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crostructural properties of Pt-
decorated a-Fe2O3 nanotubes for hydrogen gas
sensing applications

Monika Šoltić, a Maria Gracheva, bc Nikola Baran,a Goran Dražić,d Robert Peter,e

Károly Lázár,b Goran Štefanić,a Marijan Marciuš,f Nikolina Novosel,g

László Ferenc Kiss,h Matthijs A. van Spronsen, i Mile Ivanda,a Zoltán Klencsár*b

and Marijan Gotić*a

Pt-free and Pt-decorated a-Fe2O3 nanotubes containing 1 and 5 mol% Pt were hydrothermally synthesized

to investigate how Pt decoration influences low-temperature hydrogen sensing beyond simple catalytic

enhancement. Unlike many previous studies that focus primarily on sensing performance, this work

correlates Pt-induced microstructural and magnetic ordering with sensor behavior. Structural

characterization confirmed retention of the hematite phase after Pt modification, while XPS revealed

both metallic and oxidized Pt species, along with an increased concentration of surface oxygen species.

Mössbauer spectroscopy, EPR, and magnetic measurements showed that Pt decoration, assisted by heat

treatment, partially restores the Morin transition and improves magnetic ordering, which directly

correlates with the observed enhancement in sensing performance. Compared to Pt-free hematite, Pt-

decorated nanotubes exhibited significantly improved hydrogen detection, achieving a detection limit of

1.0 ppm at 463 K with a fast response of 3.6 s. Notably, efficient sensing was achieved at lower operating

temperatures (down to 363 K), with only 1 mol% Pt required to obtain high sensitivity and rapid response.

Measurements performed in nitrogen further revealed enhanced responses due to reduced oxygen

competition and promoted hydrogen spillover on Pt sites. These results demonstrate that Pt decoration

of reducible a-Fe2O3 nanotubes links structural and magnetic ordering with hydrogen sensing

performance, providing guidance for the rational design of advanced hydrogen sensors.
1. Introduction

Platinum (Pt) on reducible metal oxide supports represents an
important class of materials with diverse applications, partic-
ularly in catalysis and energy conversion.1,2 The synergistic
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interaction between platinum and the metal oxide support has
been extensively studied to improve catalytic and sensing
performance, stability and selectivity. Decorating metal oxide
surfaces with platinum nanoparticles enables the development
of materials with customized properties for applications such as
fuel cells,3 sensors4 and environmental remediation.5 Metal
oxides also act as robust supports that improve Pt dispersion
and stability. Radin et al. showed that Pt forms highly visible
nanoparticles on the hematite surface, while in SnO2, Pt tends
to form intermetallic PtxSny compounds at relatively low
annealing temperatures, highlighting how the chemical prop-
erties of the metal oxide support affect Pt dispersion, which is
crucial for optimizing catalytic and sensing applications.6

Among various platinum metal oxide systems, Pt/a-Fe2O3 has
attracted particular interest. a-Fe2O3 (hematite) is a stable,
abundant and environmentally friendly semiconductor with
notable photochemical activity and adsorption capability.7,8

When decorated with Pt, its catalytic1,9 and photocatalytic
performance10 are signicantly enhanced, making it useful for
water splitting, pollutant degradation and oxidation reactions.10

Hematite can be synthesized in various morphologies,
including nanotubes,11 hollow spheres,12 nanorings13 and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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urchin-like14 nanostructures. Among these, nanotubes are
particularly promising due to their quasi-one-dimensional
morphology and remarkable chemical and magnetic proper-
ties, which make them excellent supports for Pt nanoparticles.
Jia et al.11 developed a one-step hydrothermal synthesis method
to produce highly crystalline and uniform hematite nanotubes
through a phosphate ion-assisted dissolution mechanism,
allowing precise control of morphology. Hu et al.13 and Dražić
et al.15 have also shown that introducing phosphate ions during
synthesis plays a crucial role in controlling the nucleation and
growth of hematite crystals and facilitates the formation of
advanced morphologies such as nanorings. These morphol-
ogies are particularly attractive for gas sensing applications
because they provide efficient charge transport pathways,
enhanced gas diffusion, and a high density of accessible surface
sites for surface reactions.

The magnetic properties of hematite depend strongly on its
morphology and particle size, which affect magnetic anisotropy
and coercivity. Changes in magnetic ordering in hematite are
oen associated with modications in electronic structure and
defect chemistry, which can directly inuence charge transport
and gas sensing behavior.16–22 In addition to its magnetic
properties, hematite's semiconducting nature makes it an
excellent candidate for gas sensing applications. Nano-
structures with well-dened geometries, such as nanotubes and
nanorings, exhibit enhanced surface reactivity and gas diffu-
sion.11,13 Hydrogen and other reducing gases (CO, NH3) are of
particular concern due to their toxicity and ammability,
highlighting the need for reliable detection technologies.23

Metal oxide semiconductors (MOS) are widely used for
hydrogen detection due to their high sensitivity, long-term
stability and cost-effectiveness.24 Recent research has also
focused on various MOS for hydrogen sensing applications,
including SnO2,25,26 WO3,27,28 TiO2 (ref. 29) and ZnO.30

Hematite nanostructures have attracted increasing attention
for gas sensing due to their n-type conductivity, stability,
tunable morphology, low cost, low power consumption and ease
of integration into practical devices.31,32 Zhang et al. demon-
strated that hollow sea urchin-like a-Fe2O3 nanostructures
exhibit higher sensitivity to reducing gases than nanocubes or
irregular nanoparticle aggregates, attributed to enhanced
surface area and gas diffusion.14 In addition, Fe2O3-based
heterostructures with controlled nanocrystal morphology have
been shown to exhibit enhanced hydrogen sensing performance
due to synergistic interfacial effects and increased specic
surface area, as seen in g-Fe2O3/a-Fe2O3 and Fe2O3/In2O3

systems.33,34 Moreover, Mirzaei et al. reviewed a-Fe2O3 gas
sensors and identied morphology as a key factor inuencing
sensitivity and selectivity, although high operating tempera-
tures (>473 K) and long recovery times remain challenges.23

Similarly, Nakatani and Matsuoka showed that hematite has
low sensitivity to reducing gases due to the absence of reversible
oxidation–reduction reactions.35 To address these limitations,
noble metal decoration (Pt, Pd) has been widely used to improve
sensor performance through mechanisms such as the spillover
© 2026 The Author(s). Published by the Royal Society of Chemistry
effect and electronic sensitization, whereby noble metal nano-
particles provide additional active sites for gas adsorption and
accelerate the interaction of H2 with adsorbed oxygen
species.23,36,37

Surface modication strategies can signicantly enhance gas
adsorption and charge transfer.38 For example, Zhang et al.
showed that Pt-decorated Fe2O3 nanosheets exhibit much
higher hydrogen sensitivity, faster response, and superior
stability compared with Pt-free Fe2O3.39 Similar enhancements
from noble metal decoration have also been reported for other
metal oxide semiconductors, including ZnO systems decorated
with Ir, Ru, and Ir–Ru alloys,40 SnO/SnO2 nanosheets modied
with Pd/Ag alloy nanoparticles,41 and Pd-coated TiO2 nano-
tubes.42 This is consistent with our previous work, in which Pt-
decorated hematite nanoparticles with irregular morphology
showed improved hydrogen sensing.4

Despite extensive studies on Pt-decorated metal oxides and
hematite-based sensors, a systematic correlation between
morphology-controlled microstructure, magnetic ordering and
hydrogen sensing behavior remains scarce. In this work, Pt-
decorated a-Fe2O3 nanotubes are investigated as model
sensing materials due to their chemical stability, reducible
nature, and well-dened nanotubular morphology, which
enables reproducible synthesis and a systematic investigation
of how structural features inuence material behavior. Unlike
our previous study,4 in which Pt was mechanochemically
dispersed on a-Fe2O3 with limited morphological control,
hydrothermally synthesized nanotubes are used here as struc-
tured supports and decorated with Pt nanoparticles via wet
impregnation. The selected Pt loadings (1 and 5 mol%) allow
controlled evaluation of the inuence of Pt dispersion on
hydrogen sensing performance while maintaining reproduc-
ibility and minimizing noble metal content. This approach
enables systematic insight into correlations between micro-
structural features, magnetic ordering, and hydrogen sensing
behavior. Furthermore, sensing measurements are conducted
in both air and nitrogen atmospheres to clarify the inuence of
ambient oxygen on sensor response and to gain deeper insight
into the sensing mechanism.
2. Experimental
2.1. Chemicals

Iron (III) chloride hexahydrate (FeCl3$6H2O, $99% pro-analysis
grade (p.a.), Cat. no. 31232-250 G) produced by Honeywell Fluka,
ammonium dihydrogen phosphate (NH4H2PO4, pro-analysis
grade (p.a.)) and toluene (C6H5CH3, pro-analysis grade (p.a.)
Cat. No. 1914401) produced by Kemika, platinum (II) acetyla-
cetonate (Pt (C5H7O2)2, 97%, Cat. No. 282782-5G) produced by
Sigma-Aldrich, and ethanol absolute (C2H6O, $99.98%, pro-
analysis grade (p.a.)) produced by GramMol were used.
2.2. Synthesis procedure

The a- Fe2O3 support and the platinum-loaded Fe2O3 samples
(Pt/a-Fe2O3) were synthesized using a hydrothermal method (Jia
RSC Adv., 2026, 16, 9264–9279 | 9265
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et al. 2005). To prepare a-Fe2O3, 3.2 mL of aqueous iron (III)
chloride solution (FeCl3, 0.5 M) and 2.9 mL of aqueous
ammonium dihydrogen phosphate solution (NH4H2PO4, 0.02
M) were mixed in a glass ask with a magnetic stirrer. Milli-Q
water (MQ-H2O) was added to adjust the nal volume to 80
mL. The mixture was stirred for 15 minutes, then transferred to
two 50 mL PTFE-lined stainless-steel autoclaves for hydro-
thermal treatment at 231 °C for 48 hours. Aer the procedure,
the sample was cooled to room temperature and collected in
several cycles by centrifugation and washing with deionized
water and ethanol. The sample was dried overnight in a vacuum
dryer to obtain powdered hematite (a-Fe2O3) with a nanotube
morphology, referred to as T-FP0.

The T-FP0 sample was annealed in a tube furnace under
a controlled atmosphere. The sample was heated at 200 °C
under nitrogen (N2) gas ow for 1 hour, then heated in air at
380 °C for 2 hours to obtain the annealed hematite sample,
referred to as T-FP0ann.

To prepare the platinum-loaded samples, 0.1 g of powdered
T-FP0 was suspended in 15 mL of ethanol (EtOH) and platinum
(II) acetylacetonate (Pt(acac)2) was used as the precursor. For
a platinum loading of 1 mol%, 0.0025 g of Pt(acac)2 was di-
ssolved in 5 mL of toluene, for a loading of 5 mol%, 0.0123 g of
Pt(acac)2 was dissolved in 5 mL of toluene. The mol% refers to
the molar ratio of Pt to Fe2O3.The precursor solution was added
to the T-FP0 suspension and mixed until the ethanol was
completely evaporated. The resulting powder was dried and
annealed in a tube furnace at 200 °C under N2 gas ow for 1
hour, then at 380 °C in air for 2 hours to obtain platinum-
dispersed samples. These are referred to as T-FP1 (1 mol% Pt
relative to Fe2O3) and T-FP5 (5 mol% Pt relative to Fe2O3).
Details of the sample labeling, including platinum content,
amount of added Pt (acac)2 and annealing conditions, are
summarized in Table 1.
2.3. Characterization techniques

The structural, compositional, and electronic properties of the
synthesized samples were characterized using a combination of
complementary techniques. The thermal eld emission scan-
ning electron microscope (FE-SEM), atomic resolution scanning
transmission electron microscope (AR STEM) and energy
dispersive X-ray spectrometry (EDS) were used to analyze the
morphology and elemental composition of the samples. The
crystal structure was conrmed by X-ray diffraction (XRD), while
the surface composition and oxidation states of Fe, Pt, and O
were examined by X-ray photoelectron spectroscopy (XPS) and
Table 1 Labeling of samples, including platinum content, amount of ad

Sample Platinum content (mol%) Pt (acac)2

T-FP0 0 —
T-FP0ann 0 —
T-FP1 1 0.0025
T-FP5 5 0.0123

9266 | RSC Adv., 2026, 16, 9264–9279
near-edge X-ray absorption ne structure (NEXAFS). Thermal
stability was assessed by thermogravimetric and differential
scanning calorimetry (TGA/DSC). Magnetic and electronic
structures were further investigated by 57Fe Mössbauer spec-
troscopy, electron paramagnetic resonance (EPR), and SQUID
magnetometry. Detailed measurement conditions and data
acquisition parameters for all techniques are provided in Sec.
S1.1. of the SI.

2.4. Drop casting

To measure the electrical response of the prepared samples, we
used interdigitated platinum electrodes (IDE) from Micrux
Technologies (model ED-IDE2-Pt, 10/5 mm electrode/gap).
Samples were suspended in ethanol (0.01 g in 40 mL) and
drop-cast onto the IDE substrates, with 5 mL of the suspension
applied to each IDE. To ensure uniformity, we used a custom-
built precision drop-casting system, consisting of a heated
IDE holder with adjustable axes, a motorized pipette, and
a magnier with adjustable zoom and illumination. The IDE
was heated to 328 K and the suspension was sonicated for 2–3
minutes before pipetting from a xed height of 5 mm. To avoid
uneven deposition, the suspension was held in the pipette for
no more than 5 seconds. The challenges and limitations of the
drop castingmethod, as well as the optimization procedures are
discussed in detail in Šoltić et al.4

2.5. Gas sensing measurements

The response of the samples to hydrogen gas was measured
using a custom-built chamber, based on our previous design,
with a heated sample stage.43 A schematic illustration of the
chamber is provided in the SI (Fig. S1). The chamber isolates
the sample from the external atmosphere, vibrations, and
electromagnetic interference, and was sealed during the
measurements. This controlled conguration was intentionally
used to minimize external variables and isolate the intrinsic
sensing response of the material, enabling reliable investiga-
tion of the sensing mechanism. The sample stage includes
a heater, thermistor, and gold-plated probes, with the temper-
ature controlled to ±1 K via a PC-connected electronic circuit
board.

The platinum-plated probes were connected to a Keithley
Sourcemeter 2450, which was programmed to deliver a constant
current while measuring resistance. Aer placing the IDE
substrate on the heated stage, the chamber was sealed, and the
sample was stabilized for ∼5 minutes before resistance
measurements began. Hydrogen gas (H2 5.0, 99.999% purity,
ded Pt(acac)2 and annealing conditions

added (g)/0.1 g T-FP0 Annealing conditions

None
200 °C (N2, 1 h) / 380 °C (air, 2 h)
200 °C (N2, 1 h) / 380 °C (air, 2 h)
200 °C (N2, 1 h) / 380 °C (air, 2 h)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Scanning electron micrographs of T-FP0 sample taken with secondary electron imaging at an accelerating voltage of 10 kV and
magnifications of (a) 330 00× and (b) 1 000 00×.
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Messer, Croatia) was used as the target analyte. Specic
amounts of H2 gas were injected into the chamber using
a calibrated gas syringe (Hamilton, USA). H2 was added until
saturation became apparent (411 ppm), aer which the
chamber was ventilated and the procedure repeated. Measure-
ments performed in air were conducted at a relative humidity
ranging from approximately 20% to 40%. Nitrogen measure-
ments were carried out under similar conditions, with the
relative humidity maintained at around 15%.
Fig. 2 Dark-field scanning transmission electron micrographs of sample

© 2026 The Author(s). Published by the Royal Society of Chemistry
The sensor response was calculated as the relative change in
electrical resistance, dened as DR/R0](R − R0)/R0, where R0 is
the initial baseline resistance at a given temperature (before H2

exposure) and R is the resistance aer exposure. The response
curves were obtained by plotting DR/R0 as a function of H2

concentration the corresponding uncertainty was calculated by
propagating the standard deviations of R and R0 using the
standard error propagation formula with covariance. This
provides a realistic estimate of the total uncertainty in the
s (a and b) T-FP1 and (c and d) T-FP5.

RSC Adv., 2026, 16, 9264–9279 | 9267

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08865h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 3

/3
/2

02
6 

10
:2

7:
45

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
calculated response. Although some measurements had a high
standard deviation due to signal noise, the relative error in the
calculated response remained within acceptable limits. This
approach provides a more accurate estimate of the uncertainty
in the response, as it reects the functional dependence on both
variables rather than treating them independently.

The limit of detection (LOD) was dened as the hydrogen
concentration corresponding to a signal-to-noise ratio of 3 (S/N
= 3), estimated by linear interpolation between the nearest data
points around the 3s threshold.
3. Results and discussion
3.1. Structural and elemental results

Fig. 1 shows the morphology of the synthesized T-FP0 sample
using scanning electron micrographs (SEM). The images
display a well-dened nanotube morphology formed in high
yield. The average length of the nanotubes was approximately
249± 66 nm, and the average width was about 91± 11 nm, with
the corresponding statistical size distributions provided in the
SI (Fig. S2). Almost all particles appear to be hollow nanotubes,
as indicated by their open ends and visible internal cavities.

Fig. 2 shows dark-eld scanning transmission electron
micrographs of samples (a and b) T-FP1 and (c and d) T-FP5.
Fig. 3 STEM image of sample T-FP5 (a) and the corresponding EDXS elem
and the overlay of the Pt L, Fe K and O K (e).

9268 | RSC Adv., 2026, 16, 9264–9279
The resulting STEM-DF images display small bright spots cor-
responding to platinum (Pt) nanoparticles, conrming the
successful decoration of Pt nanoparticles on the surfaces of the
a-Fe2O3 nanotubes. The size distribution of Pt nanoparticles for
the T-FP5 sample, tted with normal and log–normal functions,
is shown in Fig. S3 of the SI. The results indicate that the
average Pt nanoparticle size is approximately 2.5 ± 1.2 nm
(normal distribution). This analysis was not performed for T-
FP1 due to the small number of visible Pt nanoparticles.

Fig. 3 shows a high-resolution scanning transmission elec-
tron microscopy (STEM) image (a) of the T-FP5 sample and the
corresponding energy-dispersive X-ray spectroscopy (EDXS)
elemental mapping. The element maps show the distribution of
iron ((Fe K-edge), (b), oxygen (O K-edge (c)) and platinum (Pt L-
edge (d)), indicating a uniform dispersion of Fe and O within
the nanotubular morphology, with Pt nanoparticles located on
the surface. The samples were further analyzed by FESEM/EDS,
and their elemental composition (wt% and at%) is provided in
Table S1 of the SI.

3.2. XRD results

X-ray diffraction (XRD) conrmed the formation of pure a-Fe2O3

in all samples, with no secondary phases detected, indicating
that the hydrothermal synthesis and Pt decoration did not alter
ental mapping images of the Fe K-peak (b), O K-peak (c), Pt L-peak (d)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the hematite structure (Fig. S4 and S5, SI). The absence of Pt
diffraction lines suggests that the PtNPs are very small and
uniformly dispersed on the hematite surface without aggrega-
tion. The narrow diffraction peaks further conrm the excellent
crystallinity of the samples (Fig. S4 and S5, SI). Rietveld rene-
ment results show that Pt decoration has no signicant effect
on the hematite lattice parameters, conrming that Pt does not
incorporate into the a-Fe2O3 crystal lattice but remains on the
surface (Table S2, SI). Detailed renement parameters, diffrac-
tion patterns, and quantitative analysis are provided in Sec.
S2.2. of the SI.
3.3. XPS results

X-ray photoelectron spectroscopy (XPS) was used to analyze the
chemical composition and oxidation states of the elements in
samples with 1 mol% (T-FP1) and 5 mol% (T-FP5) Pt loading.
The elemental composition of the samples is shown in the wide-
scan XPS spectra in Fig. S6 of the SI, where the presence of
carbon in the XPS elemental analysis is also discussed in detail.
Table 2 shows an increase in Pt content from 0.5% in T-FP1 to
2% in T-FP5.

High-resolution Pt 4f XPS spectra (Fig. 4) of samples T-FP1
and T-FP5 reveal three platinum oxidation states (Pt0, Pt2+ and
Pt4+), indicating that Pt exists in both metallic and oxidized
forms on the a-Fe2O3 surface. The average oxidation states of
platinum in the samples are summarized in Table S3 of the SI.
The relative distribution of these species is similar in both
samples, referring to their proportion rather than the absolute
Pt content. The coexistence of multiple oxidation states can be
Table 2 Elemental composition of samples T-FP1 and T-FP5, deter-
mined by XPS analysis, showing atomic percentages of Fe, O, Pt, C, and
P

Fe (%) O (%) Pt (%) C (%) P (%)

T-FP1 17 66 0.5 15 1.5
T-FP5 20 58 2.0 19 1.0

Fig. 4 Pt 4f-XPS spectra of samples T-FP1 (left) and T-FP5 (right).

© 2026 The Author(s). Published by the Royal Society of Chemistry
attributed to surface and interfacial effects: metallic Pt0 forms
during thermal decomposition of the Pt precursor, while Pt2+

and Pt4+ result from surface oxidation and the formation of Pt–
O–Fe interfacial bonds. The core of the Pt nanoparticles
remains metallic, while the surface is partially oxidized. The
Fe3+ oxidation state of the hematite support remains
unchanged, indicating that charge transfer is conned to the
Pt–Fe2O3 interface. Detailed peak tting parameters, binding
energies and quantitative analysis are provided in Sec. S.2.3.1.
of the SI.

X-ray photoelectron spectroscopy conrmed that iron in all
samples is present exclusively as Fe3+ in octahedral coordina-
tion, characteristic of a-Fe2O3, with Fe 2p3/2 and Fe 2p1/2 peaks
at ∼711 eV and ∼724 eV, and corresponding satellite features at
∼719 eV and ∼733 eV (Fig. S7, SI).39,44–46 Slight deviations from
typical hematite spectra may indicate surface hydroxylation.44

No Fe2+ or Fe0 species were detected, indicating that the
oxidation state of iron remains Fe3+ aer Pt decoration and
annealing. The absence of binding-energy shis in Pt-decorated
samples suggests negligible charge transfer between Pt and
Fe2O3.

The NEXAFS spectra of the Fe-L2,3 edges (Fig. S8, SI) further
support these results. All spectra are very similar and match the
spectrum for a-Fe2O3, conrming that neither Pt loading nor
annealing alters the Fe oxidation state.47

Fig. 5 shows the O 1s XPS spectra of all synthesized samples,
while the quantitative distribution of oxygen species is
summarized in Fig. S9 of the SI. All spectra conrm the pres-
ervation of the hematite structure, with oxygen components
consistent with those reported for a-Fe2O3-based nano-
structures.39,48,49 The main peak at ∼530 eV (blue) corresponds
to lattice oxygen (O–Fe), while the component at ∼531 eV (grey)
is attributed to chemisorbed oxygen species and Pt–O–Fe
interfacial bonds. This contribution is most pronounced in T-
FP1, while its slightly lower intensity in T-FP5 suggests partial
saturation of available Pt–O–Fe interfacial sites at higher Pt
loading. A more detailed analysis of the O 1s spectra is provided
in Sec. 2.3.3. of the SI. The XPS results show that Pt decoration
modies the hematite surface by stabilizing chemisorbed
oxygen and hydroxyl species and promoting Pt–O–Fe bond
RSC Adv., 2026, 16, 9264–9279 | 9269
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Fig. 5 O-1s-XPS spectra of synthesized samples.
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formation, thereby increasing the density of active sites bene-
cial for catalytic and sensing activity.
3.4. TGA/DSC results

The thermal stability of the hematite sample (T-FP0) was
investigated over a temperature range of 35–1000 °C using
a thermogravimetric analyzer (TGA). Three distinct weight-loss
stages are observed below 650 °C (Fig. S10, SI), corresponding
to the removal of physisorbed and chemisorbed water, hydroxyl
groups, and residual phosphate species, resulting in the
formation of stable a-Fe2O3. The thermal stability of the sample
above 650 °C conrms complete transformation into
hematite.50–52 The key temperatures used for gas sensing (363 K,
463 K and 553 K) and annealing (380 °C) are indicated for
reference in Fig. S10 of the SI. Detailed TGA/DTG/DSC analysis
is provided in Fig. S11 of the SI.
3.5. Mössbauer spectroscopy results
57Fe Mössbauer spectroscopy was used to investigate the iron
microenvironments in Pt-free hematite nanotubes (T-FP0) and
Pt-decorated samples (T-FP1 and T-FP5). The room-temperature
Mössbauer spectra in Fig. S12 of the SI display four sextet
components (A–D), indicating multiple iron microenviron-
ments with varying degrees of structural order. The corre-
sponding hyperne eld distributions in Fig. S13 of the SI show
a higher fraction of the well-ordered hematite component (A) in
9270 | RSC Adv., 2026, 16, 9264–9279
Pt-decorated samples.53 The Mössbauer parameters obtained
from these spectra are summarized in Table S4 of the SI. To
conrm the stability of these microenvironments, T-FP1 was
also analyzed at 150 K (Fig. S14, SI), revealing two distinct
components – one corresponding to the weakly ferromagnetic
state and another to the antiferromagnetic state – consistent
with a partial recovery of the Morin transition. The associated
tting parameters are listed in Table S5.

Low-temperature Mössbauer spectra (87–88 K) in Fig. S15 of
the SI further highlight clear differences between Pt-free and Pt-
decorated samples. The Pt-free T-FP0 sample remained in the
weakly ferromagnetic state, whereas T-FP1 and T-FP5 exhibited
two distinct sextet components, conrming that part of the
hematite phase had undergone the Morin transition. The low-
temperature Mössbauer parameters are provided in Table S6
of the SI. These results indicate that Pt loading and the asso-
ciated thermal treatment inuence the magnetic ordering of
hematite by promoting the formation of structurally more
ordered domains with reduced strain and defect concentration,
resulting in a more ideal crystalline phase.16,19,54,55 Detailed
Mössbauer spectra, tting parameters, and hyperne eld
distributions are provided in Sec. S2.5. of the SI.
3.6. Electron paramagnetic resonance spectroscopy results

X-band EPR spectroscopy was used to investigate the magnetic
behavior of the samples between 150 and 290 K. Comparison of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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the spectra at 150 and 290 K in Fig. S16 of the SI shows
pronounced broadening and increased intensity for the Pt-
decorated samples (T-FP1 and T-FP5) compared to the Pt-free
T-FP0, indicating the formation of more magnetically ordered
hematite domains aer Pt decoration and heat treatment. The
detailed temperature evolution of the EPR signal in Fig. S17 of
the SI reveals a progressive decrease in signal intensity upon
cooling, consistent with the suppression of the weak ferro-
magnetic resonance mode (LFWF) as the Morin transition
occurs in Pt-decorated samples. The rst integral of the EPR
signals in Fig. S18 of the SI conrms that the center of the
absorption band lies near zero magnetic eld and that its
intensity decreases with decreasing temperature, supporting
the assignment of this resonance to the LFWF mode charac-
teristic of the ideal hematite structure.56–58

The absence of a broad absorption feature around g z 2
excludes the presence of superparamagnetic particles, con-
rming the morphological and magnetic consistency of the
samples. These results demonstrate that Pt loading and thermal
treatment enhance magnetic ordering in hematite by reducing
structural defects and modifying local magnetic anisotropy, in
Fig. 6 Temperature dependence of magnetization for (a) T-FP0, (b) T-FP
field cooling (ZFC), followed by measurements during cooling in H = 10

© 2026 The Author(s). Published by the Royal Society of Chemistry
agreement with Mössbauer spectroscopy ndings.56 Detailed
temperature-dependent EPR spectra and signal analyses are
provided in Sec. S2.6 of the SI.
3.7. Results of magnetization measurements

Fig. 6 shows the temperature dependence of magnetization at H
= 100 Oe, revealing the typical bifurcation between ZFC and
FCC/FCW curves characteristic of small magnetic particles. The
absence of a maximum in the ZFC curves indicates that
magnetic moments remain blocked up to the highest measured
temperatures, consistent with the high anisotropy energy
barriers of the elongated hematite particles.

As shown in Fig. 6, only the annealed samples (T-FP0ann and
T-FP5) exhibit the Morin transition in part of the samples,
leading to the conclusion that the applied heat treatments are
a crucial factor responsible for the recovery of the Morin tran-
sition. Heat treatment reduces crystal defects and internal
strain and enhances crystal growth, which together promote the
Morin transition. Differences in TM and thermal hysteresis
between the annealed samples are probably due to differences
0ann and (c) T-FP5measured atH= 100 Oe during warming after zero-
0 Oe (FCC) and warming in H = 100 Oe (FCW).

RSC Adv., 2026, 16, 9264–9279 | 9271
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Fig. 7 (a) Magnetization as a function of magnetic field measured at T= 5 K for the T-FP0 and T-FP5 samples, (b) temperature dependence of ac
magnetic susceptibility for the T-FP0ann sample measured with Hac = 3.2 Oe and f = 231 Hz. Left axis (black): real part of ac susceptibility, right
axis (blue): imaginary part of ac susceptibility.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 3

/3
/2

02
6 

10
:2

7:
45

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
inmorphology, strain and impurities in these samples.59 Amore
detailed discussion of the temperature-dependent magnetic
behavior is provided in Sec. S2.7 of the SI.

The magnetic hysteresis curves measured at 5 K (Fig. 7a)
conrm that both T-FP0 and T-FP5 display predominantly
antiferromagnetic behavior with a minor ferromagnetic
contribution, typical of weakly ferromagnetic hematite. The
linear increase in magnetization at high elds indicates that
antiferromagnetism is the dominant interaction, while the
small hysteresis at low elds results from slow relaxation of
weak ferromagnetic domains.

AC magnetic susceptibility measurements of T-FP0ann
(Fig. 7b) show no distinct signature of the Morin transition,
consistent with only a fraction of the material undergoing the
transition. The gradual increase in both the real and imaginary
components at higher temperatures reects slow magnetic
relaxation and high anisotropy barriers.59 A detailed discussion
and comparison with previously reported hematite nano-
structures are provided in Sec. S2.7. of the SI.
3.8. Hydrogen gas sensing properties

The electrical resistance of the samples was measured at
sequentially increasing H2 concentrations at different temper-
atures in air and nitrogen. The resulting sensor responses
(DR/R0) are plotted as a function of hydrogen concentration,
covering the full range up to 400 ppm to illustrate the saturation
effect. The average baseline resistance values (R0) used for
the response calculations are shown in Table S7 of the SI. Error
bars represent the standard deviation of three
repeated measurements, conrming the reproducibility of
the results and indicating occasional signal noise or sensor
dri.

3.8.1. Effect of Pt decoration and temperature on hydrogen
sensing in air. Gas sensing with hematite-based materials relies
9272 | RSC Adv., 2026, 16, 9264–9279
primarily on the adsorption of oxygen and its subsequent
interaction with target gases such as hydrogen. In ambient air,
oxygen molecules are adsorbed and ionized (O2

−, O−, and O2−)
on the sensor surface, capturing free electrons from the
hematite conduction band and forming a surface depletion
layer, which increases resistance. When the sensor is exposed to
hydrogen gas, the adsorbed oxygen reacts with hydrogen
molecules, releasing electrons back into the conduction band,
reducing the electron depletion width and lowering the elec-
trical resistance. This principle underlies the sensitivity of n-
type semiconductor materials such as hematite, as discussed
in Liu et al.60 and Goel et al.61 and has also been proposed in
other related studies, including Wang et al.62 and Guo et al.37 A
schematic illustration of this sensing mechanism is shown in
Fig. S19 of the SI. Similar mechanistic schemes for n-type metal
oxide semiconductors exposed to reducing gases have been re-
ported in previous studies, including Goel et al.,61 Shrisha
et al.,27 Wang et al.63 and Merah et al.64

Fig. 8 summarizes the hydrogen sensing behavior of all
samples at 363 K, 463 K and 553 K. Pt-decorated hematite
samples consistently exhibit much stronger responses than Pt-
free hematite, both annealed and unannealed. At 363 K, Pt-free
hematite samples show no measurable sensor response, likely
because adsorbed water molecules block the active sites, as
shown by TGA analysis in Fig. S10 of the SI). In contrast, the
presence of Pt markedly enhances hydrogen detection at lower
temperatures, conrming its key catalytic role. Notably,
a measurable response for Pt-decorated samples was also
observed at room temperature. However, signal instability and
baseline dri prevented reliable quantitative analysis. This
nevertheless indicates that the sensing mechanism remains
active even at low temperatures, underscoring the catalytic
efficiency of Pt sites. As reviewed by Goel et al., noble metal
decoration enhances gas sensing through catalytic hydrogen
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Hydrogen gas sensing responses of Pt-free (T-FP0 (green triangle) and T-FP0ann (blue diamond)) and Pt-decorated hematite samples (T-
FP1 (orange square) and T-FP5 (green circle)) as a function of H2 concentration at 363 K, 463 K and 553 K in air. The error bars represent the
propagated uncertainties in the response, calculated from the standard deviations of R and R0, and their covariance.
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dissociation, hydrogen spillover and the formation of active
sites that facilitate gas interactions, while also lowering the
activation energy required for gas reactions and improving
sensitivity and selectivity.61 Similar mechanisms have also been
discussed by Zhu et al. and Shah et al.65,66

Although Pt-free samples exhibit nearly identical sensitivity
across the full concentration range (Fig. 8), their LOD values
determined at 463 K show a slight difference: 3.5 ppm for T-FP0
and 2.0 ppm for the annealed T-FP0ann, without affecting the
overall interpretation, as their response slopes remain similar.
In contrast, Pt-decorated samples display notably improved
performance, with LOD values of 1.1 ppm for T-FP1 and
1.0 ppm for T-FP5, demonstrating the effectiveness of Pt
modication in enhancing hydrogen sensitivity.67 Consistent
with Fig. 8, the sensitivities of T-FP1 and T-FP5 are very similar
(with a slight advantage for 5 mol% Pt over the full range), while
their LOD values are practically identical. These results indicate
that even a small amount of platinum (z1mol%) is sufficient to
substantially improve sensor efficiency. The optimal operating
© 2026 The Author(s). Published by the Royal Society of Chemistry
temperature was determined to be 463 K, providing strong
sensor performance at a relatively low temperature, which is
advantageous for practical hydrogen sensing applications. At
this temperature, ionized oxygen species (primarily O−) are
stable and active on n-type metal oxide surfaces, enabling
effective modulation of the surface depletion layer during
hydrogen sensing, as reported in the literature.24 A comparative
overview of hydrogen sensing performance reported for various
MOS-based sensors is provided in Table S8 of the SI.

The sensor response time decreased as temperature
increased for all samples, indicating faster kinetics at higher
operating temperatures. Fig. S20 in the SI shows the average
sensor response times for various sample series at different
temperatures. Samples T-FP0 and T-FP0ann showed no
measurable response at 363 K, suggesting that higher temper-
atures are needed to activate their sensing properties. In
contrast, T-FP1 and T-FP5 responded at all tested temperatures
(363 K, 463 K and 553 K), with response times decreasing
signicantly at higher temperatures. Of the temperatures
RSC Adv., 2026, 16, 9264–9279 | 9273
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tested, 463 K was identied as the optimal operating tempera-
ture, with response times of 3.6 s for T-FP1 and 8.3 s for T-FP5.
This temperature dependence is attributed to faster adsorption
and desorption kinetics and enhanced gas–surface interactions
at higher temperatures, consistent with trends commonly re-
ported for metal oxide gas sensors.60,62 Within the humidity
range of 20–40%, the sensor parameters (sensitivity, LOD,
response time, and recovery time) remained stable over
repeated cycles and during long-term testing.

Comparison with previously reported irregular hematite
nanoparticles synthesized by planetary ball milling4 in Fig. S21
and S22 of the SI conrms that only Pt-decorated samples
exhibited measurable hydrogen responses, highlighting the
critical role of morphology and synthesis method. Hydrother-
mally synthesized Pt-decorated nanotubes achieved a much
lower LOD (1 ppm compared to 8 ppm for irregular particles),
attributed to their higher surface area and improved gas diffu-
sion. As shown in Fig. S23 of the SI, both Pt decoration and
controlled nanotube morphology signicantly increased the
specic surface area, thereby enhancing charge transfer and
Fig. 9 Comparison of the response of the T-FP1 sample to hydrogen ga
with separate graphs for each temperature. The error bars represent the
deviations of R and R0, and their covariance.

9274 | RSC Adv., 2026, 16, 9264–9279
catalytic activity, consistent with previously reported trends for
morphology-tailored metal oxide sensors.37,60–62,67

3.8.2. Inuence of measurement atmosphere: comparison
between air and N2. To gain a deeper understanding of the
sensor behavior of the prepared samples and to evaluate the
inuence of the ambient atmosphere, additional measure-
ments were conducted in nitrogen (N2). Comparing the
responses in air and N2 isolates the role of adsorbed oxygen in
the sensing mechanism and highlights the catalytic contribu-
tion of platinum under inert conditions. For both Pt-decorated
samples, sensitivity increased with temperature in both atmo-
spheres, but overall responses were higher in N2 across the
entire concentration range, emphasizing the inuence of the
ambient gases. The response plots for both samples at each
temperature are shown in Fig. 9 and 10. This trend is consistent
with previous ndings, which show that competitive adsorption
between oxygen and target gases can reduce sensor perfor-
mance.68,69 In nitrogen, where oxygen is absent, hydrogen
molecules can more easily adsorb and dissociate on Pt,
enhancing the spillover effect, increasing electron return to
hematite, reducing the electron depletion width, and leading to
s, measured in air and nitrogen atmospheres at 363 K, 463 K and 553 K,
propagated uncertainties in the response, calculated from the standard

© 2026 The Author(s). Published by the Royal Society of Chemistry
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higher overall responses. A schematic comparison of the
proposed sensing mechanisms in air and nitrogen atmospheres
is shown in Fig. 11.

Although the general sensor response was higher in
nitrogen, this difference is only partially reected in the LOD
values. At 463 K, a noticeable LOD improvement was observed
for T-FP5 (0.3 ppm in N2 vs. 1.0 ppm in air), whereas the LOD
values for Pt-free hematite and T-FP1 remained nearly
unchanged. This suggests that LOD alone does not fully
represent sensor performance and that complete response
curves provide additional insight. The higher Pt loading in T-
FP5 likely facilitates more efficient hydrogen dissociation and
sensing under inert conditions, while the lower catalytic
activity of Pt-free and moderately Pt-decorated samples limits
their response. Although the LOD values for T-FP1 are
comparable in both atmospheres, the overall sensitivity is
higher in nitrogen, particularly at higher concentrations.
These ndings conrm that Pt-decorated samples generally
show enhanced performance in nitrogen due to the absence of
Fig. 10 Comparison of the response of the T-FP5 sample to hydrogen ga
with separate graphs for each temperature. The error bars represent the
deviations of R and R0, and their covariance.

© 2026 The Author(s). Published by the Royal Society of Chemistry
oxygen competition and a more pronounced spillover effect
on Pt.

In contrast, Pt-free hematite samples (T-FP0 and T-FP0ann)
show markedly different sensing behavior in nitrogen
compared to Pt-decorated samples (Fig. S24 and S25, SI). Both
Pt-free samples show no measurable response to hydrogen at
363 K, consistent with their behavior in air, while T-FP0 displays
an unusual increase in resistance at 463 K (Fig. S24, SI), likely
due to the desorption of surface water and hydroxyl groups,
which expands the electron depletion width and increases
resistance. At higher temperatures, both samples exhibit the
expected n-type response, with resistance decreasing upon
hydrogen exposure. Although their LOD values remain similar
in air and nitrogen, the overall sensor response is more
pronounced in nitrogen across the entire concentration range.
In the absence of Pt, which catalyzes H2 dissociation and
stabilizes sensor behavior, Pt-free hematite is more sensitive to
surface chemical changes, resulting in less stable and less
efficient hydrogen detection.
s, measured in air and nitrogen atmospheres at 363 K, 463 K and 553 K,
propagated uncertainties in the response, calculated from the standard

RSC Adv., 2026, 16, 9264–9279 | 9275
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Fig. 11 Schematic illustration of the proposed hydrogen sensing
mechanism of Pt-decorated a-Fe2O3 in (a) air and (b) nitrogen
atmospheres, showing enhanced H2 dissociation and spillover in the
absence of oxygen and the resulting reduced electron depletion width
in N2.
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4 Conclusions

Hydrothermal synthesis in the presence of phosphate produces
a-Fe2O3 nanotubes with a highly hydrated and hydroxylated
surface, which strongly inuences their magnetic and sensing
behavior. The Pt-free material lacks the Morin transition, indi-
cating signicant lattice disorder caused by surface hydration.
Thermal treatment combined with Pt decoration partially
restores magnetic ordering, showing that Pt loading reduces
strain and defect concentration and promotes the formation of
more structurally ordered hematite domains. These results
demonstrate that controlled Pt decoration is an effective
method for tuning the structural, magnetic and electronic
properties of a-Fe2O3 nanotubes for hydrogen sensing. Notably,
only 1 mol% Pt is sufficient to achieve rapid, low-ppm hydrogen
detection at moderate temperatures. The consistently higher
responses in nitrogen highlight the limiting effect of oxygen
competition in air and conrm the role of Pt in promoting
hydrogen spillover and accelerating surface reaction kinetics.
Unlike previous studies that mainly report sensing perfor-
mance, this work demonstrates how magnetic and micro-
structural ordering induced by Pt decoration directly inuences
hydrogen sensing behavior.

Overall, the strong synergy between nanotubular
morphology and Pt decoration yields stable, highly responsive
and low-temperature operable a-Fe2O3 sensors. These ndings
clarify how structure affects performance and indicate that
further improvements can be achieved through morphology
control and precise optimization of noble-metal decoration.
9276 | RSC Adv., 2026, 16, 9264–9279
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