIR. 2024; Vol 1 Issue 1

from the NaA zeolite film. Both Co and Ce atoms were
randomly dispersed on the surface. It can also be observed that
the Ce elements were enriched on the surface as evidenced by
the green dots distributed in both graphs, despite accounting
for only 6 wt% in both catalysts. This observation correlates
with the XRD results, showing that diffraction peaks of CeO2
were relatively intense. According to Bao[30], Ce203 was
also enriched on the surface of Fe203-CeO2 catalysts but no
explanation was provided.

| HAR O W 16

Figure 13. EDS elemental mapping of Co24Ce6-500C-Fresh (a) and
C024Ce6-500C-Used (b).

It can be seen in Fig. 14 that XPS spectra of the fresh and used
catalysts were very similar, characterized by the presence of the
dominant peaks correspondence with the specific elements.
The XPS spectra of the survey, Co 2p, Ce 3d and O 1s were
presented. In Fig. 14(a), Ce, Co, O and C can be identified. As for
the spectra of Co 2p of both catalysts, two broad peaks appeared
at 775~783 and 790~798 ¢V, which were related to Co 2p3/2
and Co 2pl/2. The peak of Co 2p3/2 can be deconvoluted to
two peaks at 778.5 and 781.0 eV, which were assigned to Co3+
and Co2+ species, respectively. Similarly, the one of Co 2p1/2
can also be deconvoluted to two peaks at 794.3 and 796.3 eV,
which were attributed to Co3+ and Co2+ species.[26] The Ce
3d spectra were illustrated in Fig. 14(c). The peaks related to Ce
3d3/2 and Ce 3d5/2 have been labeled as u and v. The peaks of v,
v2, v3, u and u2 were the different Ce 4f electron configurations
in the final state of Ce4+ species. Meanwhile, the v1 and ul can
be ascribed to two possible electron configurations of the final
state of Ce3+ species.[31, 32] As for the spectra of O 1s, the
peak at lower binding energy (528.3 eV) was a characteristic of
the lattice oxygen and the one at higher binding energy (530.5
eV) was a result of adsorbed oxygen. [26] The adsorbed oxygen
was likely due to the oxygen vacancies on cerium oxide. It has
been known that the presence of oxygen vacancies is important
for the catalytic application.[29]

Conclusion

The Co-Ce/NaA zeolite film/metal fiber catalysts were
successfully synthesized using in-situ hydrothermal synthesis
followed by incipient wetness impregnation. The catalyst
composed of 24 wt % Co and 6 wt% Ce and calcined at 500°C
for 2 hours exhibited the best activity. This catalyst was further
compared with the Co-Ce of the same metal loading supported
on metal fiber or granular zeolite. The findings indicated that
the Co-Ce/NaA zeolite film/metal fiber catalyst was superior.
Impressively, this catalyst maintained a CO conversion of
98% at 110°C for 48 hours, indicative of its high stability. The
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characterization results suggested that the textual properties
of the catalysts were nearly unchanged after the stability test,
except for the cobalt oxide on the surface, which partially
transformed into an amorphous form.
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