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S1. Experimental
S1.1. Characterization techniques

S1.1.1. Structural and elemental analysis

A thermal field emission scanning electron microscope (FE-SEM), model JSM-7000F (JEOL
Ltd.), coupled with an energy dispersive X-ray analyzer EDS/INCA 350 (Oxford Instruments),
was used to analyze the morphology of the samples. For more detailed morphological and
elemental composition analyses, an atomic resolution scanning transmission electron microscope
(AR STEM), model JEOL ARM 200 CF, operating at 80 kV and coupled with a Gatan Quantum
ER EELS system, and energy dispersive X-ray spectrometry (EDS) (JEOL Centurio 100, Tokyo,
Japan), was used.

S1.1.2. XRD measurements

X-ray diffraction (XRD) measurements were performed at room temperature using a Malvern
PANalytical Empyrean diffractometer equipped with a CuKa radiation source, appropriate
monochromator and detector systems, manufactured by Malvern PANalytical B.V., Almelo, The
Netherlands.

S$1.1.3. XPS measurements

X-ray photoelectron spectroscopy (XPS) was used to investigate the oxidation states of Fe and Pt
and the chemical bonding of O in the samples T-FPO, T-FPOann, T-FP1 and T-FP5. Spectra around
the Fe 2p, Pt 4f and O 1s core levels were obtained using a SPECS instrument under ultra-high
vacuum (UHV) conditions, with the pressure in the analytical chamber maintained at
approximately 107 Pa. Al Ka X-rays with an energy of 1486.74 eV served as the excitation source,
and the Phoibos100 electron energy analyzer was used for data acquisition. To stabilize surface
charge on the non-conductive oxide samples during XPS analysis, 5 eV electrons were flooded
onto the sample surface. The pass energy was set to 50 eV for the Pt 4f spectra, while the Fe 2p
and O 1s spectra were measured with a pass energy of 20 eV. After subtracting a Shirley



background, numerical fitting of the experimental data was performed with Unifit software® using
a product of Gaussian and Lorentz functions. All photoemission spectra were calibrated to the C 1s
peak, which was set to a binding energy (BE) of 284.5 eV.

S1.1.4. NEXAFS measurements

Near-edge X-ray absorption fine structure (NEXAFS) measurements of the Fe L2 3 and O K edges,
the samples were pressed into carbon tape. These were then loaded into the “TPOT” endstation of
beamline BO7¢ at the Diamond Light Source.* X-rays from the bending-magnet source were
monochromatized with a 600-1/mm plane grating, exit slits set to 0.025 mm, and a Csrof 2. Spectra
were collected using electron yield by measuring the drain current of the hemispherical analyzer
cone. To mitigate charging, the chamber was filled with 5 mbar He (Air Products BIP®, 6.0 N
purity) delivered using a mass flow controller in a dedicated gas handling system.* Spectra were
collected at room temperature. For each sample, four spots (two for Fe L3 and two for O K) were
measured and each scan was repeated twice. Spectra were normalized by the ring current and
shifted in energy, so that the Fe2O3 white line is at 708.9 eV, matching previously reported spectra.’

S1.1.5. TGA/DSC analysis

Thermogravimetric analysis was conducted in the temperature range of 35 to 1000°C at a heating
rate of 10°C min™ in a nitrogen atmosphere. Aluminum oxide crucibles with a volume of 150 pL
were used and the sample mass ranged from 10 to 15 mg. The analysis was performed using a
Mettler Toledo TGA/DSC 3+ instrument. The instrument was also equipped with DSC sensors
whose signals provided additional insight into the reaction.

S1.1.6. Mossbauer spectroscopy

S’TFe Mossbauer spectra were recorded in transmission geometry using a standard WissEl
Méssbauer spectrometer setup (Starnberg, Germany) with a >’Co(Rh) radioactive source at an
activity of ~5 mCi. Circular absorbers with a diameter of 15.5 mm were prepared by mixing 25 mg
of each sample with 100 mg of cellulose. For room temperature (7 = 290 K) measurements, the
source movement followed a sinusoidal velocity signal. Unfolded spectra were recorded in 2048
channels and subsequently folded into 1024 channels for further processing.

For low temperature (7 = 87-88 K) measurements, separate circular absorbers with a
diameter of 16 mm were prepared using either 5-6 mg or 25 mg of each sample, mixed with
cellulose powder. The samples were placed in a bath type cryostat with temperature control
(SVT-400-MOSS, Janis, Woburn, MA, USA) filled with liquid nitrogen, while the spectrometer
operated in constant acceleration mode with a triangular velocity waveform, recording spectra in
512 channels before folding.

The Mossbauer spectra were evaluated by applying Voigt based fitting® as implemented in the
MossWinn program, assuming that the >’Fe hyperfine magnetic field is subject to a Gaussian



distribution for each fitted subcomponent. The isomer shifts are given relative to that of a-Fe at
room temperature.

S1.1.7. Electron paramagnetic resonance

X-band electron paramagnetic resonance (EPR) measurements were performed using a Bruker
ElexSys E500 X-band spectrometer. Approximately 5 mg of sample was thoroughly mixed with
200 mg of KBr powder and loaded into Wilmad-LabGlass 710-SQ-250M quartz sample tubes. The
Wilmad-LabGlass WG-821-F-Q variable temperature insert was used, with temperature controlled
by flow-through of cryogenically cooled nitrogen gas, to conduct measurements in the temperature
range of 7'=150-290 K. The EPR measurement conditions included a modulation frequency of
100 kHz, a modulation amplitude of 5 G and a microwave power of ~20.7 mW. EPR spectra,
proportional to the first derivative of the microwave absorption with respect to the sweeping
magnetic field, were recorded in 2048 channels over a magnetic field range of 100-10900 G with
a sweep time of ~ 84 s. The results of two scans were averaged for each measurement. The
microwave frequency was =~ 9.31 GHz. The B (applied magnetic field) axis of the spectra was
rescaled to the common frequency of fo =9.31 GHz (i.e., B abscissa values were multiplied by
Jfo/f). Baseline correction was applied to all spectra before analysis and further processing.

S1.1.8. Magnetic measurements

The powder samples were placed in a gelatin capsule. Magnetic measurements were performed
using a Quantum Design MPMS-5 SQUID magnetometer in the temperature range of 5-300 K
and magnetic field range of 0—5 T. The temperature dependence of magnetization at a small field
(H =100 Oe) was measured during warming to room temperature (RT) after cooling the sample
in zero field (ZFC), followed by measurement during cooling at the same field down to T=5K
(FCC), and then during warming at the same field up to RT (FCW).

AC magnetic susceptibility was measured using a Cryobind high-precision AC susceptibility
measurement system. Measurements were performed in the temperature range 4.2—315 K using an
AC driving field with amplitude 3.2 Oe and frequency 231 Hz, with compensation for Earth’s
magnetic field.



S1.2. Gas sensing measurements
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Figure S1. Schematic illustration of the custom-built sealed gas sensing chamber used for
hydrogen measurements. The sensor (IDE) is placed on a heated sample stage with controlled
temperature, while hydrogen is introduced into the sealed chamber using a calibrated gas
syringe. Electrical connections to a Keithley source meter enable resistance measurements under
controlled conditions.

S2. Results and discussion

S2.1. Structural and elemental results
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Figure S2. Statistical distributions of a-Fe20O3 nanotube length (a) and width (b), obtained from
FE-SEM image analysis.
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Figure S3. Statistical size distribution of platinum nanoparticles in the T-FP5 sample, obtained
from STEM image analysis.

The elemental composition of the samples was determined using field emission scanning electron
microscopy coupled with energy dispersive spectroscopy (FESEM/EDS). The results, presented
in Table S1, show accurate and reproducible measurements of the elemental composition.

The EDS results indicate that the platinum content in the T-FP1 and T-FP5 samples
matches the target values of 1 mol% and 5 mol%, as shown by the measured atomic percentages
of Pt (0.25 at% for T-FP1 and 1.10 at% for T-FP5). The higher oxygen content in the T-FP5 sample
(88.00 at%) compared to T-FP1 (82.00 at%) may be due to surface oxidation or structural changes
resulting from the increased platinum concentration.

Phosphorus (P) was also detected in both samples, with an average atomic percentage of
about 0.85 at% in T-FP1 and 0.90 at% in T-FP5. The presence of phosphorus is attributed to the
use of ammonium dihydrogen phosphate (NH4H2PO4) as a precursor in the synthesis. Although
phosphorus is not a major component, its presence may influence the surface chemistry and
possibly contribute to the magnetic properties.

Table S1. Elemental composition (wt% and at%) of samples T-FP1 and T-FP5, determined by
FESEM/EDS analysis. The table shows average values calculated from measurements at several
points for each sample.

Sample Iron Oxygen  Platinum Phosphorus Iron Oxygen Platinum Phosphorus
(Fe) O)wt% P)wt% (P) wt% (Fe) at% (O) (Pt) at% (P) at%
wt% at%

T-FP1 48091 49.52 1.34 1.25 16.10 82.00 0.25 0.85

T-FP5 37.34 61.88 6.49 1.16 10.00 88.00 1.10 0.90




S2.2. XRD results

S2.2.1. Quantitative analysis and line broadening

Figure S4. shows powder X-ray diffractograms of T-FPOann, T-FP1 and T-FP5. The corresponding
hkl (Miller) indices of the a-Fe2Os phase, indexed according to ICDD PDF card No. 33-0664, as
well as the positions of Pt diffraction peaks, are shown in Figure S5. The diffraction patterns of all
samples show peaks corresponding to a-Fe2Os3, confirming hematite as the single phase. The first
signs of platinum diffraction lines appear in sample T-FP1, indicating that platinum has no
solubility in the hematite lattice.

The weighted-profile R-factor (Rwp) values indicate good agreement between the observed
and calculated patterns for all samples, confirming the phase composition and crystallinity. The
diffraction lines of hematite are narrow in all samples, further confirming its excellent crystallinity.
However, this narrowness makes it difficult to accurately determine the size of the crystalline
domains based on line broadening. The volume-averaged domain size (Dv) of the hematite phase
was estimated to be about 100 nm, while the domain size of the platinum phase in the T-FP5
sample was estimated to be about 6.6(1) nm based on Rietveld refinement. Although the average
Pt nanoparticle size determined by TEM is ~2.5 + 1.2 nm, the larger value determined by XRD
(6.6 nm) reflects only the contribution of the larger crystalline domains. This discrepancy is arises
because X-ray diffraction is less sensitive to very small and highly dispersed nanoparticles, which
make only a weak or no contribution to the diffraction pattern. Therefore, the XRD result
represents a volume-averaged size of the larger Pt particles, whereas TEM provides a more
accurate assessment of the overall particle size distribution.
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Figure S4. X-ray diffraction (XRD) patterns for the samples T-FPOann, T-FP1, and T-FP5. The
observed diffraction data (black dots) are fitted to the calculated patterns (red lines), with the
difference curve shown in blue. The positions of the characteristic peaks for a-Fe2O3 and Pt are
marked with black and red ticks, respectively.
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Figure S5. X-ray diffraction (XRD) patterns for the samples T-FPOann, T-FP1, and T-FP5. The
diffraction peaks of the a-Fe203 phase are indexed with the corresponding 44/ (Miller) indices
according to ICDD PDF card No. 33-0664. The symbol ¢ indicates the positions of Pt diffraction
peaks with Akl indices (111) at 39.8° 20, (200) at 46.3° 26, (220) at 67.5° 26, and (311) at
81.4° 26.



S2.2.2. Lattice parameters determination

Table S2. shows the results of the Rietveld refinement of the powder diffraction patterns, which
indicate that the presence of platinum has only a minor or negligible effect on the unit cell
parameters of the hematite phase in the samples. A slightly larger c-parameter was observed for
the Pt-free hematite sample (T-FP0), which was attributed to the absence of thermal treatment
rather than the presence of platinum. After sample T-FPO was subjected to the same thermal
treatment as the platinum-containing samples (resulting in sample T-FP0Oann), there was a slight
shortening of the ¢ parameter, making its value very similar to that of the platinum-containing
samples.

Table S2. Refined values of the lattice parameters and unit cell volume of the hematite phase in
samples T-FP0O, T-FPQOann, T-FP1 and T-FPS5, determined from the Rietveld refinement results
(MAUD program) of XRD patterns.

Sample | x(Pt) Lattice parameters V/nm?
a/nm ¢ /nm
T-FPO o | 0.50347(1)  1.37896(3) | 0.3495(1)
T-FPOun | 0 | 0.50343(1) | 1.37828(3) | 0.3494(1)
T-FP1 | 0.01 | 0.50348(1) | 1.37825(4) | 0.3494(1)
T-FP5 | 0.05 | 0.50349(1) | 1.37840(2) | 0.3494(1)
S2.3. XPS results
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Figure S6. Wide-scan XPS spectra of samples T-FP1 (left) and T-FP5 (right) with labeled
core-level peaks. The spectra confirm the presence of Fe, O and Pt in the samples, along with
minor contributions from C and Si. These results provide an overview of the elemental
composition of the samples and confirm the successful incorporation of platinum on the surfaces
of the hematite nanotubes.

The presence of carbon in the XPS elemental analysis (Figure S6, Table 2) is primarily due to the
use of organic compounds during the synthesis process. Specifically, platinum (II) acetylacetonate
(Pt(acac)2) was used as the Pt precursor and dissolved in 5 mL of toluene. Both acetylacetonate
and toluene are potential sources of residual carbon, especially at the sample surface area analyzed
by XPS. Therefore, the relatively high atomic percentage of carbon detected by XPS reflects
surface-bound carbonaceous residues originating mainly from toluene. This is an inherent
limitation of the synthesis approach; however, it should be emphasized that the hydrothermal
method combined with Pt decoration offers several key advantages, including controlled
morphology and uniform Pt distribution, which contribute significantly to improved gas sensing
performance.

S.2.3.1. Pt 4f-XPS spectra

The 4f,/» peaks appear at binding energies of 70.8 £0.1 eV (Pt%), 72.5+0.1 eV (Pt*) and
74.5+0.1 eV (Pt*), while the full width at half maximum (FWHM) of all Pt4f peaks is
(2.5+£0.1) eV (Fig. 4). The intensity ratio between the 4fs2 and 4f72 peaks is (0.75 = 0.05), and
the energy separation between these peaks is (3.40 = 0.05) eV, in good agreement with literature
values and consistent with our previous work on Pt/MnO4/MnsOs.” The presence of all three
oxidation states can be attributed to surface and interfacial effects. Metallic Pt forms through
thermal decomposition of the Pt(acac): precursor during annealing, while Pt*" may result from
surface oxidation of Pt’ due to adsorption of molecular oxygen and interactions with hydroxyl
groups and water molecules on the hematite surface.



Table S3. Average oxidation state of platinum (Pt) in samples T-FP1 and T-FP5, calculated from
the deconvoluted Pt 4f XPS spectra®.

Sample Average oxidation state of Pt
T-FP1 2.01
T-FP5 2.02

*The average XPS oxidation state of Pt is calculated using the following equation: Pt (average oxidation
state) = (mole fraction Pt(IV) x 4) + (mole fraction Pt(II) x 2) + (mole fraction Pt(0) % 0), where the mole
fraction equals the XPS fraction % / 100 and these values are given in Figure 6. The final oxidation state
values are rounded to two decimal places.

S.2.3.2. Fe 2p-XPS spectra

10/ T-FPO Fe 2py, 10/ T-FPO,, . Fe 2y,
= Satellite > Satellite
g 0.8+ peaks 2 0.8 1 peakS
3 L
£ 6l =056
° Fe 2p, 3 Fe 2p,
N N
@ 041 © 0.4+
£ £
So02 So02

0.0 Jighaets 0.0 3

740 730 720 710 700 740 730 720 710 700
Binding energy (eV) Binding energy (eV)

10 T-FP1 Fo 2Ps 10/ T-FP5 Fe 205
2 Satellite 2 Sateﬂlte
 0.8- beaks 0.8 peaks
2 )
c [
5 061 5 0.6
X Fe 2py, I Fe 2p,,
© 0.4+ © 0.4
£ £
So02- So02

0.0 0.0 8

740 730 720 710 700 740 730 720 710 700

Binding energy (eV) Binding energy (eV)

Figure S7. Fe 2p-XPS spectra of synthesized samples.
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Figure S8. Fe L2.3 edge NEXAFS spectra of T-FPO, T-FPO,n,, T-FP1 and T-FPS5. The L3 region
occurs at ~707-709 eV (Fe 2p32 — 3d transitions), while L2 region occurs at ~720-722 eV
(Fe 2p12— 3d transitions). The multiplet structures within the L3 edge are attributed to
transitions into the t2g and eg states characteristic of Fe*" in a-Fe2Os. The similarity of the spectra
confirms the preservation of the hematite electronic structure after Pt decoration and annealing.

S.2.3.3. O 1s-XPS spectra

The peak at ~531 eV (gray, Fig. 5) includes minor contributions from phosphate (Table S1),
carbonate, and organic residues. The peaks at ~532 and ~533 eV correspond to surface hydroxyl
groups (—OH) and adsorbed water, respectively. Both are more intense in Pt-decorated samples,
indicating enhanced adsorption of oxygen-containing species due to strong Pt—O interactions.® '3
In contrast, the annealed hematite (T-FPOan) shows a reduced ~532 eV peak and no signal at
~533 eV, suggesting that thermal treatment effectively removes surface —-OH and H20. A weak
peak at ~528 eV, observed in Pt-decorated samples, is attributed to subsurface oxygen species; its
increased intensity with Pt content reflects stronger oxygen adsorption associated with oxidized Pt
species (Pt2+/Pt*). 1213
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Figure S9. Quantitative distribution of oxygen species (%) in the synthesized samples T-FPO,
T-FPOum, T-FP1 and T-FP5, determined by numerical fitting of high-resolution O 1s XPS
spectra. The intensities of all components are normalized to the O—Fe peak in each sample to
allow a comparative assessment of the oxygen species at the surface.

S2.4. TGA/DTG/DSC results

Figure S10 shows the thermogravimetric (TGA) curve of the hematite sample (T-FPO) recorded
between 35 and 1000°C. The analysis reveals three main stages of mass loss. The first mass loss
(= 0.62 wt%) observed below 200°C is attributed to the removal of physically adsorbed and weakly
hydrogen-bonded water from the surface of the hematite nanotubes. The second mass loss
(= 0.34 wt%) occurring between 200 and 400°C is associated with the dehydration of chemisorbed
water, dehydroxylation of surface Fe-OH groups, and initial dehydration of hydrated, chemisorbed
phosphate species introduced during hydrothermal synthesis. Notably, phosphate species do not
desorb from the surface in this temperature range but undergo progressive dehydration and
structural reorganization, leading to stronger Fe-O-P bonding. The most pronounced mass loss
(= 1.30 wt%) occurs between 400 and 650°C and is attributed to dehydroxylation of strongly
bound surface hydroxyl groups and condensation and dehydration of chemisorbed phosphate
species, resulting in irreversible surface reconstruction through the formation of Fe-O-Fe and
Fe-O-P linkages. This process reflects thermally activated surface densification rather than any
bulk phase transformation, as a-Fe2O3 is already the thermodynamically stable iron oxide phase.
At temperatures above 700°C, no further significant mass loss is observed. A slight mass increase
may occur, which can be attributed to surface reoxidation of oxygen-deficient sites or limited
oxygen uptake under ambient atmosphere. Although oxygen adsorption is generally less favorable
at elevated temperatures, chemisorption at defect sites and surface re-equilibration can still occur.



The thermal behavior is consistent with literature reports on hydrothermally synthesized iron oxide
nanostructures and confirms that the annealing temperature of 380°C (used for the T-FPOann

sample) is sufficient to ensure phase stability and substantial removal of surface-bound water and
16-18

labile hydroxyl species, while preserving the a-Fe20s3 structure.
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Figure S10. TGA thermogram of the T-FP0O sample showing percentage weight change as a
function of temperature. The additional temperatures correspond to the gas sensing
measurements (90°C, 190°C and 280°C) and the annealing process (380°C).

Figure S11 shows the combined TGA (black), DTG (blue), and DSC (red) curves for the T-FP0
sample. The initial mass loss observed below 100°C is attributed to the removal of physisorbed
and weakly hydrogen-bonded water adsorbed on the surface of the hematite nanotubes. This
process is accompanied by a broad DTG feature and a weak endothermic DSC signal, consistent
with physical desorption processes typical of high-surface-area oxide nanostructures. In the
intermediate temperature range (~200-350°C), a further gradual mass loss is detected, assigned to
the dehydroxylation of surface Fe—OH groups and partial dehydration of hydrated phosphate
species chemisorbed on the a-Fe:O3 surface. The broad DTG signal in this region indicates a
distribution of surface binding energies, reflecting the heterogeneous chemical environments
present on the inner and outer surfaces of the nanotubular architecture. A pronounced endothermic
DSC/DTA event occurs between ~390 and 475°C, coinciding with the largest mass-loss step
(~1.3 wt%) and a well-defined DTG minimum. This process is attributed to the dehydroxylation
of strongly bound surface hydroxyl groups and the condensation and dehydration of chemisorbed
phosphate species, leading to irreversible surface reconstruction. These transformations involve
the formation of more stable Fe—O-Fe and Fe—-O—P linkages through condensation reactions,



accompanied by the release of structural water. Notably, the endothermic signal extends with
significantly reduced intensity up to approximately 600°C, suggesting the gradual completion of
dehydroxylation and phosphate condensation processes associated with more strongly coordinated
surface species and subsurface hydroxyls. This extended tail indicates a kinetically slow, thermally
activated surface reorganization rather than a discrete phase transition. Importantly, no evidence
of bulk phase transformation is observed, confirming that the a-Fe2Os3 crystal structure remains
thermally stable throughout this temperature range. At temperatures above ~800°C, a weak and
broad exothermic drift is observed in the DSC signal, attributed to grain growth, sintering, and
further crystallization of a-Fe203, leading to structural densification without significant mass loss.
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Figure S11. Combined TGA-DTG-DSC diagram of sample T-FPO, with the DSC curve in red,
the TGA curve in black, and the DTG curve in blue, showing the mass loss steps and
corresponding thermal events.

S2.5. Mossbauer spectroscopy results

Iron microenvironments were investigated using °’Fe Mdssbauer spectroscopy in Pt-free hematite
nanotubes (T-FPO) and in hematite nanotubes decorated with 1 mol% (T-FP1) and 5 mol% Pt
(T-FP5). Figure S12 shows the room temperature °>’Fe Mossbauer spectra of samples T-FPO,
T-FP1, and T-FP5. The spectra display a sextet profile, characteristic of bulk hematite.'” However,
inward shoulders are observed on the individual absorption peaks, making them slightly
asymmetric. These shoulders indicate the presence of minor sextet components with hyperfine
magnetic fields lower than that of the main spectral component. This effect on the peak profiles is



similar to what would be expected in the presence of collective magnetic excitations. To estimate
the effective volume of the nanotubes, we approximate their size as 70 nm outer diameter, 30 nm
inner diameter, and 200 nm length. The volume of a tube of this size is equivalent to that of a
sphere with a diameter of ca. 100 nm. However, significant magnetic relaxation effects in hematite
are expected only at smaller particle sizes.?® Therefore, we interpret the components with reduced
hyperfine magnetic field values as hematite exhibiting structural deviations from the ideal crystal
structure. These deviations may result from structural hydroxide groups and water molecules
entrapped in the hematite structure during preparation, which were also hypothesized to be present
based on TGA results (Fig. S10).2! Accordingly, we fitted the spectra with several sextet
components characterized by decreasing mean hyperfine magnetic field values and a Gaussian
distribution of hyperfine magnetic fields with different standard deviations. The latter was modeled
using Voigt based fitting® as implemented in the MossWinn program, without assuming
distributions in the isomer shift and quadrupole shift parameter values. Four sextets (labeled A, B,
C and D in Fig. S12) were necessary to achieve an acceptable fit of the spectra.

The room temperature Mossbauer spectra of samples T-FP0O, T-FP1 and T-FP5 (Fig. S12) show
only minor differences. To identify the main cause of these differences we assumed that the spectra
could be composed of the same four sextet subcomponents, with possible differences in their
relative spectral areas across the spectra. The Lorentzian contribution to the peak widths of the
individual sextets was assumed to be the same, as was the relative area fraction of the 2" and 5™
peaks compared to that of the 3™ and 4™ peaks of the sextets. This constrained model produced the
fits shown in Fig. S12 and the associated Mossbauer parameters listed in Table S4. Sextet A, which
dominates all three spectra, exhibits parameters closest to those (0= 0.37 mm/s, 2¢~ —0.21 mm/s,
Bnt~ 51.7 T) characteristic of bulk hematite.!® In comparison, the subsequent components B, C
and D display gradually decreasing relative area fractions and mean hyperfine magnetic fields,
increasing standard deviations of the hyperfine magnetic field distribution, and overall larger
deviations from the ideal Mdssbauer parameters of bulk hematite. Based on Table S4, the main
differences between the spectrum of sample T-FPO and those of samples T-FP1 and T-FP5 are the
larger relative area fraction of Sextet A and the lower relative area fraction of Sextet B (and to a
lesser extent, Sextet C) in the latter. This is also clearly visualized in the cumulative hyperfine
magnetic field distribution functions for the three samples shown in Fig. S13. These differences
can be interpreted as the transformation of hematite ‘B’ structures into hematite ‘A’ structures, and
to a lesser extent, hematite ‘C’ structures into ‘B’ and/or ‘A’ structures, as a result of the heat
treatment used to prepare samples T-FP1 and T-FP5 from T-FPO. Since heat treatment is expected
to reduce the concentration of structurally bound water and hydroxyl groups, as well as residual
phosphate ions in hematite, the A, B, C, and D subcomponents may correspond-in this order-to
increasing concentrations of hydration-related and possibly phosphate residual species in the
hematite structure.
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Figure S12. Room temperature °'Fe Mossbauer spectra (black dots) of samples T-FP0, T-FP1
and T-FP5, along with their decomposition and fit envelope (solid lines). The respective fit
residuals are displayed below the spectra. For T-FP0, the subcomponents are shifted upward for
clarity. See Table S4 for the Mdssbauer parameters associated with the subcomponents labeled A,
B, C and D.
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Figure S13. Hyperfine magnetic field distributions in the samples T-FPO, T-FP1 and T-FP5 as
derived from the room temperature °’Fe Mdssbauer spectra shown in Fig. S12. The distributions
shown are the cumulative hyperfine magnetic field probability density functions (fvsr, where
VBF refers to Voigt based fitting) of the individual subcomponents presented in Fig. S12. See
Table S4 for the associated fit parameter values.

Table S4. Room temperature >’Fe Mossbauer parameters of hematite nanotube samples T-FPO,
T-FP1 and T-FP5 obtained from the simultaneous fit of the spectra shown in Fig. S12. Numbers
in parentheses indicate the statistical error (1o) in the last digit.*

Sample T-FPO T-FP1 T-FP5
X2 1.22 1.24 1.11
Hematite (A)

RA, % 46.8(2) 55.0(2) 51.0(3)
Azs/A34 1.943(3)
S, mms! 0.3747(4)
(Bnf), T 51.306(5)
2¢, mms’! -0.214(1)
o(Bnf), T 0.256(7)
Wi, mm s’ 0.262(1)




Hematite (B)
RA, % 29.3(2) 21.8(1) 26.3(3)
Azs/Asa 1.943(3)
o, mms’! 0.368(1)
(Bu), T 50.61(1)
2¢, mm s’ 20.214(2)
o(Bnr), T 0.50(2)
Wi, mm s’ 0.262(1)
Hematite (C)
RA, % 15.5(2) 14.7(2) 14.5(3)
A2s/A34 1.943(3)
o, mms! 0.391(3)
(Bnf), T 49.19(3)
2¢, mm 5! -0.240(6)
o(Brs), T 1.51(4)
Wi, mm s’ 0.262(1)
Hematite (D)
RA, % 8.4(2) 8.5(2) 8.2(4)
A2s/A34 1.943(3)
S, mms’! 0.32(2)
(Brd), T 47.7(2)
2¢, mm 5! 20.14(3)
o(Bnr), T 5.1(2)
Wi, mm s’ 0.262(1)

*x2 is the normalized chi-square of the fit, RA denotes the relative spectral area, 4»s/434 is the relative area of the 2"
and 5" peaks of the sextet components wrt. that of the 3™ and 4" peaks, o denotes the isomer shift relative to a-Fe at
room temperature, {Bxr) is the mean and o(Byy) is the standard deviation of the Gaussian hyperfine magnetic field
distribution associated with the corresponding component, ¢ is the first order quadrupole shift, 71, is the Lorentzian
FWHM line width contribution to the apparent peak width of the sextet components.
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Figure S14. >’Fe Mossbauer spectrum (black dots) of sample T-FP1 recorded at 150 K, along

with its decomposition and fit envelope (solid lines). The fit residual is shown below the
spectrum. See Table S5 for the corresponding Mdossbauer parameters.

Table S5. >’Fe Mossbauer parameters of the hematite nanotube sample T-FP1 at 150 K. See Fig.
S14 for the corresponding Mdssbauer spectrum. Numbers in parentheses indicate the statistical
error (1o) in the last digit. The Lorentzian FWHM line width (WL) was fixed to its value found at
87 K. See Table S4 for further notations.

Sample T-FP1
T,K 150
X2 591

S1 (Hematite without Morin transition)

RA, % 66.8(3)

Azs/A34 2.04(1)
S, mms! 0.457(1)

(Bu), T 52.913(6)

2¢, mms’! -0.204(2)




o(Bnr), T 0.43(1)
Wi, mm s’ 0.319(F)
S2 (Hematite with Morin transition)
RA, % 33.2(3)
Azs/A34 2.04(1)

S, mms’! 0.462(2)
(Bne), T 53.70(1)
2¢, mms’! 0.435(3)
o(Bnf), T 0.33(3)
Wi, mm s’ 0.319(F)

While the Mossbauer spectra of samples T-FPO, T-FP1 and T-FP5 showed only minor differences
at room temperature, low temperature measurements (Fig. S15) performed at 7= 87-88 K revealed
marked differences between the samples. The spectrum of T-FP0 at 87 K consists of a single sextet
component, whereas those of T-FP1 and T-FP5 exhibit two well-defined subcomponents. Based
on the Mossbauer parameters (Table S6), the sextet component observed for T-FPO is anomalous.
Hematite is known to undergo a magnetic transition when cooled below its Morin transition
temperature, 7m =~ 250-260 K, leading to a reorientation of the iron magnetic moments from
perpendicular (7> Twm) to parallel (7'< 7Tm) to the c-axis of the hexagonal lattice. Thus, below
~ 250 K, a perfect antiferromagnetic (AF) structure is observed, while above ~ 250 K, a canted
antiferromagnetic structure results, which manifests as a weak ferromagnet (WF).!*?2"2% In the
Maéssbauer spectrum, this transition is detectable as a change in the sign of the ¢ quadrupole shift,
resulting in a change of 2¢ from 2¢ ~ 0.2 mm/s (7> Twm) to 2¢ ~ 0.4 mm/s (T < Twm).2!**26 Another
characteristic of the transition is that the >’Fe hyperfine magnetic field is ca. 0.8 T higher in the
purely antiferromagnetic state (7< 7Twm) than in the weakly ferromagnetic one (7> Twm).>
Considering the above and the results listed in Table S6, it follows that sample T-FP0O did not
undergo the Morin transition within the temperature range of 87 K to 290 K. Instead, its Mossbauer
spectrum (Fig. S15) reflects a negative quadrupole shift value with 2¢ = —0.20 mm/s (Table S6)
which is characteristic of the weakly ferromagnetic (7> Twm) state of hematite. Several factors
could explain the absence of the Morin transition. Strains, crystal defects, impurities and surface
effects are known to reduce the Morin temperature.?”-*® Additionally, for particles smaller than ca.
100 nm, the Morin transition temperature decreases rapidly with decreasing particle size,
disappearing entirely for nanoparticles smaller than 10 nm.?’* For larger particles, the
incorporation of structural hydroxyls and molecular water into the hematite structure, along with
the resulting changes in lattice parameters, may play a decisive role in suppressing the Morin



transition.?! For the present samples, this scenario aligns with the analysis results from the
room-temperature Mdssbauer spectra (Fig. S12) and the TGA measurement (Fig. S10).

The two sextet components revealed by the Mdssbauer spectra of hematite nanotubes
decorated with platinum are clearly distinguished by their Mossbauer parameters (Table S6). The
first sextet S1, exhibited parameter values closely resembling those of the T-FPO hematite
nanotubes, indicating that a portion of the material retained its original structural and magnetic
properties. In contrast, the second sextet, S2, displayed parameter values (2¢ ~ 0.43 mm/s and a
mean hyperfine magnetic field that is ca. 0.8 T higher than that of the corresponding SI
component) characteristic of hematite that had undergone the Morin transition. The relative
spectral area of S2 was ~34% in the case of T-FP1 and ~29% in the case of T-FP5, i.e. the applied
heat treatments (Table 1) recovered the Morin transition in a substantial part of these samples.
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Figure S15. °’Fe Mossbauer spectra of samples T-FP0, T-FP1 and T-FP5 recorded at the
indicated temperatures, along with their decomposition and fit envelope. The respective fit
residuals are displayed below the spectra.



Table S6. Low temperature (T = 87-88 K) °’Fe Mdssbauer parameters of hematite nanotubes with
and without platinum decoration. Numbers in parentheses indicate the statistical error (1) in the

last digit.”

Sample T-FPO T-FP1 T-FP5
T,K 87 87 88

X2 1.04 3.20 1.00
S1 (Hematite without Morin transition)

RA, % 100.00 66.2(4) 71.1(1.1)
Aas/A3za 2.00(3) 2.05(1) 1.98(3)
S, mm s’ 0.479(2) 0.478(1) 0.476(2)
(Bnp), T 53.22(1) 53.34(1) 53.26(2)
2¢, mms’ -0.202(3) -0.196(3) -0.196(5)
o(Bnr), T 0.38(3) 0.43(2) 0.27(6)
Wi, mm s 0.319(4)

S2 (Hematite with Morin transition)

RA, % 33.8(4) 28.9(1.1)
Azs/Asza 2.05(1) 1.98(3)
S,mms’ 0.478(2) 0.486(6)
(Bnf), T 54.10(1) 54.04(4)
2¢, mms’ 0.436(4) 0.43(1)
O(Bwr), T 0.18(7) 0.0(1)
Wi, mm s 0.319(4)

*y2 is the normalized chi-square of the fit, RA denotes the relative spectral area, 4,s/434 is the relative area of the 2"
and 5" peaks of the associated magnetic sextet component wrt. that of the 3™ and 4" peaks, & denotes the isomer shift
relative to a-Fe at room temperature, (Bye) is the mean and o(Byy) is the standard deviation of the Gaussian hyperfine
magnetic field distribution associated with the corresponding component, ¢ is the first order quadrupole shift, Wy is
the Lorentzian FWHM line width contribution to the apparent peak width of the sextet components. The latter was
constrained to be equal for all subcomponents of the fit.

To confirm that the relative area fractions determined for the S2 component in samples T-FP1 and
T-FP5 accurately represent the proportion of iron microenvironments in hematite that underwent
the Morin transition, T-FP1 was also measured at 150 K. Decomposition of the T-FP1 spectrum at
150 K (Fig. S14) yields parameter values (Table S5) consistent with those found at 87 K
(Table S6), with component S2 exhibiting nearly the same relative area fraction at both
temperatures. This result demonstrates that the temperature dependence of the iron recoilless
fractions associated with components S1 and S2 does not differ appreciably. It also indicates that
the microenvironments associated with S2 do not gradually emerge from those of component S1
as the temperature decreases. Instead, they exist as distinct, well-defined microenvironments with
a specific concentration within the structure of the hematite nanotubes. In Table S6, the standard



deviation o(Bnf) of the hyperfine magnetic field distribution for component S2 is significantly
smaller than the corresponding value for component S1 in both, T-FP1 and T-FP5. This further
suggests that S2 is associated with a microenvironment having a distinct structure with low
variability, which can presumably be identified as the ideal hematite structure. In contrast,
microenvironments resulting in component S1 can be characterized by high variability, likely
related to the distribution of residual molecular water, hydroxyl groups, and phosphate ions in the
hematite structure.

S2.6. EPR spectroscopy results

X-band electron paramagnetic resonance spectroscopy measurements were conducted to monitor
the effects of heat treatment (Table 1) and the occurrence of the Morin transition through changes
in the EPR signal in the temperature range of 150-290 K. Figure S16 compares X-band EPR
spectra of samples T-FPO, T-FP1 and T-FP5 at 290 K and 150 K (See Fig. S17 for a more detailed
temperature dependence of the EPR signal). Based on spectra recorded at 290 K, the heat treatment
applied for Pt decoration resulted in the enhancement of a broad signal extending from 100 G to
above 5000 G. This enhancement makes the room temperature spectra of T-FP1 and T-FPS5
distinctly different from that of T-FP0. However, when the samples are cooled to 150 K, the spectra
of the three samples become more similar (Fig. S16).

Among the possible electron magnetic resonance modes of hematite, in the X-band
(microwave wavelength A = 3 cm) the low-frequency mode of the weak ferromagnetic state (mode
LFWF) is expected to be observable in the EPR spectra.’®*! This mode involves the precession of
the weak ferromagnetic moment of hematite (for 7> 7m) around the applied magnetic field. Due
to zero field splitting, the center of the associated LFWF electron magnetic resonance signal is
expected to appear around B = 0 G for microwave frequencies in the X-band.?!*? Furthermore, as
the temperature decreases, the microwave absorption associated with the LFWF mode reduces to
zero once the Morin transition is completed.?! -

The first integral of the EPR signals shown in Fig. S16 provides the magnetic field
dependence of microwave absorption, as presented in Fig. S18. In this case, these dependencies
indicate that the hypothetical center of the microwave absorption band is indeed near, and slightly
below, zero applied magnetic field. The decrease in absorption in this band as the temperature is
lowered from 290 K to 150 K also supports attributing the enhanced EPR signal observed for the
T-FP1 and T-FP5 samples to the LFWF resonance signal theoretically expected for the ideal
hematite structure. This signal can be considered characteristic of the portion of the T-FP1 and
T-FP5 samples that undergoes the Morin transition, as indicated by the respective Mossbauer
spectra (Fig. S18). The deviation of the EPR spectra of T-FP1 and T-FP5 from that of T-FPO at
290 K, i.e. in the weakly ferromagnetic state, indicates that even at room temperature the magnetic
properties of the original hematite structure characteristic of T-FPO differ considerably from those
of the closer-to-ideal hematite structure formed in its heat treated and Pt decorated counterparts.
This difference is presumably due to changes in local magnetic anisotropies as heat treatment
reduces the concentration of phosphate (PO4+’") and hydration-related residual species in the
samples.



It has been shown that hematite nanoparticles undergoing superparamagnetic relaxation
contribute to the EPR spectrum with a broad absorption band at around g = 2.3! The absence of a
corresponding absorption band with significant intensity in our samples (Figs. S16 and S18) rules
out the notable presence of such superparamagnetic particles and further confirms the
morphological consistency of the particles in these samples.
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Figure S16. Comparison of the EPR spectra of T-FP0, T-FP1 and T-FP5 measured at 150 K and
290 K. Refer to Fig. S18 for the EPR spectra recorded between these two temperatures. Note that
on the horizontal scale of these spectra g = 2 is equivalent to ~3326 G.
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Figure S17. Temperature dependence of the X-band EPR spectra of the samples T-FP0O, T-FP1
and T-FP5 recorded between 150 K and 290 K. T-FP0O was measured at only five different

temperatures.
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Figure S18. First integral of the respective EPR signals shown in Fig. 16, illustrating the
magnetic field dependence of microwave absorption. The curves were vertically shifted so that
the absorption minimum aligns with the zero level in each case.

S2.7. Results of magnetization measurements

A detailed analysis (Fig. 6) of the temperature-dependent magnetization (H = 100 Oe) reveals a
bifurcation between the ZFC and FCC/FCW curves for all samples, which is typical of small
magnetic particles. This separation becomes apparent near room temperature and results from the
continuous freezing of magnetic moments aligned with the field during cooling (FCC/FCW),
compared with the random freezing of moments in the absence of a field (ZFC). The ZFC curve
(Fig. 6) for the samples in the measured temperature range shows no characteristic maximum at
the blocking temperature, which usually separates the low-temperature blocked and high-
temperature superparamagnetic regimes, i.e. magnetic moments remain blocked up to the highest
measured temperatures. This indicates a relatively high anisotropy energy barrier, consistent with
the sizes and elongated morphology of the hematite particles.

At high temperatures, all hematite samples have a canted antiferromagnetic spin structure
giving rise to a net magnetic moment. Magnetic moment of antiferromagnetic nanoparticles can
be further enhanced, compared to the bulk counterpart, due to structural disorder, broken bonds,
and uncompensated interactions at the particle surface, which are more pronounced in smaller
particles.



The ZFC and FCC curves of the T-FP0O sample (Fig. 6) do not show any indication of a
marked Morin transition, consistent with the Mossbauer measurements. In contrast, the T-FP5
sample exhibits a pronounced Morin transition with significant thermal hysteresis, depending on
whether the sample was measured during cooling (7m = 140 K) or warming (7m = 180 K). This
observation also agrees with the Mdssbauer measurements (Fig. 6). A lower Tm value and
pronounced thermal hysteresis are typical for hematite particles with submicron sizes compared to
bulk hematite.?” Magnetization measurements of T-FP5 and T-FPOann samples clearly show that
only part of the samples underwent the Morin transition. The magnetization of a hematite sample
in a perfect antiferromagnetic state at temperatures below the Morin transition and in a small
applied magnetic field would be very small (practically zero). In contrast, the magnetization of our
samples remains finite at the lowest temperatures, indicating that a weak ferromagnetic component
is still present. Additionally, there is a splitting between the ZFC and FCC/FCW magnetization
curves at the lowest temperatures consistent with the blocking of magnetic moments in particles
with a weak ferromagnetic structure i.e. particles that did not undergo the Morin transition.

Figure 7 (a) shows the magnetic field dependence of the magnetization measured at
T =5 K, which does not differ significantly between the two samples. This behavior is consistent
with an antiferromagnetic system containing a very small proportion of a ferromagnetic
component, which could be due to weak ferromagnetism in hematite. The proportion of the
ferromagnetic component appears significant only because the response to a magnetic field is
much stronger in a ferromagnet than in an antiferromagnet. The linear increase in magnetization
at high fields (A4 > 20 kOe) confirms that antiferromagnetism is the dominant magnetic interaction,
while the low-field region exhibits a minor ferromagnetic-like contribution that saturates and gives
rise to hysteresis, attributed to the slow relaxation of weakly ferromagnetic domains. Figure 7 (b)
shows the temperature dependence of the real and imaginary components of magnetic ac
susceptibility for the T-FP0ann sample. No clear traces of the Morin transition are observed, which
is expected since antiferromagnets respond very poorly to an alternating magnetic field of small
amplitude and only a small portion of the sample undergoes the Morin transition. The increase in
both the real and imaginary components of ac susceptibility at higher temperatures can be
attributed to the slow relaxation of magnetic moments, consistent with the DC magnetization
shown in Fig. 6. The characteristic maximum of both parts of susceptibility, typical for single
domain nanoparticle systems, is not achieved in the measured temperature range, implying a high
anisotropy barrier.

For comparison, previously studied hematite nanoparticles provide insight into the thermal
behavior and recovery of the Morin transition. The absence of the Morin transition in hematite
synthesized from aqueous medium has been observed in ellipsoidal nanoparticles with mean major
and minor axis sizes of 330 nm and 70 nm, respectively. Annealing these nanoparticles at
temperatures up to ca. 500°C did not restore the Morin transition; however, the transition was
successfully recovered through heat treatments at higher temperatures.>* In the present work, the
maximum heat-treatment temperature used for the preparation of T-FP1 and T-FP5 was 380°C
(Table 1), yet the Morin transition was successfully recovered in part of these samples (Table S6).
The higher sensitivity of T-FPO to heat treatments compared to the ellipsoidal nanoparticles studied
previously could be due to morphological differences between these particles. Specifically, while



the characteristic size of T-FPO particles (Figure 1) is roughly equal to that of the ellipsoidal
particles mentioned above, the nanotube morphology of T-FPO results in a higher surface-to-
volume ratio, and therefore in a lower overall activation energy for the removal of hydroxyl groups
and molecular water.**

S2.8. Hydrogen gas sensing properties

Table S7. Average baseline electrical resistance (Ro) of T-FPO, T-FPOann, T-FP1 and T-FP5 samples
measured in air and nitrogen at 363, 463 and 553 K. Values represent the mean + standard deviation
(SD) of three repeated measurements.

Sample Ro / MQ (air) Ry / MQ (nitrogen)

363K 463 K 553K 363 K 463 K 553K
T-FP0 19.0+£2.2 2.82+0.4 93.94+7.8 22.2+7.9
T-FP0ann 2.67+0.3 0.71+0.06 0.73+0.1 0.14+0.01
T-FP1 345+25.2 | 38.947.6 4.32+2.7 160+29.4 8.49+3.2 2.17£0.5
T-FP5 1200+433 | 188+54.4 18.7+£9.7 640+176 197+11.8 38.9+8.1

S2.8.1. Effect of Pt decoration and temperature on hydrogen sensing in air

In air, oxygen molecules are adsorbed onto the a-Fe:03 surface and capture electrons from the
conduction band, forming surface oxygen species and an electron depletion layer. When exposed
to Hz, the adsorbed oxygen reacts with hydrogen, releasing electrons back into the conduction
band, which reduces the electron depletion width and decreases electrical resistance. In the
presence of Pt nanoparticles, hydrogen dissociation and spillover processes enhance the reaction
with adsorbed oxygen species, resulting in greater electron release and further narrowing of the

depletion layer.*>>7 A schematic illustration of the proposed sensing mechanism is shown in
Figure S19.
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Figure S19. Schematic illustration of the proposed gas sensing mechanism for an n-type
semiconducting metal oxide in air (a) and upon exposure to a reducing gas (hydrogen) (b), with
and without Pt decoration. The electron depletion layer is widest in air due to oxygen adsorption,
becomes thinner upon exposure to H> for pure hematite, and is further reduced in the presence of
Pt nanoparticles because of enhanced hydrogen dissociation and spillover, resulting in the lowest
electrical resistance.



Table S8. Comparative overview of hydrogen sensing performance reported for various
metal-oxide semiconductor (MOS)-based hydrogen sensors.

Sensor Optimal RH LOD Concentration | Response | tye (5) Ref.
working (%) | (ppm (ppm) (RuirRyas)
temperature H>)
(§(®)
Pt/Fe, 03 190 20— 1 400 4.5 3.6 This
nanotubes 40 work
WO2.7 RT ~35 | NG 500 3.7 56 36
nanoparticles
Ag/WO:; thin RT ~0 | NG 100 1.05 3 38
film
Pd/a-MoOs thin | 100 NG | 800 NG NG 287 ?
film
TiO, mesoporous | RT ~0 100 1000 298 85 40
structured
P/SnO; thin film | 200 ~0 | NG 250 51.6 333 4
Pd;Agoso@SnO/ | 225 ~0 | NG 100 81.34 45 42
SnO; nanosheets
Pt/Sn0,-Cos04 | 300 NG | NG 100 45.1 12 .
composite
Ir/ZnO 265 ~50 | NG 500 2.79 T@100 ppm | *

*RT denotes room temperature; RH denotes relative humidity and ~ 0% RH indicates

dry conditions, i.e.
measurements performed in dry air, without intentional introduction of humidity; tr is the response time; LOD is the
detection limit; NG indicates that the corresponding data were not provided in the cited references.
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Figure S20. Average response time (fall time) of the electrical resistance for T-FPO, T-FPOann,
T-FP1 and T-FPS5 samples measured in air at different temperatures.

To further clarify the factors influencing hydrogen sensor performance, the effects of morphology
and synthesis method were also examined. The results were compared with our previous study by
Solti¢ et al., in which hematite nanoparticles with irregular morphology synthesized by planetary
ball milling were investigated (Figs. S21 and S22).! All measurements were performed using the
same setup and identical experimental conditions to enable a direct comparison of the influence of
both morphology and synthesis route on sensor behavior under oxidative conditions (air). It should
also be noted that differences in synthesis approach (hydrothermal vs mechanochemical) may
contribute to variations in crystallinity, defect density, and surface chemistry. The specific surface
area of irregular hematite without Pt was 9.3 m? g*', increasing to 14.9 m? g*! with 1 mol% Pt
decoration.! In contrast, nanotube samples exhibited considerably higher values: 24.4 m?> g*' for
Pt-free nanotubes (T-FP0) and 36.5 m? g! for Pt-decorated nanotubes (T-FP1) (Fig. S23). These
results confirm that both Pt decoration and controlled nanotube morphology substantially increase
the available surface area, providing more active sites for gas interaction and improving overall
sensor performance.
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Figure S21. Comparison of 1 mol% Pt-decorated a-Fe20O3 samples with nanotubes (green square)
and irregular morphology (orange triangle) from Solti¢ et al.' The main plots show the entire
concentration range, while the insets enlarge the range at low concentrations (0—50 ppm).
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and irregular morphology (orange triangle) from Solti¢ et al.' The main plots show the entire
concentration range, while the insets enlarge the range at low concentrations (0—50 ppm).
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Figure S23. Gas (N2) adsorption (red line, circles) and desorption (blue line, squares) isotherms
and calculated BET surface areas of T-FP0 and T-FP1 samples.



S2.8.2. Influence of measurement atmosphere: comparison between air and N;
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Figure S24. Comparison of the response of sample T-FPO to hydrogen gas, measured in air and
nitrogen atmospheres at 463 K and 553 K. Measurements in air are shown with dashed or dotted
lines: dark green triangles with a dash-dot line represent 463 K, and pink circles with dashes
represent 553 K. Measurements in nitrogen are shown with solid lines: light green triangles
represent 463 K, and light pink circles represent 553 K. The error bars represent the propagated
uncertainties in the response, calculated from the standard deviations of R and Ro, and their
covariance.
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Figure S25. Comparison of the response of sample T-FPOann to hydrogen gas, measured in air
and nitrogen atmosphere at 463 K and 553 K. Measurements made in air are shown with dashed
or dotted lines: dark green triangles with a dash-dot line represent 463 K, pink circles with
dashes represent 553 K. Measurements in nitrogen are shown with solid lines: light green
triangles represent 463 K, light pink circles represent 553 K. The error bars indicate the
propagated uncertainties in the response, calculated from the standard deviations of R and Ro,
and their covariance.
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