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1 Introduction

Oxidation behavior of iron and binder-mixed iron:
insights from TGA-DSC and in situ XRD analysis
for field emission application

Supriya E. More, (2*®® Suyog A. Raut,?® S. Premkumar, {2°© Somnath R. Bhopale,*
Davy Deduytsche,® Sudha V. Bhoraskar,® Mahendra A. More, (2@ Damien Thiry, ¢
Christophe Detavernier,® Nathalie De Geyter, (2 ° Vikas L. Mathe (2 *@ and

Rino Morent®

Precise control over the phase composition and surface morphology of materials is crucial for
applications in catalysis, sensing, field-emission, and other fields. This study investigates the thermal
oxidation of micron-sized iron (M—Fe) both with and without the use of ethyl cellulose as a binder in
various oxidation environments. The samples were processed in starving and oxygen-rich conditions
with varying heating rates to investigate their impact on oxide formation. A custom-designed radiation
heater (RH) was employed in the vacuum system to achieve an ultra-fast heating rate of 12 °C s7%,
raising the surface temperature to 750 °C within one minute. Oxidation experiments under reduced
oxygen pressure, termed controlled environment thermal oxidation (CETO), were compared to open
environment thermal oxidation (OETO), conducted at the same target temperature but with a
significantly slower heating rate (2.5 °C min~) in a muffle furnace. The role of the binder was analyzed
using thermogravimetric analysis and differential scanning calorimetry (TGA-DSC), and a deeper under-
standing was gained through a phase evolution study, as elucidated by in situ X-ray diffraction (XRD)
measurements. The phase evolution of iron, both with and without binder, in two distinct surrounding
conditions, primarily affects the onset temperature. The findings highlight the critical influence of
oxidation conditions, heating rate, and the presence of binder on the surface properties, paving the way
for improved design strategies in field emission applications.

high temperature phase) - exhibit unique structural, electronic,
and magnetic properties, making them suitable for a broad

Iron oxides, particularly o-Fe,O3, are among the most studied
materials due to their abundance, low cost, environmental
friendliness, and remarkable versatility in technological appli-
cations."™ The three main polymorphs of Fe,Os-hematite
(0-Fe,03), maghemite (y-Fe,03), and beta phase (B-Fe,Os, rare
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spectrum of applications. Hematite, the most thermodynami-
cally stable phase, has garnered significant interest due to
its applications in photocatalysis, energy conversion, water
splitting, sensors, and environmental remediation, primarily
because of its narrow band gap (~2.2 eV), chemical stability,
and non-toxic nature.*” The versatility of iron oxides is further
enhanced by their redox activity, attributed to the variable
oxidation states of iron (Fe**, Fe**, and Fe®), which enable
redox pairs like Fe**/Fe*" and Fe**/Fe’. This property is crucial
for catalytic processes, energy storage systems, and biomedicine,
where redox reactions drive the performance.®™*

Recent advancements in tailoring the surface morphology of
iron oxides have significantly improved their functional proper-
ties by enhancing surface area, porosity, and the distribution
of active sites. Fine control over these parameters has opened
new avenues for optimizing performance in supercapacitors,
lithium-ion batteries, and heterogeneous catalysis.*** The ability
to tune surface features according to specific requirements is

© 2026 The Author(s). Published by the Royal Society of Chemistry
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crucial for maximizing the efficiency of Fe,O3-based materials
in various advanced technologies. Thus, the broad applic-
ability, tunable electronic structure, and redox flexibility of iron
oxides make them a cornerstone of modern materials research,
with hematite (a-Fe,O3) standing out as a prime candidate for
innovative solutions to sustainable energy and environmental
challenges.’

The growth mechanisms of o-Fe,O; nanostructures have
been extensively explored using a simple thermal oxidation
route, particularly in the context of nanowire formation. For
instance, Yuan et al.* demonstrated that heating the iron foil
at 400-600 °C with a ramp rate of 20 °C min~ " under controlled
oxygen pressure facilitates the formation of nanowires. The
oxidation temperature was shown to play a critical role in
determining the layered structures, with oxygen-rich environ-
ments promoting the growth of longer nanowires. The key
mechanism driving this growth was identified as stress-
induced surface diffusion, which occurs due to volume expan-
sion at the Fe,O;/Fe;0, interface. Similarly, Hiralal et al'®
investigated that the resultant morphologies are not affected
by oxygen partial pressure, but the formation of oxide thickness
directly depends on pressure. These findings underscore
the importance of precise control over synthesis parameters,
such as temperature, oxygen availability, and processing time,
in tailoring the morphology of o-Fe,O; nanostructures.

Recent research has highlighted the critical role of synthesis
methodology and process parameter tuning in controlling
the morphology of o-Fe,O3, making it suitable for various
applications. Key synthesis methodologies include copreci-
pitation followed by calcination,'® RF/DC magnetron co-
sputtering,’” and atomic layer deposition (ALD),'® which have
enabled the creation of surface morphologies such as micro-
spheres, ellipsoids, and nanowires. Advanced approaches, such
as microwave-assisted solvothermal synthesis, have enabled the
development of hematite half-hexagon nanoplates for battery
anodes® and the mechano-chemical dispersion of platinum on
o-Fe,O; for H, sensing,” thereby expanding its potential for
applications. Specific studies reveal that calcination tempera-
ture and oxygen pressure significantly influence particle size
and nanowire growth on iron substrates. Template-assisted
synthesis of iron-based metal-organic frameworks (e.g, MIL-
100) produces porous structures with superior sensing
capabilities,'® while cobalt/copper-doped o-Fe,O; is used for
environmental remediation.>® The choice of precursors, sol-
vents, and synthesis conditions plays a pivotal role in tailoring
o-Fe,05’s morphology for targeted functionality.*! Lian et al.,"®
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synthesized mesoporous hollow microspheres using an ionic
liquid-assisted hydrothermal method.

Studies have explored the use of ethyl cellulose (EC) as a
useful advanced material, primarily due to its biocompatibility.
EC is a biocompatible thermoplastic polymer, widely applied
in coatings, pharmaceutical encapsulation, and as a thickener
in food and cosmetics.”> Mamata et al>® synthesized a
membrane via electrospinning combining EC and iron nano-
particles for medical applications, while Arias et al.>* devel-
oped carbonyl iron/EC core-shell structures for biomedical
use. Cordova et al.>> demonstrated in situ synthesis of iron
nanoparticles using EC, achieving superparamagnetic proper-
ties. Recently, Geetika et al>® have incorporated o-Fe,Oj;
nanoparticles into an EC-ethanol nanocomposite for use
as antimicrobial coatings, thereby extending the shelf life of
capsicum.

Additionally, plasma-assisted thermal oxidation (PATO)>’
has been employed to mix nano- or micro- particles of iron
with EC, enabling the formation of tunable surface morpholo-
gies and use for field emission applications. These findings
highlight the versatility of EC in developing functional materials
for diverse applications. Table 1 illustrates the impact of syn-
thesis process parameters on phase and morphology, as well as
their field emission applications.

This study examines the role of binder-mixed iron in influ-
encing phase evolution and morphological changes under
various environmental conditions. The workflow begins with
thermogravimetric analysis (TGA) of both the raw iron powder
and the corresponding slurry. Subsequently, the binder-
containing sample (MF) is subjected to thermal treatments
under controlled oxygen partial pressures using a rapid heating
protocol, referred to as controlled environment thermal oxida-
tion (CETO). In parallel, conventional thermal treatment under
ambient conditions is performed on both MF and pure metal
powder (MP); this process, termed open environment thermal
oxidation (OETO), is carried out with a slower heating rate.
Following these treatments, extensive surface and bulk char-
acterizations are conducted to evaluate the resulting structural
and morphological transformations. To gain further insights,
in situ XRD is employed for both binder-free and binder-
containing samples to study phase evolution in two different
environments. Finally, samples with distinct morphologies are
examined through field electron emission (FEE) measure-
ments, thereby establishing the influence of experimental con-
ditions on material properties and their potential in advanced
materials design.

Table 1 The synthesis process, morphologies, and field emission properties of iron oxide reported in the literature

Field emission properties

Sr. no.  Synthesis process Synthesis time  Post-processing Achieved morphology  (turn on field, MV m ™) Ref.

1 Thermal oxidation 10 h X-ray irradiation Nano-flakes 10.1-7.8 12

2 Plasma assisted thermal 10 min NA Nanowires 3 27
oxidation

3 Thermal oxidation 15 h 10 min RF Ar-plasma Nano-flakes 8 28

4 Pulsed laser deposition 10 min Annealed in the air for 3 h  Array of nanoparticles  64-17.8 29

© 2026 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2026, 7,198-213 | 199
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2 Experimental section
2.1 Preparation of M-Fe slurry and thick film

Iron powder (M-Fe, LOBA-Chemie; particle size 25-60 pum,
99.5% purity, electrolytic grade), ethanol (Hayman, premium
grade, 100%), and acetylacetone (LOBA-Chemie, 99.5% purity)
were used as precursors for preparing the slurry, with ethyl
cellulose (EC; Loba-Chemie) as a binder. A detailed preparation
procedure is described in a previous report.”” The slurry was
applied onto a stainless-steel substrate using the doctor blade
method to obtain a film of approximately 0.25 mm thick;
named as MF. The coating obtained was subjected to a natural
drying process overnight before proceeding with further experi-
mental processes.

2.2 Thermal oxidation (TO) process

2.2.1 Controlled environment thermal oxidation (CETO).
The surface temperature of the films under investigation was
raised using a custom-designed radiation heater (RH), where
two halogen lamps (PHILIPS 24 V/250 W, projection lamp
type 13163) were mounted suitably inside a vacuum chamber.
Each projection lamp featured an anti-reflective coating, also
focusing radiation onto the 2.5 cm” area of the film. The RH
assembly was mounted on a vertical shaft inside the vacuum
chamber, as shown in Fig. 1, and positioned to focus radiation
directly on the test film. The test film was placed at the focal
point of the RH, and the chamber was vacuum sealed. A turbo-
molecular pump (TMP) backed by a rotary pump was used to
evacuate the chamber, achieving a base pressure of 10> mbar.
Subsequently, oxygen gas was introduced to maintain the
desired pressure intended for the treatment. This experimental
setup, called closed environmental thermal oxidation (CETO),
enabled precise control over the oxygen flow and thermal
treatment conditions, thereby providing a well-regulated
environment for film processing. Table 2 depicts variations of
oxygen flow rate and operating pressure used during CETO
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Paper

processes. After setting the desired oxygen pressure, the RH was
activated to increase the surface temperature to 750 °C. The
targeted temperature was attained within one minute using a
heating rate of 12 °C s, followed by oxidation for another nine
minutes, resulting in a total processing time of ten minutes
in the closed vacuum chamber.”” The experiments were con-
ducted for varying oxygen flow rates of 0, 30, and 100 sccm at
elevated temperatures. It was not feasible to test bare powder
samples under these experimental settings.

2.2.2 Open environment thermal oxidation (OETO). The
oxidation of M-Fe films was also performed under normal
atmospheric pressure, called open environment thermal oxida-
tion (OETO), conventionally using a muffle furnace. In this
case, the temperature of the M-Fe films was raised to 750 °C in
5 hours at a ramp rate of 2.5 °C min ', followed by natural
cooling. Additionally, M-Fe powder (without a binder) was
subjected to oxidation under identical conditions to those of
OETO. Table 2 summarizes the sample processing conditions.
Unlike OETO, where oxidation occurs in ambient conditions,
CETO deliberately used a controlled oxygen environment to
focus exclusively on oxidation behavior and trends under precise
gas flow control.

2.3 Characterization techniques

Thermogravimetric analysis and differential scanning calori-
metry (TGA-DSC) were conducted using a TGA-DSC 1 STARe
system to study the oxidation behavior of M-Fe powders and
the slurries at elevated temperatures. The samples were heated
from 30 °C to 1200 °C at a rate of 10 °C min~' in a pure air
atmosphere with a flow rate of 50 mL min~". The nitrogen was
used as a purge gas at a flow rate of 20 mL min~' to maintain
the surrounding temperature of the micro-furnace. Raman
spectroscopic measurements were carried out using a high-
resolution (0.1 ecm™') Renishaw inVia Raman Microscope
to identify the polymorphs of iron oxide. Laser radiation at

To Pump

Oxygen gas
(Controlled Flow)

Vacuum Chamber
+ Radiation Heater

Test sample

loading and
unloading

Fig. 1 Block diagram of the controlled environment thermal oxidation (CETO) process, with a photograph of the radiation heater installed in the

chamber.
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Table 2 Thermal oxidation of micron iron powders and mixed with binder (film) under different conditions

Sr. no Sample Reaction system  Process  Pressure Oxygen Gas flow  Heating time  Heating rate Sample Name
1 M-Fe film Controlled CETO 10> mbar 0 sccm 10 min 12°Cs™ ! MF-0

2 M-Fe film Controlled CETO 5 x 107> mbar 30 sccm 10 min 12°Cs! MF-30

3 M-Fe film Controlled CETO 9 x 107 mbar 100 sccm 10 min 12°Cs™! MF-100

4 M-Fe powder  Open OETO Atm. Atm. air 300 min 2.5°Cmin~'  MP-air

5 M-Fe film Open OETO Atm. Atm. air 300 min 2.5°Cmin~'  MF-air

532 nm was used for excitation, and Raman spectra were
recorded over a range of 100-3200 cm .

The structural properties of pre- and post-treated M-Fe films
were examined using X-ray diffraction (XRD). XRD patterns
were recorded with a Bruker AXS D8 Advance diffractometer
equipped with Cu-Ko. radiation (2 = 1.5418 A) to analyze phase
changes induced by oxidation processes. Surface morphology
of the films and bare M-Fe particles was investigated using
scanning electron microscopy (JEOL JSM-6360A and JEOL
JSM-6010PLUS/LV).

In situ XRD measurements were conducted using a Bruker
D8 Discover XRD system equipped with a Cu-Koa X-ray source
(A = 1.5406 A) and a linear X-ray detector. The samples were
mounted on a heating stage inside a sealed annealing chamber.
Samples were annealed from room temperature (RT) to elevated
temperature at a heating rate of 10 °C min~". A K-type thermo-
couple was used to accurately monitor the temperature. Every
2 seconds, an XRD snapshot was taken over a 20 range of 29°
to 49°, capturing real-time phase transformations during the
heating process. The experiments were performed under a
controlled gas atmosphere, either compressed air with a con-
tinuous flow rate of 50 mL min " at atmospheric pressure or
pure air.

In situ XRD was further employed to investigate the influ-
ence of pure air on selected samples. For this purpose, high-
purity N, and O, gases were introduced into the chamber and
regulated to atmospheric pressure using a mass flow controller,
thereby minimizing the effect of moisture. A limitation of the
setup was the difficulty in maintaining a precise total gas flow
of 50 mL min"', resulting in minor deviations from the
previously established TGA-DSC conditions. To address this,
the actual flow rates of individual gases were recalculated using
calibration correction factors (1.000 for N, and 0.988 for O,).
For instance, at a target oxygen partial pressure of 30%, by
using eqn (1) that the real flow of nitrogen was 61 sccm (70%
N,), while the corrected oxygen was 36 sccm (30% O,). Using
this methodology, oxygen partial pressures of 10%, 20%,
30%, 50%, and 80% were precisely established for the in situ
measurements.

Real flow = Readout flow
used gas correction factor

1)

Calibration gas correction factor

The pre- and post-processed surface chemical composition of
samples was measured using X-ray photoelectron spectroscopy
(XPS) analysis to understand the different oxidation states
that develop after processing, and was compared with that of

© 2026 The Author(s). Published by the Royal Society of Chemistry

the unprocessed one. The spectrometer is equipped with an
Al Ko (hv = 1486.6 eV) monochromatic source operating at
25 W. All measurements are conducted in a vacuum of at least
10~ ° Pa. At the same time, the photoelectrons are detected with
a hemispherical analyzer positioned at an angle of 45° with
respect to the normal surface of the measured sample. Both
survey scans and individual high-resolution spectra (C 1s, O 1s,
N 1s, and Fe 2p) are recorded with step sizes of 0.8 and 0.1 eV,
respectively. Each sample is analyzed at four randomly selected
points on the surface. The high-resolution XPS spectra were
fitted in CasaXPS Version 2.3.25PR1.0. The spectra were cali-
brated by shifting the C 1s signal to 285 eV binding energy.
The field electron emission (FEE) properties of morphologi-
cally tuned iron oxide films were recorded using a planar diode
configuration. In this setup, a semi-transparent cathodolumi-
nescent phosphor screen (diameter ~50 mm) served as the
anode positioned parallel to the cathode. The film under
investigation was mounted onto a copper rod using silver paste
to secure the electrical contact and acts as the cathode.
A copper rod was attached to a linear motion drive, allowing
precise adjustment of the cathode-anode separation during
FEE measurements. The FEE chamber was sealed and evacuated
to a base pressure of 1 x 10~ % mbar using a vacuum system. The
field emission measurements were performed with a fixed
cathode-anode distance of 1.0 mm (approximately 1000 pm).
The emission current was recorded using a Keithley electrometer
(Model 6514) while varying the applied voltage from 0 to 40 kv
in 40 V increments, using a Spellman high-voltage power source
(USA). This configuration enabled a detailed evaluation of the
electron emission characteristics of the processed films.

3 Results and discussion

3.1 Thermo-gravimetric and differential scanning calorimetry
analysis

The TGA-DSC analysis was conducted to examine the thermal
behavior of three different samples: M-Fe only, EC slurry, and
M-Fe slurry, and the results are presented in Fig. 2(a)—(c).
The thermal oxidation behavior of M-Fe powder and slurries
systematically evaluated. It is well-established that
experimental conditions significantly affect TGA-DSC results,
including sample size, heating rate, and sample form.*° In the
present study, the separate slurry was prepared without Fe
powder (only binder EC; Fig. 2(b)) and compared with the
M-Fe slurry to investigate oxidation behavior comprehensively,
and the thermal profiles of these samples were compared with
M-Fe powder (Fig. 2(a)).

was
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Fig. 2 TGA-DSC recorded for (a) M—Fe powder only, (b) EC slurry only, and (c) M—Fe slurry investigated from temperature 30-1200 °C with a heating

rate of 10 °C min~* and pure airflow 50 mL min~* used as a reactive gas.

The TGA profiles reveal significant differences between the
Fe powder and slurry-based samples. In the slurry samples, the
weight loss observed at lower temperatures is attributed to
the melting and decomposition of polymeric or organic com-
ponents, as well as phase transformations within the organic
2531 Above 400 °C, a noticeable weight gain is observed,
corresponding to the oxidation of iron in the case of M-Fe
slurry. Sequential thermal decomposition of the binder and
subsequent oxidation of metallic iron is expected. The DSC
analysis provides complementary insights, with endothermic
peaks indicating heat absorption associated with decomposi-
tion and melting processes, while exothermic peaks correspond
to heat release during oxidation and other exothermic reac-
tions. Together, the TGA-DSC data explain the thermal events
and transitions experienced by the materials, elucidate
the complex interactions between the ambient environment,
binder, and Fe powder, and highlight the critical influence of
thermal processing conditions on the overall oxidation and
phase evolution of the iron system.

matrix.

202 | Mater. Adv., 2026, 7,198-213

Fig. 2(a) presents the TGA-DSC curves for M-Fe powder. The
TGA curve remains stable up to 300 °C, indicating no signifi-
cant weight change and confirming the material’s thermal
stability within this temperature range. However, between
300 °C and 900 °C, a substantial weight gain of approximately
41% is observed, corresponding to the oxidation of the M-Fe
powder as oxygen reacts with the metallic iron to form iron
oxides. The DSC curve reveals a broad exothermic peak between
500 °C and 700 °C, with a maximum at approximately 564 °C,
corresponding to phase transformation and crystallization
processes. Additionally, minor exothermic features at approxi-
mately 600 °C, 730 °C, and 850 °C are linked to solid-solid
phase transformations, as reported by Cursaru et al.**

Fig. 2(b) shows the TGA-DSC analysis of the EC slurry
without iron powder. The TGA curve exhibits a rapid weight
loss from 92 °C to 231 °C, followed by a slower, gradual decline
up to 356 °C, culminating in a stabilized plateau. This behavior
corresponds to the complete removal of organic components,
primarily ethanol and EC. The associated DSC curve features

© 2026 The Author(s). Published by the Royal Society of Chemistry
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two distinct endothermic peaks between 75 °C and 250 °C. The
first peak reflects the evaporation of ethanol, while the second
indicates the melting and decomposition of polymeric sub-
stances. Subsequently, two exothermic peaks between 350 °C
and 450 °C represent crystallization and further solid-solid
phase transformations as EC decomposes, leaving behind
carbonaceous residues. Heat release during this stage corre-
sponds to the release of aldehydes, carbon dioxide, and water
vapor. Up to approximately 457 °C, the organic matrix is
entirely decomposed. This analysis provides a detailed under-
standing of the sequential thermal decomposition and trans-
formation events that occur during thermal treatments applied
to EC slurry.

Fig. 2(c) presents the TGA-DSC analysis of the M-Fe slurry.
The TGA curve initially shows a minor weight loss near 100 °C,
attributed to the evaporation of ethanol, water, and adsorbed
species. A more pronounced weight loss is observed up to
550 °C, corresponding to the decomposition and removal of
polymeric content, while a slight weight gain is observed at
higher temperatures, indicating oxidation of the residual iron.
The DSC curve displays a prominent exothermic peak between
400 °C and 550 °C, with a sharp maximum at 490 °C, releasing
1774 ] g~ ' of thermal energy. This peak is comparable to the
broader exothermic peak observed for M-Fe powder (Fig. 2(a))
around 564 °C. Table 3 summarizes the comparison of the
TGA-DSC data of M-Fe powder and slurry samples.

Additionally, small humps, like features, are observed at
around 600 °C and 800 °C in the DSC curve, indicating iron
oxide phase transitions. The complete removal of polymeric
content takes place around 550 °C. Slight weight gain above
550 °C indicates oxidation of iron. Here, the role of EC as a
binder is evident, as it facilitates the oxidation of iron at a
relatively low temperature of 490 °C, likely due to the energy
released during EC decomposition, as shown in Fig. 2(b). This
localized heat generation creates favourable conditions for
initiating oxidation at a relatively lower temperature than that
of the M-Fe powder sample. The decreased weight loss in the
M-Fe slurry compared to the EC-only sample suggests that heat
is more uniformly distributed within the composite system.

3.2 Effect of the CETO and OETO process

Due to the nature of the vacuum system, CETO experiments
were restricted to vacuum-based oxidation processes. Key para-
meters included oxygen pressure, heating rate, and total pro-
cessing time (summarized in Table 2). These factors collectively
govern the structural and morphological transformations dur-
ing the oxidation process. A comprehensive suite of analytical

Table 3 Summary of TGA-DSC curve recorded for M—Fe powder and
slurry

Weight Oxidation Heat flow
Sr. Sample gain Temperature onset normalized to
no. name (%) range (°C) Temp. (°C) weight (J g™
1  M-Fe powder 41 300-900 534 1769 (Fig. 2(a))
2  M-Feslurry 4 Above 550 440 1774 (Fig. 2(c))

© 2026 The Author(s). Published by the Royal Society of Chemistry
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tools was employed to characterize the samples before and after
oxidation, providing insights into the relationship between
thermal oxidation conditions, microstructural evolution, and
material performance.

3.2.1 Structural analysis using Raman spectroscopy.
Raman spectroscopy was employed to analyze the surface of
M-Fe films before and after thermal oxidation under CETO and
OETO conditions. Fig. 3(a) and (c) display the Raman spectra
recorded in the 200-1800 cm ™' range for CETO- and OETO-
processed films, respectively. The Raman spectrum of the
unprocessed M-Fe film exhibited no characteristic peaks asso-
ciated with surface oxidation, indicating that no significant
oxidation occurred during the preparation of the M-Fe slurry or
subsequent film deposition.

The Raman peaks corresponding to specific vibrational
modes presented in iron oxide polymorphs are summarized
in Table 4. The characteristic Raman modes observed at 226
em Y, 245em™, 292 em ™Y, 411 em ™Y, 491 em ™, and 612 cm ™!
are attributed to the o-Fe,O; (hematite) phase of iron oxide,
based on the reports in the literature.** > In Fig. 3(a), the MF-
30 sample processed using CETO shows a subtle peak at 292 cm ™"
with no significant additional modes. The MF-100 sample, pro-
cessed with an oxygen flow rate of 100 sccm, displays prominent
peaks at 226 cm™ ' (Ayg) and 292 em ™' (Ey) with comparable peak
intensities, indicating the formation of hematite.

Conversely, the MF-0 sample, thermally treated in the
absence of oxygen using CETO under vacuum 10> mbar,
exhibits distinct D and G bands at 1340 cm ™ * and 1584 cm ™%,
respectively, with no detectable Raman peaks corresponding to
hematite or magnetite peaks. The intensity ratio of the D to
G band (Ip/Ig) is found to be approximately 0.98, suggesting
a high degree of disorder of carbonaceous structures.*®?”
Fig. 3(e) shows a 2D broad band®” observed in the higher wave-
number region (2500-3200 cm '), confirming the presence of
a multilayer graphene structure at the surface of the MF-0
sample. This result illustrates the influence of oxygen abun-
dance during the oxidation of iron at the surface, which
determines the phase composition and structural evolution.*®

Fig. 3(c) presents the surface analysis of M-Fe powder and
film samples before and after processing with OETO. The pre-
processed powder and film exhibit no detectable signature of
surface oxidation, indicating that surface oxidation was insig-
nificant during the initial preparation. In contrast, the post-
OETO processed powder and film exhibit distinct Raman peaks
corresponding to the hematite (o-Fe,O3) phase. All vibrational
modes associated with the hematite phase, as listed in Table 4,
are observed in the post-OETO processed samples. The most
prominent peak observed at 226 cm™' (A;y) and the second
most substantial peak at 292 cm ™" (E,), both confirm formation
of a pure hematite phase at the surface layer through the OETO
process. As illustrated in Fig. 3(a) and (c), oxygen-rich environ-
ments, regardless of heating rate, promote the formation of
hematite as the dominant phase at the surface.

XRD patterns of the M-Fe films and powder samples
recorded before and after processing with CETO (Fig. 3(b))
and OETO (Fig. 3(d)) indicate the presence of the (110) peak
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Fig. 3 Pre- and post-CETO processed sample: (a) Raman spectroscopic analysis and (b) corresponding X-ray diffraction (XRD) analysis of MF samples
processed under oxygen gas flow conditions of 0, 30 and 100 sccm, referred to as MF-0, MF-30, MF-100, respectively. Here, MF represents untreated
micron-sized iron powders mixed with binder and cast into a film on a substrate,while MP denotes untreated micron-sized iron powder. Pre- and post-
OETO processed powders (MP/MP-air) and films (MF/MF-air) analysis using (c) Raman spectroscopy and (d) X-ray diffraction analysis, where samples
were exposed at 750 °C in a muffle furnace. The corresponding experimental conditions for both processed are summarized in Table 2. () Raman
spectrum of the post-CETO processed MF-0 sample recorded in the for wavenumber range 3200-100 cm™*. The symbol indicates the respective metal
and metal-oxide phases: B — metal Fe (JCPDF card no. # 851410), * — FezO4/y-Fe,Oz (JCPDF card no. #861362/#391346), + — a-Fe,O3 (JCPDF card
no. 860550), respectively, along with @ — graphitic carbon (JCPDF card no. #752078).

belonging to metallic iron. This observation confirms that the corresponding to the (111) plane of graphitic carbon having a
metallic nature of iron remains intact during slurry formation, with  hexagonal crystal lattice is observed. Notably, no iron-related
minimal or no oxidation occurring in the initial preparation steps. peaks are present in the MF-0 sample. This absence is attrib-

In Fig. 3(b), the film processed under vacuum conditions uted to the rapid heating rate and lack of oxygen, which triggers
(MF-0) shows no signs of oxidation. Instead, a diffraction peak the process of pyrolysis—a thermal decomposition of organic
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Table 4 Raman active modes associated with different polymorphs of
iron oxide. The number in bold represents a substantial band for the
respective phase®3 3539

1

Iron oxide phases Wave number in cm™

Fe;0, (Magnetite)
v-Fe,0; (Maghemite)
o-Fe,0; (Hematite)

532; 667
381; 486; 670; 718
226; 245; 292; 411; 491; 612

compounds in an oxygen-free environment.?® The rapid heat-
ing in a vacuum promotes the formation of a carbonaceous
layer on the film surface, effectively obscuring the metallic iron
beneath. These findings emphasize the contrasting effects
of vacuum (CETO) and atmospheric (OETO) on the phase
composition and surface morphology of M-Fe films.

The XRD pattern recorded for the MF-30 film reveals a
diffraction peak corresponding to the (311) plane of Fe;O,
(magnetite), indicating its presence at the surface. Additionally,
a diffraction line at 20 = 44.46°, corresponding to the (110)
plane, confirms the presence of metallic iron. Notably, no
prominent peak corresponding to o-Fe,O; (hematite) is
detected. In contrast, the XRD pattern for the MF-100 film
exhibits a characteristic diffraction peak at 20 = 35.24°, corres-
ponding to the (311) plane of magnetite, with a subtle feature
near 26 = 33° attributed to the (104) plane of hematite. These
observations suggest that MF-30 and MF-100 films have mixed
phases, including cubic magnetite (Fe;0,), hexagonal hematite,
and residual metallic iron.

Surface and bulk characterization together (Fig. 3(a) and (b))
indicate that the MF-100 film develops a structure resembling a
core-shell configuration. This structure consists of a surface
layer dominated by hematite, underlaid by a magnetite layer,
with metallic iron retained beneath. The diffusion dynamics
drive the formation of these distinct layers during oxidation:
oxygen diffuses inward, while iron diffuses outward. The rapid
heating rate and oxygen flow rate of 100 sccm promote the swift
oxidation at the surface, forming a passivating oxide layer that
inhibits further diffusion of oxygen and iron. Despite achieving
complete surface oxidation in MF-100, the bulk iron remains
unoxidized due to the limited exposure time and the constraint
of fast thermal oxidation processing. These findings under-
score the importance of controlling heating rates and oxygen
flow rates to tailor the phase at the surface of iron-based films.

Fig. 3(d) presents the structural analysis of pre-and post-
OETO processed powder and film samples. The XRD pattern for
MP-air shows only the presence of a-Fe,O; with no detectable
traces of metallic iron, confirming complete oxidation of the
iron powder. Notably, this process was conducted without a
binder, which allowed for uniform oxidation. In contrast, the
diffraction pattern for MF-air reveals a mixture of oxide phases
and residual metallic iron. The presence of these mixed phases
indicates the significant influence of the binder used during
film preparation, which appears to hinder complete oxidation
by creating a diffusion barrier. This suggests that, while main-
taining the same experimental conditions, the resultant phase
will differ based on the test sample.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Liang Li*® reported that during the synthesis of hematite
nanoplates and particles, variable oxygen abundance signifi-
cantly influences the resultant phase and morphology. A simi-
lar correlation is observed in the present study (Fig. 3), where
the relative intensity ratio of the (104) and (110) diffraction
planes provides insight into the extent of oxidation and the
structural properties of the post-processed films. This correla-
tion reinforces the critical role of oxygen availability, heating
profiles, and the presence of binders in determining the final
phase composition and microstructure of iron oxide films.
A study by Nageshwara et al.® reported that the parameters of
the synthesis process are key factors that determine the shape
and size of nanoparticles. Similarly, Panda et al*® system-
atically investigated the effect of thermal oxidation temperature
on Zn-based thin films. Their findings relate to the correlation
between the intensity of specific diffraction planes and corres-
ponding morphologies, providing insights into the possible
growth behavior and structural evolution of ZnO under variable
thermal treatment. These studies collectively underline the
crucial role of synthesis parameters in determining the phase
and morphology of metal oxide films.

The OETO process demonstrated that MP-air samples, both
at the surface and bulk, give rise to a complete hematite
(a-Fe,O3) phase. In contrast, the presence of binders (EC)
played a protective role for MF samples, limiting oxidation to
the surface while maintaining a metallic iron core. This process
led to the creation of a layered structure, where the outermost
surface layer was composed of hematite (a-Fe,O3), magnetite
(Fe;0,), and the core consisted of metallic iron. Diffraction
studies confirmed the phase gradient from the surface to
the bulk.

3.2.2 Morphological analysis. The surface morphologies of
post-CETO-processed films, captured at a 5 pm scale, are
presented in Fig. 4, with inset images providing a magnified
view of the corresponding area. The MF-0 sample exhibits a
smooth surface characterized by large particles covered with a
fine, dusty texture. In contrast, MF-100 exhibits a distinct,
pyramid-like, multi-faceted morphology, whereas MF-30 displays
no well-defined surface features. This indicates that the oxygen
flow rate has a significant impact on surface morphology when
processing at rapid heating rates. These observations are consis-
tent with prior findings,” which demonstrated that variations in
gas flow rate under identical experimental conditions lead to
unique surface structures. The resulting morphologies are driven
by reactions occurring at the solid-gas interface.

The SEM of post-OETO processed powder and film are
presented as MP-air and MF-air, respectively. Surface voids
are found to be approximately 150-200 nm in size, as shown
in Fig. 4. Similar void formations on micron-sized iron particles
have been reported, as shown in cross-sectional views by Lang
Qin,** which reveal a 25% volume expansion and altered pore
distribution after oxidation. In the case of MF-air, micrographs
reveal a distinct one-dimensional, hair-like morphology with
lengths ranging from 0.4 to 0.8 pm.

A comparative structural analysis (Fig. 3) and surface
morphology analysis (Fig. 4) of the two different oxidation
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bottom row.

processes reveal the influence of key factors, including the
presence of a binder, processing time, and oxygen abundance,
on the phase composition. The use of binders creates a diffu-
sion barrier, slowing the oxidation rate and preventing full-
phase transformation. Furthermore, the oxygen flow rate and
the distinction between open and controlled environments
have a significant impact on oxidation kinetics. High tempera-
tures, combined with controlled oxygen flow, promote faster
oxidation, enabling greater precision in controlling the final
phase composition and microstructure of iron oxides.

3.2.3 In situ XRD

3.2.3.1 Air (moisture present). In situ XRD measurements
were performed on MP and MF samples oxidized in an air
environment to investigate phase evolution during thermal
treatment, as shown in Fig. 5(a) and (b). The blue line in the
figure represents the linear temperature increase at a rate of
10 °C per minute, progressing from room temperature to the
final set temperature in approximately 530 steps. The in situ
XRD results are presented as a color map, where the white
denotes the background and the colored lines correspond to
diffraction peaks. A prominent diffraction peak at a 26 value of
44° is attributed to the (110) plane of body-centered cubic (BCC)
metallic iron. Additional diffraction peaks at 20 values of 35°
and 33° correspond to the (311) plane of Fe;0,/y-Fe,O; and the

206 | Mater. Adv., 2026, 7,198-213

(104) plane of o-Fe,03, respectively. For clarity, the identified
peaks are labeled P1-P3, from higher to lower 20 values.
To better understand the recorded diffraction pattern shown
in Fig. 5(a) and (b), the respective diffracted line intensities
were integrated as a function of temperature and are plotted in
Fig. 5(a1) and (b1).

Fig. 5(a) and (a1) shows that in the temperature range of
300-800 °C, the oxide phase of iron evolves sequentially. At
approximately 400 °C, the diffraction line corresponding to P2
(associated with Fe;0,, magnetite/maghemite), begins to
develop. At even higher temperatures, 470 °C, another diffraction
line (P3) emerges, indicating the formation of a secondary oxide
phase, corresponding to o-Fe,O; (hematite). From Fig. 5(al), the
sequential phase transition from metallic Fe to FeO, then to
magnetite/maghemite, and subsequently to hematite is clearly
evident, as indicated by the decreasing intensities of P1 and
subsequently P2 at elevated temperatures. The increase in P3
intensity within this range strongly supports the evolution from
magnetite/maghemite to pure hematite. This observation aligns
with the surface and bulk analysis of the MP-air sample shown in
Fig. 3(c) and (d), confirming the complete transformation of Fe to
o-Fe,O3 (hematite) under the given thermal conditions.

In the case of MF-air (Fig. 5(b) and (b1)), this provides strong
evidence that the presence of a binder results in a different

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 In situ XRD color plots recorded for (a) MP-air and (b) MF-air samples in the temperature range of 30-800 °C with a heating rate of 10 °C min~*

under an airflow (compressed air) of 50 mL min™. Panels (al) and (b1) shows the integrated intensities of three diffraction peaks as a function of
temperature for samples (a) and (b), respectively. Here, P1 corrosponds to metallic Fe (JCPDF card no. # 851410), P2 to FesO4/y-Fe,Os (JCPDF card no.

#861362/#391346), and P3 to a-Fe,O3 (JCPDF card no. 860550), represe

oxidation profile compared to MP-air (Fig. 5(a) and (a1)). The
following are the significant differences: (1) the onset tempera-
ture of oxide formation shifted to a lower value; (2) the P1
diminishes more rapidly than MP-air, and (3) the P2 and P3
peaks reach higher intensities simultaneously. The P2 intensity
profile in Fig. 5(b1) exhibits a distinct behavior, reaching
a pronounced maximum that was not observed for MP-air
(Fig. 5(a1)).

The variation in the intensities of the P1-P3 peaks provides
critical insights into the phase transitions occurring in the
samples. The initial oxidation temperature of P2 and P3
indicates that the MF-air sample undergoes oxidation earlier
than the MP-air sample. Additionally, the faster decrease in P1
intensity for MF-air compared to MP-air suggests that oxidation
is accelerated in the presence of the binder. These observations
reveal the significant influence of the binder on oxida-
tion kinetics. The narrower oxidation temperature window for
phase evolution suggests that localized heat generated during
binder decomposition (Fig. 2(b)) promotes an accelerated
phase transition.

3.2.3.2 Pure air (moisture free). Fig. 6(a) and (b) presents the
color plots of diffraction patterns for MP-pure and MF-pure
samples recorded at 20% oxygen partial pressure, while the
corresponding peak intensity profiles are shown in Fig. 6(al)
and (b1). For direct comparison, the TGA-DSC temperature

© 2026 The Author(s). Published by the Royal Society of Chemistry

nting the most intense (hkl) plane (110), (311), and (104), respectively.

values from (Fig. 2(a) and (c)) are also included to correlate
phase transitions of the iron system in the absence of moisture.

The progressive decrease of P1 intensity, approaching zero,
together with the corresponding TGA transition temperature,
indicates the complete transformation of the metallic iron
precursor into oxide phases. The oxide phase transitions
recorded in the DSC can be correlated with the P2 and P3
features in Fig. 6(al). Broad and well-resolved DSC peaks are
observed at 564 °C, 730 °C, and 860 °C, which correspond to the
slopes and maxima of P2 and P3. Specifically, tracking the P2
peak over the DSC range of 564-730 °C reveals the following
sequence of transitions: Fe — FeO at 564 °C, FeO — Fe30,/y-
Fe,0; at 605 °C, and complete formation of Fe;O,/y-Fe,O; at
730 °C with maximum P2 intensity. Between 730 °C and 860 °C,
the combined DSC signal and changes in P2/P3 intensities
indicate the transition from Fe;0,/y-Fe,O; to a-Fe,03, reflected
by increasing P3 and decreasing P2 intensities.

Overall, under the given oxygen partial pressure, heating
rate, and particle size, the phase transformation sequence is
straightforward, like Fe — FeO — Fe;0,/y-Fe,0; — ao-Fe,0;.
Above 860 °C, both DSC signals and P2/P3 intensities saturate,
confirming the stabilization of the hematite phase (a-Fe,03).
The oxidation temperature window in this case (295-860 °C)
was broader compared to that in Fig. 5(a1) (400-800 °C).

Fig. 6(b) and the corresponding integrated intensities (b1)
for the MF-pure sample show that the initial drop in P1

Mater. Adv.,, 2026, 7,198-213 | 207
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Fig. 6 Color maps of in situ XRD recorded for (a) MP-pure and (b) MF-pure samples in the temperature range of 30-920 °C with a heating rate of
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intensity around 400 °C corresponds to binder removal, as
confirmed by Fig. 2(b). A subsequent drop in P1 intensity
reflects the onset of Fe oxidation. Notably, the onset tempera-
ture of P2 is higher than that of MP-pure, suggesting that the
binder acts as a protective layer against oxidation. The broad
DSC peak at 490 °C (Fig. 2(c)) is associated with the major Fe —
FeO phase transition. FeO — Fe;0,/y-Fe,0; follows this transi-
tion up to ~600 °C, and the Fe;0,/y-Fe,O; — o-Fe,O; transi-
tion up to ~ 820 °C. During oxide layer formation, both P2 and
P3 phases grow independently and gradually stabilize. For
MF-pure, this indicates a layered structure with Fe at the core,
Fe;0,/y-Fe,O; as an intermediate phase, and o-Fe,O;3 as the
surface layer.

In contrast, MP-pure exhibits a more direct solid-solid phase
transition. The evolution of P2 (intensity drop) and P3 (intensity
rise) in the 730-860 °C range reflects a distinct pathway, leading
to the complete formation and stabilization of hematite (o-Fe,0;)
as a single oxide phase. To further elucidate the phase transitions
of MP under varying oxygen partial pressures, additional results
are provided in the Fig. S1. The summarized onset temperatures
of oxide phase evolution as a function of oxygen partial pressure
(in moisture-free conditions) are presented, along with corres-
ponding data for air (moisture-present) conditions (Fig. S2), to
highlight the influence of the surrounding environment on the
phase transformation behavior.

3.2.4 XPS analysis. X-ray photoelectron spectroscopy (XPS)
was performed on surfaces to investigate surface oxidation

208 | Mater. Adv, 2026, 7,198-213

and possible phase formation under a controlled atmosphere.
Fig. 7 shows that the survey spectra of MP, MP-pure, and
MF-pure have similar identified peaks, whereas MF has an
unidentified Fe 2p peak. The Fe 2p peak was deconvoluted to
investigate the polymorphs of iron oxide present at the surface
of the MF and MF-pure. At the same time, the high-resolution
Fe 2p spectra for MP and MP-pure samples was recorded and
are shown in the Fig. S3. The survey scan of the as-received
(MP) powder, taken directly from the storage container, shows
that the spectrum is dominated by the Fe 2p doublet at
binding energies characteristic of Fe**/Fe*" species, together
with a strong O 1s signal. However, no distinct metallic Fe’
peak is observed. This indicates that an oxide layer entirely
covers the particle surfaces, most likely a combination of
Fe;O, and y-Fe,O3, as commonly reported for air-exposed
iron. Because XPS probes only the top ~5-10 nm, any metallic
iron beneath this native oxide remains undetected but is
expected to constitute the particle core (XRD shows a clear
metallic iron phase). Whereas, the surface oxidation of MP
was not seen under Raman spectroscopic analysis (Fig. 3(c))
indicates that the conventional Raman spectroscopy gives the
structural information from bulk to sub micron depth.*! The
survey scan of MF shows the presence of strong C 1s and O 1s
peaks, where Fe 2p was not detected. This suggests that the
signal monitors are associated with the binder. Fig. 7 shows
the high-resolution XPS spectra recorded for the MF-oxidized
films in the energy range corresponding to the Fe 2p;,, and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 XPS survey scan (at left) of MP, MP-pure, MF, and MF-pure. High-resolution XPS Fe 2p spectra (at right) of the MF and MF-pure sample.

Fe 2p,,, characteristics of iron oxide, which have already been
discussed.””

The XPS peaks observed at around 710.7 eV and 724.5 eV
correspond to Fe 2p;,, and Fe 2p,,, respectively,”*™**> whereas
broad peaks observed at 718.8 eV and 733 eV are the shake-up
satellite peaks of Fe 2ps/, and Fe 2p;,, respectively. Satellites
associated with the Fe 2p core level spectra were used to
determine the oxidation states of iron. For the MF-pure sample,
the deconvoluted peaks are fitted at 709.45 eV, 710.61 eV,
712.68 eV, 714.69 eV, 718.66 ¢V, 723.68 €V, 725.65 eV,
727.66 eV, and 732.33 eV. In the current sample, the satellite
peak at 718 eV indicates the presence of a maghemite or
hematite phase at the surface.*®

3.2.5 Effect of metal to binder ratio on morphology. The
microscopic characterization carried out using SEM of the
samples, whose in situ XRD pattern is shown in Fig. 5(a) and
(b), reveals pore (MP-air) and nanowire (MF-1) formation,
respectively, on the surface shown in Fig. 8, which is similar
to the morphological features seen in OETO-processed samples
(MP-air/MF-air; Fig. 4). Comparing the heating rate of samples
shown in Fig. 4 (MP-air/(MF-air)) experiencing 2.5 °C min~ " in
ambient air atmosphere, and Fig. 8, experiencing 10 °C min "
in 50 mL min~" air flow (MP-air/MF-1), both do not signifi-
cantly affect the morphologies.

To investigate the effect of binder content on the morphol-
ogy of iron oxide, additional experiments were conducted in
which the M-Fe: binder ratio was varied and thermal oxidation
was performed under OETO process parameters, including
a heating rate of 10 °C min~' in an air atmosphere. Fig. 8
suggests that the binder’s lower or equal weight ratio to the

© 2026 The Author(s). Published by the Royal Society of Chemistry

M-Fe powder yields highly dense NWs, whereas less dense NWs
are observed when the binder weight increases. Additionally,
Fig. S4 summaries the morphologies obtained for pre and
post processed samples under investigation indicates the
impact of processing parameters on the obtained surface
morphologies. The processes used to obtain distinct a-Fe,O;
morphologies involve careful control of parameters such
as heating rate, gaseous environment, and binder usage. The
one-dimensional structure of iron oxide with an obtained
higher aspect ratio seems to be suitable for field emission
applications."

Fig. 9 provides a comparative overview of phase evolution
under thermal treatment for metal Fe (1) only and binder-
mixed Fe (2). Under controlled gas conditions, thermal oxida-
tion enables the formation of either a single-phase structure
with pore-like morphologies or a layered structure with hair-
like surface morphologies. The conventional OETO-processed
samples shown in Fig. 3 and 4 (MP-air and MF-air), as well as
the respective samples in Fig. 5, exhibit similar phases and
morphologies to those summarized in Fig. 9. These observa-
tions confirm that the addition of binder, irrespective of
environmental conditions, not only narrows the temperature
window of oxidation but also promotes the formation of layered
structures.

Our previous study”’ on binder-mixed Fe precursors
(micron- and nano-sized) investigated under different oxygen
partial pressures and rapid thermal heating demonstrated that
surface morphologies could be tuned under plasma conditions,
where the processing time was relatively shorter than in exist-
ing OETO/CETO processes. Extending this, the present study
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demonstrates that surface morphologies can also be tailored in
conventional processes by adjusting the oxygen partial pressure
and binder proportion. Fig. 9 highlights two distinct mor-
phologies that align with the schematic proposed by Lang
Qin et al.*” supporting a stress-driven mass transport mecha-
nism for the formation of nanopores and nanowires through
mechanical and compressive stresses, respectively.

The layered structures obtained via CETO/OETO processes
hold potential for a wide range of applications, including drug

210 | Mater. Adv., 2026, 7,198-213

delivery, photocatalysis, solid oxide fuel cells,® volatile organic
compound removal,*>*® and as an electrode in lithium- or
potassium-ion batteries,”® where iron oxide provides a cost-
effective and eco-friendly alternative. In contrast, the oxidation
of bare iron particles and film has been extensively studied and
reported previously.>**”>2

Overall, the distinct phase evolution and surface morpho-
logies observed for pure and binder-mixed Fe powders high-
light the critical role of the binder. Its influence on iron-oxygen

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00591d

Open Access Article. Published on 18 November 2025. Downloaded on 3/3/2026 10:23:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
700 MF-100
2 \n.\ =— MF-100
600 4 * MF-Air L]
LAY
) - u
500 5‘2 e, L] °
€ ] ™ A .
400
§™1. .
< .
=300 4 010 015 020 025 030 035 m L MF-Air
= 1/E (MV).m) - O
200 . K
. .
100 4 .-' o®
s ogseese® ™ MF- 100
0] eccconnusususilcecee®® e MF- Air
2 4 6 8 10 12
E (MV/m)
(@)
Fig. 10

(b)

View Article Online

Materials Advances

100 200 300
Time (min)

(©)

(a) Field emission current density versus applied electric field (J—E curve), whereas the inset shows the Fowler—Nordheim (F-N) plot of the

corresponding film, (b) photographs of field emission recorded for thermally oxidized M—Fe surface, (c) stability curve showing the continuous electron

emission as a function of time.

diffusion and the formation of distinct oxide layers provides
new insights into the mechanisms governing phase transitions
and structural evolution during thermal oxidation. A deeper
understanding of these dynamics will enable the tailoring
of surface and bulk properties through the controlled use of
processing parameters.

3.2.6 Field electron emission (FEE) study: comparison.
Fig. 10(a) presents the field emission current density versus
applied electric field (J-E) curve for selected thermally oxidized
viz. MF100 and MF-air films, with the corresponding Fowler-
Nordheim (F-N) plot shown in the inset of Fig. 10(a). The
turn-on field and threshold fields are defined as an emission
current density of 1 pA em™> and 10 pA cm™ 2, respectively.
Table 5 summarizes the turn-on and threshold fields for
thermally oxidized hematite surfaces based on the average J-E
values.

Table 5 illustrates the morphology of a-Fe,O3, which signifi-
cantly influences its field emission properties. The well-defined
pyramidal structures in MF-100, characterized by sharp edges
and low surface density, provided more effective electron-
emitting sites, resulting in superior field emission performance
with a low turn-on field of 4.4 MV m™*, a threshold field of
5.4 MV m ', and a high current density of 623 pA cm 2
In contrast, the high-density nanowires in MF-air exhibited
less effective emission sites due to the screening effect, leading
to poor electron emission characteristics. As mentioned above,
to overcome the screening effect® achieve better FEE proper-
ties, the density of NWs can be tuned by following the initial
precursor ratio (EC: M-Fe) using the OETO route; however, this
is not within the scope of this article.

Table 5 Comparing field electron emission properties of MF-100 and
MEF-air

Sample name MF-100 MF-air
Low turn-on field 1 pA cm ™ (MV m ) 4.4 4.4
Threshold field 10 pA em™> (MV m ™) 5.4 6.8
Maximum current density (uA cm™?) 623 154

© 2026 The Author(s). Published by the Royal Society of Chemistry

Fig. 10(b) shows the field emission electron flux photographs
recorded on a phosphor-coated conducting screen (anode) for
MF-100 and MF-air. MF-100 demonstrates significantly greater
emission sites per unit area than MF-air. The population
density of emitting sites strongly influences field emission
performance. However, MF-air exhibits a higher density of 1D
nanowires with low current density, showcasing stable emis-
sion behavior (Fig. 10(c)). These results validate that hematite
pyramid morphology could be promising for field emission
applications. The enhanced field emission performance of
hematite (a-Fe,03) pyramids is attributed to the rapid heating
and oxygen-rich environment created during the CETO process.
These results demonstrate that optimizing the morphology
through precise control of processing conditions is crucial
for enhancing the field-emission performance of o-Fe,0O;
nanostructures. Moreover, our reported work based on the
advancement of the CETO process®” supports the notion that
morphology optimization is a key factor for improved FEE. The
presented findings provide a foundation for refining synthesis
processes and tailoring surface morphologies to enhance the
performance of micron- and nano-iron oxide-based materials
in various applications. Additionally, it encourages the use
of a similar strategy to study the oxidation behavior of other
transition metals (Cu/Ti/Ni).

4 Conclusion

In the present study, the binder was found to serve not only
as an inert medium that renders iron powders vacuum-
compatible but also as a key factor enabling the investigation
of their structural and morphological behavior under rapid
heating conditions. The results highlight the significant impact
of experimental parameters on surface properties during ther-
mal oxidation. The controlled environmental thermal oxidation
process exhibited superior performance compared to the open
environmental method, offering enhanced oxygen flow control,
reduced processing time, and the formation of well-defined
pyramidal morphologies with improved field electron emission

Mater. Adv., 2026, 7,198-213 | 211


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00591d

Open Access Article. Published on 18 November 2025. Downloaded on 3/3/2026 10:23:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

characteristics. Furthermore, the combination of thermal
analysis and in situ X-ray diffraction revealed that binder
incorporation alters the phase evolution pathway, resulting
in a narrower temperature window for phase stabilization
compared to bare iron powder. Overall, this work demonstrates
that the addition of a binder not only facilitates process control
but also promotes the formation of stable hematite phases and
tailored morphologies advantageous for field electron emission
applications.
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