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Hematite «-Fe>O3z nanorods and laser-induced
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Volatile organic compounds (VOCs) present in workplace and domestic settings present risks to human
health, e.g., 1-butanol concentrations >100 ppm can cause central nervous system depression and
respiratory/skin irritation. Traditional chemiresistive metal-oxide gas sensor platforms frequently rely on
noble metal contact electrodes (Au,Pt) and high-temperature operation (200-600 °C), increasing cost
and environmental footprint impacts. Consequently, there is an urgent need for sustainable and
affordable materials for chemiresistive gas sensors that can operate at room temperature. Our approach
combines hematite (a-Fe,O3) nanorods, synthesized via a low-impact co-precipitation method, with 3D
porous laser-induced graphene (LIG) electrodes for room-temperature chemiresistive sensing of VOCs.
Relative humidity (RH) plays a key role in charge transport through these LIG-contacted o-Fe,Os
nanorod assemblies, with baseline device resistance Ry decreasing quasi-exponentially with increasing
humidity. Device resistance increases upon exposure to 1-butanol, with resistance response AR/Rq ~ 185
+ 25% (n = 8) to 100 ppm 1-butanol at ~55% RH, with 50—-300 ppm linear range and limit of detection,
LOD = 36 + 11 ppm. Device response, AR/Ry, increases with increasing relative humidity from ~20-60%
RH, highlighting the key role of the hydrated a-Fe,Osz surfaces on the sensing mechanism. Measured
response values represent a ~10-fold improvement in sensitivity vs. reported room-temperature
performance for devices based on a-Fe,Oz nanocubes. Further, the estimated cumulative energy
demand (CED) for the a.-Fe,Os nanorod active nanomaterial is ~1000 times lower than reported data for
devices with comparable sensitivity, which employed a-Fe,Oz nanocubes and reduced graphene oxide
hybrids. Estimated CED values for the 3-D porous LIG electrodes also show orders of magnitude
reduction vs. values for conventional metal contact electrodes. Finally, we show that the response time
constants of these LIG-contacted a-Fe,Oz nanorod devices can be used together with chemiresistive
AR/Rq response for effective discrimination of 1-butanol vs. other short-chain alcohols (methanol,
ethanol, 2-propanol) and non-polar VOCs (acetone, toluene, hexane).

Accordingly, the Occupational Safety and Health Administra-
tion (OSHA) and the National Institute for Occupational Safety

Volatile organic compounds (VOCs) are present in our daily
lives in both workplace and domestic settings and can present
risks to human health. 1-Butanol (also referred to as n-butanol)
is a VOC commonly used in varnish, plasticizers, cosmetics,
detergent organic synthesis intermediates, and extractants.
However, exposure to >100 ppm 1-butanol can result in severe
health issues including nervous system depression, respiratory
irritation, headache, dizziness, drowsiness, dermatitis and skin
irritation.' In addition, 1-butanol is flammable and can form an
explosive mixture with air at elevated concentrations (11.5%).

“Tyndall National Institute, University College Cork, Lee Maltings, Dyke Parade, Cork
T12 R5CP, Ireland. E-mail: aidan.quinn@tyndall.ie

*Dept of Electronic & Computer Engineering, University of Limerick, Limerick V94
TOPX, Ireland

192 | Nanoscale Adv., 2026, 8, 192-206

and Health (NIOSH) have set safety standards of 100 and
50 ppm, respectively, for 1-butanol in the workplace.>* Given
the potential negative effects of 1-butanol and its excessive
emissions, there is a pressing need for affordable, reliable,
rapid and sensitive detection methods.

Owing to their good sensitivity and rapid response times,
metal-oxide-semiconductor (MOS) nanomaterials have attrac-
ted significant interest as active materials for chemiresistive
sensing of hazardous or poisonous gases.** MOS nanomaterials
including SnO,, ZnO, WO3;, TiO,, C030,, a-Fe,03, CuO, NiO,
have been widely employed in gas-sensing applications.®™®
Among these metal oxide nanomaterials, a-Fe,O; has attracted
significant attention for 1-butanol sensing because of its high
chemical stability, low manufacturing costs, and abundance.
Table S1 provides an overview of previous studies on o-Fe,O3
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nanomaterials for chemiresistive sensing of 1-butanol. Most
studies report high operating temperatures (160-300 °C), where
the sensor resistance measured following exposure to 1-butanol
vapor (Ryoc) was significantly lower than the ambient atmo-
sphere value (R,). Resistance ratios in the range Ry/Ryoc ~1-50
were reported for 100 ppm 1-butanol concentrations.

However, high operating temperatures necessitate use of an
integrated heating element and thermally-stable materials for
the substrate, e.g. alumina or ceramic, and also the contact
electrodes, e.g., gold or platinum-group metals; see Scheme 1a
below. The associated constraints around materials selection
and manufacturing processes increase both the sensor cost and
the environmental footprint impacts,*® including global warm-
ing potential, and resource depletion. These thermal stability
constraints would also apply if further anneal steps were
required following deposition of the active nanomaterial on the
contact electrodes.®

It is challenging to perform a comprehensive, quantitative
“Cradle to Grave” Life Cycle Assessment (LCA) for emerging
research nanomaterials and fabrication processes at low Tech-
nology Readiness Levels due to the lack of available and/or
standardized data.”® Thus, streamlined sustainability assess-
ments often use comparative approaches to identify “hotspots”
which can dominate the overall environmental footprint.
Cumulative Energy Demand (CED), a proxy for Global Warming
Potential, is a useful metric, given the strong correlation with
other environmental footprint impacts.**

Table 1 provides rough comparative estimates of the cumu-
lative energy demand for the source materials (active sensing
nanomaterial, contact electrodes, and substrate) as well as the
electricity consumption during laboratory-scale contact elec-
trode fabrication for a range of sensors based on iron oxide
(FeO,) MOS nanomaterials. Hotspots are highlighted in orange/
red (Table 1 and Scheme 1a). We note that these estimates are
likely to represent lower bounds for the contribution to the total
CED, since not all process fabrication steps are accounted for.

Scheme 1b illustrates our approach to addressing environ-
mental footprint hotspots associated with nanomaterial
synthesis and fabrication of chemi-resistive sensors for room-
temperature detection of 1-butanol, see Discussion section
below. Briefly, our approach focuses on combining a-Fe,O;
nanorods, synthesized via a low-impact co-precipitation
method, with laser-induced graphene contact electrodes.
Laser-induced graphene (LIG) is a highly porous three-
dimensional conductive carbon network formed by lasing an
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appropriate polymer substrate, discovered in 2014 by Lin, Tour
and co-workers.”” We have recently demonstrated chemir-
esistive sensing of methanol at room-temperature using LIG
electrodes with low loadings of SnO mesoflower active mate-
rials.*® Here we report on chemiresistive sensing of 1-butanol
and other VOCs at room temperature using resource-efficient,
LIG-contacted «-Fe,O; nanorod devices. We investigate the
key influence of relative humidity on device performance and
identify measured parameters that can be used as inputs to
simple machine learning models to improve device selectivity.

2 Experimental
2.1 Materials

Iron(m) nitrate nonahydrate (Fe (NOs);-9H,0, 99.0%) and
sodium hydroxide (NaOH) was supplied by Sigma-Aldrich
(Shanghai, China). Polyimide tape (0.07 mm thick, silicone
adhesive backing) was purchased from Sigma-Aldrich. Iso-
propyl alcohol (99.5%, Merck), acetone (99.5%, Merck), hexane
(99.8%, Merck), 1-butanol (99.8%, Merck), methanol (99.8%,
Merck), ethanol (99.9%, Merck), and toluene (99.8%, Merck)
were used as the analytes. All chemicals were used as received
without purification. Deionized (DI) water with electrical resis-
tivity 18.2 MQ cm was used for all aqueous solutions.

2.2 Preparation of a-Fe,0; nanorods

Co-precipitation methods were used to synthesize a-Fe,O3
nanorods. 0.05 M Fe(NO3);-9H,0 was stirred in deionized (DI)
water for 30 min at room temperature. NaOH in DI water (1 M,
25 mL) was slowly added to the iron nitrate solution until the
pH reached 11, and the mixture was stirred for 3 h at 80 °C. The
precipitate was allowed to age overnight and then centrifuged
with DI water followed by ethanol. The powder was then dried in
an oven at 60 °C for 6 h, crushed using a mortar, and calcined in
a muffle furnace at a set temperature (400, 450, 500, 550, or
600 °C) for 3 h to obtain «-Fe,O3 nanorods.

2.3 Preparation of laser-induced graphene (LIG) electrodes

Interdigitated LIG electrodes were fabricated using a 10.6 um
CO, laser (Universal Laser System PLS 4.75), as depicted in
Fig. 1b. In our previous work, we found that an average laser
power ranging from 2.4-3.9 W with a scan speed ranging from
to 280-440 mm s ' yielded LIG electrodes with low sheet
resistance and a low defect density.*® For this study, we
employed an average laser power of 3 W, scan speed ~350 mm

Fe,05 v/

LIG J4—- I -

Polyimide substrate V'

Glass

Scheme 1 Comparative lllustration of (a) conventional and (b) LIG-chemiresistive sensor configurations highlighting material choices and

sustainability.
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(a) Schematic illustration of the synthesis procedure for a-Fe,Oz nanorods. (b) Scanning electron microscopy (SEM) data for a-Fe,O3

nanorod assembly drop-deposited on Si (001) substrate. Inset: high-magnification SEM showing individual nanorods (c) schematic of LIG
electrode fabrication (d) SEM data showing 3D porous LIG (e and f) schematic and photograph of a-Fe,Os nanorods/LIG sensor. (g) Low-
magnification SEM showing microporous assembly of a-Fe,Oz nanorods between interdigitated LIG electrodes.

s, and lens-sample separation of 0.51 mm. The interdigitated
electrodes were designed using PowerPoint, with interelectrode
gaps ~180-200 pm (SI, Fig. S1b). For each device, the electrode
area, including the gaps, was 1.6 cm?,

2.4 Preparation of LIG-contacted o-Fe,O3; nanorod
assemblies

Two milligrams of a-Fe,O; nanorods was dispersed in isopropyl
alcohol (IPA, 500 pL) and ultrasonicated for 1 h to obtain
a homogeneous slurry. The slurry was drop-cast onto previously
prepared interdigitated LIG electrodes and heated at 50 °C for
10 min on a hot plate to evaporate the solvent. Finally, fabricated
devices were stored overnight under ambient conditions. In this
study, 33 sensor devices were fabricated and evaluated. One batch
of synthesized o-Fe,O; nanorods was used to prepare 23 devices
(D1-D23), used to study device response to different VOCs in
humidified nitrogen environments. Five devices (D24-D27, D32)
were fabricated as a separate batch using identical procedures to
examine device response to 1-butanol in humidified air environ-
ments. Five additional devices (D28-D31, D33) were fabricated
using o-Fe,O; nanorods synthesized at a range of calcination
temperatures (400 °C < Ty, < 650 °C) to investigate the effect of
Tealc 00 device response to 1-butanol. All devices used the same LIG
electrode geometry and test conditions unless specified otherwise.

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

2.5 Characterization

Raman spectra of o-Fe,O; and LIG were obtained using
a Horiba XploRA Raman microscope using 532 nm excitation
for LIG samples and 750 nm excitation for a-Fe,O; samples,
10x objective, 30 s acquisition, one accumulation, and 10%
power. Powder X-ray diffraction (PANalytical X'pert PRO, copper
anode, K; = 0.15406 nm, K, = 0.15444 nm) was used to deter-
mine the phase composition for 26 values in the range 20-80°.
Surface morphology was investigated using a Zeiss Supra
scanning electron microscope (SEM) at an accelerating voltage
of 10 kV. Energy dispersive X-ray analysis (EDX) data and SEM-
EDX maps were acquired using an Oxford X-Max 50 detector.
Optical absorption spectra for a-Fe,O; nanorods in isopropanol
solutions were acquired using an Agilent/HP 8453 UV-Vis
spectrophotometer over a wavelength range of 200-1100 nm.

2.6 Gas sensor measurements

The response of the devices to the specific VOCs was evaluated
using a custom-made gas-sensing setup,*® using humidified
nitrogen or humidified air environments. An 800 mL test
chamber that could accommodate up to four devices simulta-
neously was used to assess the performance of the «-Fe,0;
nanorod sensors (Fig. S2). A 3D-printed polylactic acid lid with
four slots was used to mount the sensor devices, which were
externally connected to a multichannel multimeter (Keithley

Nanoscale Adv, 2026, 8, 192-206 | 195
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DAQ 6510-7700) via shielded coaxial cables. Devices were
measured simultaneously at ambient laboratory temperature
(~18 ©°C) via multiplexing with 5 averaged readings per
measurement (number of power line cycles, NPLC = 5), time
interval between measurements: 100 ms. The multimeter
voltage bias was verified as 0.4 V DC with a 0.25 V amplitude AC
modulation (50 Hz).

The lid featured three holes: an inlet for purging with
humidified nitrogen or humidified air (oil-free compressed air),
an exhaust port for the purge gas, and a separate port for analyte
injection using a microsyringe (Hamilton, 10 pL). The relative
humidity (%RH) was maintained within a range of 55 + 5% RH,
intentionally created by passing dry nitrogen through a water
bubbler. The test jar was positioned on a hot plate (80 °C) to
allow rapid evaporation of the injected analyte. As reported
previously,* the gaseous phase concentration (ppm) of each
analyte, corresponding to evaporation of injected liquid-phase
aliquots was measured using a photoionization detector
(Tiger PID, 11.7 eV lamp) standardized against a reference gas
(100 ppm isobutylene in balance air) measured 3 minutes after
solvent addition (see Fig. S3).

Measurements in standard humidity environments were
performed in sealed centrifuge tubes fitted with a customised
3D-printed lid to facilitate appropriate device mounting. Satu-
rated standard salt solutions were used to achieve the desired
relative humidity values: sodium hydroxide (NaOH, 7.5% RH),
magnesium chloride (MgCl,, 33% RH), sodium bromide (NaBr,
59% RH), and potassium chloride (KCl, 85% RH).*>

2.7 Data analysis

The sensitivity of each sensor device was calculated from
measured response values, AR/R, = (Ryoc — Ry)/Ro, Where R,
and Ryoc represent the sensor resistance values in humidified
nitrogen (or air) and following injection of the VOC analyte,
respectively. Baseline curve subtraction for AR/R, data was
performed using Origin's Peak Analyzer function. The baseline
curve for each device measurement was initially established by
identifying anchor points through the second derivative zero-
crossing method. Anchor points were then manually adjusted
to effectively account for baseline drift without distorting the
signal peaks, ensuring a more precise analysis of the sensor
response, see Fig. S10d and e. The ¢, response and recovery
times were defined as the times required for the sensor to reach
90% of the total resistance change after exposure to the target
VOC and purging with humidified nitrogen (or air), respectively.

2.8 Random resistor network simulations and machine
learning

Simulations of random resistor networks were performed using
the Simulink Toolbox in MATLAB (R2022a). Rectangular
resistor networks were constructed comprising 11 channels,
each with 22 resistors in series (462 resistors in total, Fig. S4).
Apart from the edges, each network node has four resistive
connections to neighbouring nodes (square configuration).
Each resistor is randomly assigned one of two resistance values,
R OF Ry (Ry = 10® Ry), with p, representing the fraction of the

196 | Nanoscale Adv, 2026, 8, 192-206
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total number of resistors that have been assigned a “low”
resistance R,. For each network configuration, 50 simulation
runs were performed, yielding a distribution of values for the
network resistance Rygr and the corresponding conductance,
Gner = 1/Rngr. Supervised machine learning was performed
using a fine-grained K-nearest neighbor (KNN) classification
model from Classification Learner toolbox in MATLAB.

3 Results and discussion

Fig. 1a, ¢ and e depict the processes for a-Fe,O; nanorod
synthesis, LIG electrode fabrication, and device assembly,
respectively, with corresponding SEM data shown in Fig. 1b,
d and g. The Fe,O; nanorods self-aggregate into a disordered
network, as expected for polydisperse nanorods drop-deposited
onto a polymer substrate (Fig. 1g). The nanorod morphology
(Fig. 1b, inset) and the micropores formed through self-
aggregation onto the polyimide surface between LIG elec-
trodes (Fig. 1g) both increase the surface-to-volume ratio,
providing more interaction sites for gaseous VOC molecules vs.
thin films.**** SEM analysis of >50 nanorods yields an average
length ~215 4+ 90 nm (Fig. S1a) and widths ~50-150 nm.
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Fig. 2 (a) Representative XRD for a-Fe,Oz nanorods. Representative
Raman spectra for: (b) a-Fe,O3z nanorods, (c) LIG.3*3®
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The nanorods' phase and crystal structure were examined
using X-ray diffraction (XRD) analysis. Fig. 2a shows the XRD 26
peaks at 24°, 33°, 35°, 41°, 49°, 54°, 57°, 62°, and 64°, corre-
sponding to (012), (104), (110), (113), (024), (116), (018), (214),
(300), (1010), and (200) crystallographic planes, respectively.
The data show good agreement with the typical trigonal crystal
structure of hematite a-Fe,Oz (JCPDS card No: 33-0664) with
space group R3c. No peaks related to other crystal phases or
impurities were detected. Raman data (Fig. 2b) showed clear
peaks for the expected modes for o-Fe,0;5: Ay
(223 em™',495 cm ') and Ey(242 cm ™, 289 ecm ', 406 em
608 cm ™ '). No discernible peaks were observed for impurities or
other iron oxide phases. EDX elemental analysis of individual a-
Fe,0; nanorods (Fig. S1b) again confirmed the presence of iron
and oxygen with no other impurities detected.

A representative Raman spectrum from the LIG contact
electrodes (Fig. 2¢) shows the expected first-order peaks (D, D/,
G) and the second-order 2D peak characteristic of multi-layer
graphene-like carbon LIG.**** Table S2 summarizes the
results extracted from Lorentzian fits to the data, confirming
sharp peaks indicative of high-quality LIG, with full-width at
half-maximum intensity (FWHM) values comparable to those
previously reported using the same laser system: FWHMp <
50 cm™ ', FWHMg < 40 cm ™!, FWHM,p, < 70 cm ™ 1.3

The conversion of polyimide film to graphene-like carbon is
thought to involve both photothermal and photochemical
processes, with the photothermal process likely playing a key
role in breaking and reforming the bonds between carbon,
oxygen, and nitrogen atoms at the polyimide surface.*®** This
process results in a color change of the orange polyimide tape to
deep black, which is a good visual indication of carbonization/
graphitization.®* The LIG electrode morphology (Fig. 1d and g)
shows kinked and wrinkled regions exhibiting a hierarchical
porous structure, ascribed to rapid generation of gaseous
products during laser melting/vaporisation of polyimide and
subsequent carbonization. EDX analysis of LIG (Fig. S1d)
showed the expected strong carbon peak with trace amounts of
oxygen and nitrogen.

3.1 VOC gas sensing using LIG-contacted a-Fe,O; nanorods

3.1.1 Influence of relative humidity. Understanding the
influence of relative humidity on nanomaterial-based chemir-
esistive MOX VOC sensors operating at room temperature is of
key importance. While charge transport in MOX sensors oper-
ating at high temperatures is often described in terms of
processes mediated by oxygen radicals,” Grotthuss-type
protonic hopping transport across hydrogen-bonded networks
of adsorbed water molecules is expected to play a significant
role at room temperature.**** Studies of humidity sensing using
nanostructured o-Fe,O; thin films and chemically synthesised
a-Fe,0; nanomaterials have been widely reported over several
decades. For this work, saturated salt solution standards were
used to create environments with known relative humidity,
specifically NaOH (7.5% RH), MgCl, (33% RH), NaBr (59% RH),
and KCl (85% RH). Fig. 3a shows the measured resistance for
one LIG/a-Fe,O; device (D17), acquired ~5 minutes after

© 2026 The Author(s). Published by the Royal Society of Chemistry
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insertion into each vessel. The saturation resistance shows the
expected quasi-logarithmic dependence vs. relative humidity,
decreasing by over two orders of magnitude from 7.5% RH to
85% RH. The ratio of the DC resistance at low and high
humidity values, respectively, R;soru/Rssoeru ~210, is in
reasonable agreement with data reported for assemblies of
smaller o-Fe,O; nanorods, Rijoru/Rozeeru ~340.*° Fig. 3e
schematically depicts the established model for interaction of
water molecules at hematite surfaces under low humidity.
Hydroxylation of the surface occurs initially and arriving water
molecules can then interact with surface -OH groups. Near-
ambient X-ray photoelectron spectroscopy studies on single-
crystal o-Fe,05(0001) reported adsorption of the first complete
water monolayer (ML) at ~15% RH, with coverage increasing to
1.5 ML at 34% RH.**

Charge transport through o-Fe,O; nanomaterials as a func-
tion of relative humidity can then be modelled by considering
percolative conduction through a two-dimensional random
resistor network.”” In this coarse-grained approach, each
resistor corresponds to one mesoscopic domain of assembled
nanorods (Fig. S4). In the simplest case, each domain can have
one of two resistance values, R, or Ry. “Active” domains with
a multi-layer surface coverage of adsorbed water, i.e. hydrogen-
bonded networks that facilitate protonic transport are assigned
a resistance value R, (Fig. 3i). Domains with sparse, sub-
monolayer coverage of adsorbed water, corresponding to
vacancies or defects in the resistor network, are assigned
a resistance value Ry (Fig. 3h), with Ry >> R,.

If there are N, “active” domains and Ny “vacant” domains in
a particular network configuration, the percolation fraction is
defined as py = Nu/(Ny + Ny). For each simulation run, we
randomly assign values of R, or Ry to individual resistors to
achieve the required percolation fraction, p,. The network
resistance Rygr and the corresponding conductance, Gygr = 1/
Rner, can then be calculated. Fig. S5a shows simulated, nor-
malised conductance data, G/Gyax VS. pa, showing the expected
“hockey-stick” shape with quasi-linear behavior at p, values
above the percolation threshold (p, ~0.4). Interestingly,
normalized conductance data vs. relative humidity (Fig. S5b),
extracted from the resistance data shown in Fig. 3a, show
similar behavior. This suggests that charge transport through
the LIG-contacted a-Fe,O; devices at ambient humidity levels
comprises multiple conducting paths mediated by a disordered
network of hydrogen-bonded water molecules at the a-Fe,0;
nanorod surfaces (Fig. 3f and i). The dominant mechanism for
prototropic charge migration through “freestanding” water
networks features hydronium ions, H;O" protonated water, that
are triply hydrogen-bonded to neighbouring water molecules,
ie. H;0'(H,0);.** Recent neural-network-based molecular
dynamics simulations reveal that proton transport in water is
doubly gated by sequential hydrogen-bond exchange.* The
situation at porous oxide surfaces in the presence of electric
fields is even more complex,*® with contributions from both
H;0" and OH™ ions. The measured device resistance also
reflects combined effects of two distinct Grotthuss mecha-
nisms: (i) vehicular diffusion, i.e., ion migration; (ii) structural
diffusion, i.e. charge migration via proton exchange, e.g. (A")(B)
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Fig.3 (a) Semi-log plot of measured saturated resistance vs. relative humidity for one LIG/a.-Fe,O3z nanorod device (D17) in separate standard RH
environments (saturated salt solutions). Inset: semi-log plot of resistance vs. time in each environment (b) resistance data for another device
(D20) following injection of a 1 uL aliquot of 1-butanol (~50 ppm) following by purging with humidified nitrogen (55 + 5% RH) and dry nitrogen,
respectively, and injection of a second 1 mL aliquot. (c) Simultaneously measured resistance data for two LIG-contacted a-Fe,Os nanorod
devices (D18, D19) towards 50 ppm of 1-butanol at 20 4 5% RH, 40 + 5% RH, and 60 + 5% RH, respectively (cf. Fig. S6 and S12). (d) Corresponding
AR/Rq data for D18 and D19. (e and f) Schematics of potential interactions of water molecules at a.-Fe,O3 surfaces under low and high relative
humidity (RH), respectively (g) Schematics of potential interactions of 1-butanol molecules at hydrated a-Fe,O3 surfaces. (h, i and j) Repre-
sentation of nanorod assemblies considered as resistive cores (gray) with conductive shells (green) under the scenarios depicted in (e, f and g),
respectively.

— (A)(B"). Our results are consistent with these mechanisms,
where humidity-driven increases in the water layer thickness at

An affordable, custom-made gas-sensing setup was used to
assess the chemiresistive behavior of the LIG-contacted o-Fe,O;

a-Fe,0; nanorod surfaces lead to improvements in local co-
ordination of the hydrogen-bonded network, thus improving
charge migration and reducing device resistance. The influence
of VOCs on prototropic charge transport through these
hydrogen-bonded networks will be discussed below.

198 | Nanoscale Adv., 2026, 8, 192-206

nanorod assemblies towards a range of VOCs under different
humidity conditions (Fig. S2). Before conducting analyte tests,
the test chamber was flushed with humidified nitrogen (20 +
5% RH) in the presence of the device(s) for 5 min to stabilize the
sensor devices and remove impurities. Fig. 3b shows a semi-log

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) Measured resistance data (R) vs. time (t) for one of four LIG-contacted a-Fe,Oz nanorod sensors (D2) simultaneously measured in

a humidified nitrogen environment (~55% RH) towards a series of injected aliquots of 1-butanol, from 1 puL to 10 mL; see Fig. S9 for full dataset
(D1-D4). Inset: R vs. t data for first two measurement cycles, showing initial resistance (Rp), change in resistance after injection of 1-butanol
aliquot (AR) and drift of baseline resistance (Ro — Rg) following purging with humidified nitrogen. (b) AR/Rq response calculated from resistance
data after background subtraction, cf. Fig. S9b. (c) Peak response values vs. 1-butanol concentration for this device (D2) over linear dynamic
range with linear fit used to extract the LOD. (d) Response data for device D2 showing tgg time constants for response to a 3 pL aliquot of 1-
butanol (160 ppm); and recovery following purging with humidified nitrogen. (e and f) Resistance and AR/R response data for the same device
towards increasing injection volumes of 2-propanol (isopropyl alcohol, IPA). (e) LOD fit from peak response vs. IPA concentration (f) response vs.
time to a 2 L aliquot (150 ppm) of IPA showing tgo time constants.
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plot of the measured DC resistance (R) for one device (D20) to
a 1 pL injection of 1-butanol (~50 ppm vapor concentration, see
Fig. S3a). From the initial resistance, R, ~12 MQ, the device
resistance increased following injection of the 1-butanol aliquot
to a plateau value, ~18 MQ. Upon purging the chamber with
humidified nitrogen (55 + 5% RH), the resistance fell rapidly
and stabilized at ~13 MQ, close to the initial value. Subsequent
purging with dry nitrogen (<5% RH) resulted in a rapid,
significant increase in resistance, to ~99 MQ, consistent with
desorption of surface water molecules and a reduction in the
number of viable charge transport paths through the o-Fe,O3
nanorod assembly. Injection of a 1-butanol aliquot did not lead
to any significant change in device resistance. Similar behavior
was observed for a second device (D21, Fig. S8a) measured
simultaneously with D20.

3.1.2 Sensitivity & reproducibility. Measurements for two
devices (D18, D19) mounted together in the sensing chamber
showed similar trends over three successive measurement runs
at relative humidity values of 60 4= 5% RH, 40 + 5% RH and 20 +
5% RH, respectively (Fig. 3c). For both devices, the initial
resistance (R,) increases with decreasing relative humidity
(Fig. 3b inset, Fig. S6 and S7). Fig. 3d shows the resistance
response AR/R,, i.e. the change in resistance as a percentage of
the initial resistance for the data shown in Fig. 3c. The response
to 50 ppm 1-butanol decreased at lower relative humidity for
both devices, with AR/R, ~110-117% at 60 £ 5% RH, decreasing
to ~97-98% at 40 = 5% RH and falling strongly to ~53-55% at
20 £ 5% RH. Taken together, these data highlight the key role of
humidity on device performance and highlights good sensitivity
close to ambient humidity levels.

Two sets of measurements, each featuring four devices
measured simultaneously (D1-D4, D5-D8), were undertaken on
to systematically assess device performance and sensitivity to 1-
butanol and other VOCs. Fig. 4a shows the measured DC
resistance (R) for device D2 towards sequential injections of
increasing volumes of 1-butanol, from 1 pL (~50 ppm vapor
concentration) to 10 pL (~460 ppm), interspersed with
humidified nitrogen purge cycles (55 = 5% RH). From initial
device resistance values in the range 7-9 MQ, all four devices
show significant resistance increases upon exposure to 1-
butanol (AR in Fig. 4a inset, Fig. S9a). Following purging with
humidified nitrogen, the device resistance decreased and
settled at a baseline value Rp. All devices showed a slight
increase in baseline resistance (~9-15%) after each injection-
purge cycle. Control measurements on separate “blank”
devices subjected to wait-purge cycles only, ie. no analyte
aliquots injected (Fig. S10a), showed similar increases in
measured baseline resistance (~8-10%). This baseline drift is
consistent with cumulative surface dehydration due to the
purge cycles (Fig. S10b).

The device with data shown in Fig. 4a (D2) showed a signifi-
cant resistance response, AR/Ry ~75% to 50 ppm 1-butanol.
Measured response increased with concentration for all four
devices within a linear dynamic range up to 300 ppm (Fig. 4b
and S9c). For each device (D1-D4), the limit of detection (LOD)
was calculated from a least-squares linear fit of measured
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response vs. VOC concentration (Fig. 3¢) using eqn (1) as per the
standard error estimate method,

g .
LOD = 3il:t JLOD, with JLOD

C

2 2
— LOD x (”—‘“) + (”—) (1)
me ¢voc

where oy, is error on the intercept for the least-squares linear
fit, m. is the fit slope, o, is the error on the slope; and o./cyoc is
the fractional error in the VOC concentration (~20% for these
manual microsyringes). Table 2 shows the extracted 1-butanol
LOD values for D1-D4, with calculated values in the range 21-
33 ppm. Table S3a shows the full parameter set used for the
calculations.

Fig. 4d also highlights the rapid, room-temperature response
of the sensors towards the analyte for a typical cycle. The ¢y,
response time is taken as the time for the AR/R, resistance
response to reach 90% of the maximum value for that cycle.
Fig. S11a shows the extracted ¢y, response times vs. concentra-
tion for the four devices. The average response time across the
four devices towards 160 ppm of 1-butanol is tog resp,puon (160
ppm) = 40 £ 2 s. As expected, devices showed more rapid to
recovery times after purging, with a mean value £y yec uon (160
ppm) = 25 £ 3 s.

After 24 hours under ambient conditions, these same devices
subsequently exposed to sequential injections of
increasing volumes of 2-propanol (IPA), from 1 pL (~80 ppm,
see Fig. 4e and S3b) to 10 pL (~720 ppm), interspersed with
purge cycles. Again, all four devices (D1-D4) show significant
resistance increases upon exposure to IPA (Fig. S9d). All devices
show smaller AR/R, response magnitudes to IPA vs. 1-butanol
(Fig. 4f and S9e), e.g., device D2 shows AR/R, ~31% to 80 ppm
IPA. Device responses increased with increasing IPA concen-
tration (Fig. S9f), with extracted LOD values in the range 52-
65 ppm (Table S2a). The average response time across the four
devices was lower for IPA vs. 1-butanol (Fig. S11b) with tog resp,ipa
=~ 20 £ 4 s for 150 ppm IPA. Devices showed even shorter ¢y
recovery times after purging, too rec,ipa = 8 £ 2 s.

A separate set of devices (D5-D8) was used to measure the
responses to increasing concentrations of IPA first (Fig. S12a-c),
and then 24 hours later to increasing concentrations of 1-
butanol (Fig. S12d-f). These devices showed similar responses

were

Table 2 (LOD) for each device calculated over the linear dynamic
range (LDR): 50-300 ppm for 1-butanol, 80-500 ppm for IPA

1-Butanol LOD 2-Propanol LOD

Device (ppm) (ppm)
D1 32+7 52 + 11
D2 21 + 4 60 + 12
D3 29+ 6 65 + 13
D4 33+ 7 54 + 11
D5 49 + 11 71 £ 15
D6 55 +12 43 +9

D7 29 + 6 38+ 8

D8 39+ 8 67 + 14

© 2026 The Author(s). Published by the Royal Society of Chemistry
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to the first set (D1-D4), with a slightly wider range of LOD
values, 38-71 ppm for IPA (, see Table 2). These devices also
showed a slightly wider range of LOD values for 1-butanol, 29—
55 ppm. Response time constants (Fig. S1lc and d) were
comparable to the first set of devices: tgg resp,puon (160 ppm) =
34 & 4 s and tog resp,ipa (150 ppm) = 21 =+ 3 s. While the response
time is aliased by the different evaporation conditions for the
various solvents, e.g., solvent boiling point vs. hotplate
temperature, the clear difference in ¢, values suggests that the
temporal response behavior could provide a potential route to
discriminate between different solvents, as will be discussed
below™®

These resource-efficient, LIG-contacted «-Fe,O; nanorod
devices show excellent performance at room temperature, with
mean response AR/R, = 185 + 25% to 100 ppm 1-butanol at
~55% RH for D1-D8. The closest comparable literature report
known to the authors, for room-temperature sensing of
100 ppm 1-butanol, AR/R, ~ —170% (30% RH) for a composite
sensor, featuring a-Fe,O; nanocubes combined with resource-
intensive reduced graphene oxide (Table 1), with a response
AR/R, ~ —13% reported for sensors featuring only the a-Fe,O3
nanocubes.®

The LIG-contacted «-Fe,O; nanorod devices also demon-
strated reproducible behavior. Fig. 5a and b shows measured
resistance and corresponding AR/R, response data, respectively,
for 4 devices (D13-D16) exposed to multiple injections of 1-
butanol 1 pL, ~50 ppm, AR/R, ~83 £ 1% for 16 injection cycles
across 4 devices. The response data show low values for the
Coefficient of Variation, CoV = g/u, where ¢ is the mean and u is
the standard deviation: 0.05 < CoV < 0.1 for device-to-device
variation; and 0.05 < CoV < 0.08 for cycle-to-cycle variation.
Our LIG/a-Fe,05 devices also showed good linearity with linear
dynamic range (LDR) from 50-300 ppm for 1-butanol and 80-
500 ppm for IPA. Extracted LOD values for 1-butanol were in the
range 21-55 ppm across the 8 devices (Table 2), all below the
NIOSH 8-hour workplace exposure limit (100 ppm).

Two other important parameters were also considered:
carrier gas (nitrogen vs. air) and o-Fe,O3; nanorod calcination
temperature. A set of four devices (D24-D27) was first exposed
to a series of injected 1-butanol aliquots (1 pL, 2 pL, 5 pL) in

50 ppm 1-Butanol : Bﬁ
407 RH% 48 D15
o D16

Fig. 5
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a humidified nitrogen environment (~60% RH) with humidi-
fied nitrogen purging (Fig. S13a-c), followed by exposure to
a second injection series in a humidified air environment with
humidified air purging (~60% RH, Fig S13d-f). Comparable
device performance was observed between the two environ-
ments, highlighting the dominant role of relative humidity over
carrier gas. Across the four devices, the percentage drift in
baseline resistance arising from repeated purge cycles was
comparable for measurements in humidified N, vs. humidified
air, ~60-110% in both cases. Similarly, comparable VOC
response values were obtained for both environments: AR/R,
~240 £ 11% to 160 ppm 1-butanol in humidified N, vs. 244 +
12% for the same devices in humidified air. Response time
constants also showed good agreement, with ¢y, values ranging
from 29-46 s in humidified N, and ¢4y, ~29-58 s in humidified
air (Fig. S13g and h). Finally, mean LOD values were also
consistent across both carrier gas environments (Table S3b):
LOD = 36 £ 14 ppm for 1-butanol under humidified nitrogen vs.
34 + 14 ppm under humidified air. These data are also in
reasonable agreement with other devices measured in humid-
ified nitrogen, LODp;_ps = 29 = 5 ppm and LODp;s pg = 43 =
11 ppm.

Considering the influence of calcination temperature, Teac,
devices fabricated from nanorod batches calcined at lower
temperatures T, = 400 °C showed high baseline resistance, R,
~57 MQ. Baseline resistance values decreased with increasing
Teale, falling sharply to R, ~10 MQ for Ty, = 550 °C with
a further gradual reduction to R, ~8 MQ for Ty = 650 °C
(Fig. S14a and b). Within the humidity-assisted percolation
picture developed above, higher T.,. could enhance crystal-
linity and reduce the density of scattering centres,” thus
lowering R, by creating additional percolation paths through
the hydrogen-bonded network at hydrated o-Fe,O; surfaces
across the nanorod assembly. For VOC sensing, increasing Tcaic
could also increase the number of suitable molecular interac-
tion sites at the a-Fe,O; surfaces. If arriving VOC molecules
created additional scattering centres at sites along conducting
paths, this would lead to an increase in AR and therefore AR/R,.
While measured response values for 1-butanol increased
monotonically with T.,, the largest jump occurred between

(b)
50 ppm 1-Butanol © 313
o D14
120 RH% 48 5 D15
o D16

(a) Measured room-temperature resistance data vs. time for four a-Fe,Os nanorod sensors (D13-D16) mounted together in the sensing

chamber towards sequential injections of 1 pL 1-butanol (~50 ppm), interspersed with humidified nitrogen purge cycles (b) corresponding
normalised change in resistance (response), AR/R, after baseline subtraction.
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Teatle = 550 °C and Tea1. = 600 °C (Fig. S14c and d). We therefore
selected T., . = 600 °C as the synthesis condition of choice: It
delivers near-maximal response, AR/R, ~210% to 100 ppm 1-
butanol, with a reduced thermal budget versus T, = 650 °C,
thus optimizing device performance vs. cumulative energy
demand.

3.1.3 Selectivity. Three devices (D22-D24) were simulta-
neously exposed to a series of VOCs to investigate the selectivity
of our LIG-contacted a-Fe,O; nanorod devices. Seven VOCs were
studied using a polar/non-polar sequence: methanol, acetone,
ethanol, hexane, IPA, toluene and 1-butanol. For each VOC, two
aliquots were injected, 1 mL and 3 mL, respectively, separated
by a purge cycle with humidified nitrogen (P). Fig. 5a shows the
baseline-subtracted resistance response AR/R, vs. time for D22;
see Fig. S15 for resistance and response data for all 3 devices. All
alcohol-VOCs showed strong AR/R, responses (Fig. S15), while
no appreciable response was observed for the non-polar VOCs:
acetone, hexane and toluene.

In order to compare the responses for the different alcohols,
we consider the concentration-normalized response for each
VOC, AR/Ry 100 ppm, defined as the resistance response per
100 ppm of analyte, (Table S4 and Fig. 6b). This concentration-
normalized response shows a non-linear dependence on the
number of carbons (Fig. 6b inset), with a significantly stronger
response for 1-butanol. For each VOC, all three devices show

View Article Online
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similar concentration-normalized responses for the 3 mL
aliquots with coefficients of variation, CoV < 0.1 for 1-butanol,
IPA and ethanol; and CoV < 0.15 for methanol. The mean AR/
Ro@100 ppm Values across the three devices for 1-butanol (143 +
11%) and IPA (62 £ 4%) are in reasonable agreement with
corresponding values extracted from the slope of the response
vs. concentration curve, m,, for devices D1-D8 (Table S3a):
Taking an estimate of AR/Rg 100 ppm = 100 m, yields values in
the range 109-138% for 1-butanol and 39-48% for 2-propanol.
These LIG-contacted a-Fe,O; nanorod devices also show good
resistance response selectivity when compared to other chem-
iresistive sensors targeting detection of 1-butanol, see Table S5.

Current-voltage (I-V) measurements were acquired for
a device exposed to a series of high vapor concentrations
(Fig. S16). The first measurement in humidified air (KCI stan-
dard, 85% RH) showed the expected hysteretic behavior for
a high humidity environment with ~6 pA current measured at
5 V. Subsequent measurements in different VOC environments
IPA, acetone, ethanol (EtOH), 1-butanol (BuOH) showed lower
hysteresis and a trend in measured currents that matched the
low-bias resistance data shown in Fig. S16a with Igse,ri > Lacetone
> Ieton > Iipa > Ipuwon at 5 V. This supports our assertion that
interaction of the alcohol VOCs with the hydrated a-Fe,O;
surfaces impedes charge transport through the nanorod
assembly (Fig. 3j), likely via reducing the net -carrier

. .
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60
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C 404
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Fig. 6

(a) Resistance response data, AR/R for one device (D22) to a sequence of polar and non-polar VOCs; comprising 1 mL injection, purging

with humidified nitrogen (P, ~60% RH) and 3 uL injection for each VOC. (b) Response per 100 ppm of analyte, AR/Rq 100 ppm for device D23 to
injection of 3 pL aliquots for the alcohol VOCs, plotted from the start of each injection cycle. Inset: mean saturation value for AR/Rg 100 ppm fOr
D22-D24 vs. no. of carbons, i.e. methanol (1) to 1-butanol (4); see Table S4. (c) Concentration-normalized resistance response, AR/Rg 100 ppm V5.

tgg response time for D1-D8, D9-D12, D22-D24.
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concentration and/or carrier mobility. Further work is needed to
elucidate the relative contributions of these mechanisms.

In addition to the magnitude of the concentration-
normalized response, we also observe different time signa-
tures for each VOC. Fig. 6b shows the concentration-normalized
device response, AR/Ry100 ppm, VS. time elapsed after VOC
injection, t-t,, for D23. Following injection of 1-butanol, AR/R,,
100 ppm CONtinues to increase to a significantly higher magnitude
and over a longer period of time compared to the response for
the same device to 2-propanol, ethanol or methanol. Similarly,
the time constants for recovery after purging, tog rec, are signif-
icantly larger for 1-butanol vs. the other VOCs. Fig. 6¢c shows AR/
Ro,100 ppm Vs. the response time constant following VOC injec-
tion, tgo resp, for a range of devices and VOCs. The data show
clear evidence of clustering for the 1-butanol and IPA data. It is
interesting to note that while the outliers for the 1-butanol
cluster, tog resp = 48 s, are all from the first 1-butanol scans (50
ppm) for D1-D8 (Table S6), the same trend is not observed in
the first IPA scans for the same devices (Table S7), apart from
the first IPA scan for D1 (fgoresp = 33 ). Fig. S17 shows fine-
grained K-nearest neighbor (KNN) classification model results
for the data shown in Fig. 6c using the concentration-
normalized response, AR/Roi100 ppm, and the ¢y, time
constants for response to VOC injection and recovery after
purging, tooresp and togrec, respectively (Tables S6-S9). The
model shows clear discrimination between the datasets for 1-
butanol (n = 62) and IPA (n = 46). Given the small dataset size
for ethanol and methanol (both n = 6), more data is needed to
assess the selectivity between the shorter-chain alcohols rigor-
ously. Similar machine-learning-based approaches, such as
KNN and PCA-assisted classification, have been successfully
employed to distinguish multiple gas species and concentra-
tions in mixed environments using single chemiresistive
sensors.*>>*

3.1.4 VOC sensing mechanism and influence of relative
humidity. While machine learning approaches can generate
“black box” models linking VOC-dependent device response
magnitude and time constants, it is useful to consider surface
molecular interaction mechanisms that could influence device
performance. Experimental and modelling studies of adsorp-
tion of short-chain alcohols at aqueous solution-air interfaces,
e.g., aerosols,>* reveal an increase in the Gibbs free energy for
adsorption, AG,qs’, as the alkyl chain length increases. Re-
ported room-temperature (290 K) values range from AG.qs’ =
—6.5 k] mol ™" (~70 meV per molecule) for methanol to AG,gs’
—15.3 k] mol™" (~170 meV) for 1-butanol, compared to the
thermal energy kg7 = 25 meV at room temperature. If
thermally-activated processes dominated the molecular resi-
dence time at the surface, t.., this would result in an almost 11-
fold increase in residence time for 1-butanol molecules vs.
methanol molecules.

Ultrafast THz spectroscopy studies have provided insight
into the hydrogen-bond structure and dynamics in alcohol-
water mixtures for both fully-soluble alcohols - methanol,
ethanol, 2-propanol (IPA) - and partially-soluble alcohols, 1-
butanol.***” Moving from methanol to 1-butanol, i.e., increasing
hydrophobicity, recent THz time-domain spectroscopy (TTDS)
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data show that preferential hydrophobic chain-chain interac-
tions lead to formation of 1-butanol aggregates in alcohol-water
binary mixtures. Such aggregates could increase device resis-
tance by increasing the effective path length for charge migra-
tion at the hydrated a-Fe,O; nanorod surface. This scenario
suggests that both the hydrophilic -OH head-group interaction
with the hydrated «-Fe,O; surface and the hydrophobic alkyl
chain-chain intermolecular interactions contribute to the VOC
interaction energy (and thus molecule residence time) since no
appreciable resistance changes were observed for devices
exposed to 1-hexane, a non-polar chain alkane that is insoluble
in water (Fig. 6a and S15a). The reported TTDS data comple-
ment previous THz-calorimetry results, which suggest that
increasing alcohol chain length (methanol to butanol) shifts
hydration water from more tetrahedral toward more interstitial/
defective configurations.>® This increased disorder would
reduce the number of viable charge migration paths, thus
increasing the chemiresistive response, AR/R,. The time evolu-
tion of the response for different VOCs (Fig. 6b and c) also
supports this picture, with the larger response magnitude and
increased ¢ time constants consistent with gradual aggrega-
tion of 1-butanol molecules around initial nucleation sites.

We therefore attribute the chemiresistive response to
reduction in the number of prototropic charge migration paths
at the hydrated nanorod surfaces (Fig. 3g). Mechanistically,
higher relative humidity lowers R, by activating more water-
bridged paths (network above percolation threshold) and
increases AR/R, because alcohol molecules arriving at the
device surface can perturb a larger fraction of those viable
paths. At low relative humidity, the hydrogen-bonded interfacial
water network is below the percolation threshold so arriving
alcohol molecules which interact with already “broken” paths
won't cause any further increase in device resistance. Jo et al
likewise reported similar behaviour in MOF-based chemir-
esistive sensors, with electronic charge transport dominating at
low relative humidity below the percolation threshold (~25%
RH) and prototropic conductivity dominating at high RH.*

Considering future practical applications, the contribution
of relative humidity to chemiresistive VOC sensor device
performance and sensitivity is often significant at room
temperature.’®** Therefore, field-deployable chemiresistive
sensing systems would require pre-calibration/training in
known humidity environments, which is common practice for
commercial chemiresistive VOC sensors.®* Such systems also
require a “humidity-only” sensor for simultaneous RH
measurements in order to de-embed the contribution the rela-
tive humidity to the baseline resistance R, (Fig. 3a) and the
chemiresistive response AR (Fig. 3c).

Similar to commercial multi-device sensor array platforms,®
we expect that future, resource-efficient VOC sensor systems will
feature multiple sensors with quasi-orthogonal response
magnitude and time constants for target VOCs, together with
standalone humidity and temperature sensors, in order to
accurately discriminate target VOCs in real-world gas
environments.

3.1.6 Environmental footprint impacts. Finally, we return
to the environmental footprint impacts of our LIG-contacted o-
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Fe, 03 nanorod sensors. We have demonstrated that our LIG/a-
Fe,0; hybrid sensors show good “3S” performance in terms of
Sensitivity (Fig. 3, S9 and S12), Selectivity (Fig. 6 and S15) and
Stability (Fig. 5). These devices also show clear potential for
good performance under the important 4th S: Sustainability. In
terms of comparative, order-of-magnitude assessment of key
hotspots during the “Cradle to Gate” lifecycle phase (raw
materials, processing and device fabrication, ¢f. Table 1), for the
active material, reported Cumulative Energy Demand (CED)
values for Fe,O; from simple co-precipitation lie in the ~20-200
M] kg ' range. For the contact electrodes, conventional Au
electrodes account for ~200 000 MJ kg™ ' embodied energy for
the source metal. Metal vacuum deposition adds a non-trivial
per-coupon electricity burden (~4.5 M]J here, scaled from a lab
sputter dataset). By replacing Au/PVD with in situ LIG
patterning, the per-coupon electricity is ~0.01 MJ (measured
facility draw for a 3 cm? pattern), yielding orders-of-magnitude
savings at the electrode level. Substrate choices are similarly
important for CED: alumina/ceramic (~80-1800 MJ kg *,
depending on route) versus glass (~40 MJ kg ') or polyimide
(~170-195 MJ kg™ "). Thus, our LIG-contacted o-Fe,0; nanorod
devices on glass show significantly lower CED values vs.
conventional chemiresistive MOX sensors. Further reductions
in CED will focus on replacing the synthetic polyimide LIG
feedstock and the glass substrate with abundant biopolymer
substrates suitable for laser graphitization, e.g., chitosan.®® We
also note that room-temperature operation for our LIG/a-Fe,03
devices will also reduce power consumption and thus CED
during operation in the “Gate to Grave” lifecycle phase and
improve prospects for short-lifetime sensor components, e.g.,
for breath sensing or wearable health applications.

4 Conclusion

We have developed a low environmental footprint route for
room-temperature chemiresistive detection of VOCs by
combining o-Fe,O3; nanostructures derived from abundant raw
materials and laser-induced graphene (LIG) contact electrodes.
Initial order-of-magnitude comparative screening estimates
indicate that these materials and processes will have signifi-
cantly environmental impacts than traditional
approaches. The a-Fe,03/LIG sensors detect 1-butanol at occu-
pational short term exposure limits (STEL, 50 ppm), with LOD
~36 + 11 ppm and mean AR/R, ~100 + % (n = 8) at 50 ppm,
and show a linear range of 50-300 ppm. Given the large AR/R,
values at 50 ppm, we expect that these sensors could address
sub-10 ppm levels needed for domestic monitoring, with further
scope for optimisation of nanorod surface area and contact
electrode critical dimensions. The «-Fe,O3;/LIG sensors also
demonstrated rapid response times (foo = 40 + 5 seconds) and
recovery times (too = 25 £ 3 seconds) for 160 ppm 1-butanol.
Sensor response improved with increasing relative humidity
(RH) across the ambient humidity range (20-60% RH), high-
lighting the key role of hydrogen-bonded networks of water
molecules at a-Fe,O; nanorod surfaces. Further, using resis-
tance response magnitude and ¢y, time constants (response,
recovery) yielded clear selectivity for 1-butanol vs. other VOCs.

lower

204 | Nanoscale Adv, 2026, 8, 192-206

View Article Online

Paper

This sensor design combines rapid and sensitive detection with
an environmentally-friendly fabrication process, showing
excellent performance at room temperature. These sensors
show good potential for affordable, sustainable VOC detection
in growing application fields, including environmental moni-
toring and workplace safety.

Author contributions

Mintesinot Tamiru Mengistu: methodology, investigation, data
curation, visualization, and writing of the original draft.
Richard Murray: supervision, methodology, review & editing,
validation formal analysis. Alida Russo: formal analysis. Cathal
Larrigy: methodology. Daniela Iacopino: supervision, review &
editing. Michael Nolan: validation formal analysis. Colin Fitz-
patrick: validation formal analysis. Aidan J. Quinn: supervision,
resources, conceptualization, funding acquisition, analysis,
MATLAB simulations, review & editing.

Conflicts of interest

The authors declare that they have no financial interests or
personal connections that may impact the results of this study.

Data availability

The data supporting this article have been included as part of the
supplementary information (SI). Supplementary information:
Fig. S1-S18, Tables S1-S10 comprises: benchmarking of resistive
response for LIG-contacted a-Fe,O; nanorod devices towards 1-
butanol against literature; SEM/EDX of a-Fe,O; nanorods and
LIG; Raman peak fit results for LIG; VOC sensing setup; VOC
concentration measurements following aliquot injection;
random-resistor-network simulations; simulated normalised
conductance vs. percentage of active resistors; normalised device
conductance vs. relative humidity (D17); baseline resistance and
resistance change vs. relative humidity; influence of carrier gas
humidity on baseline resistance and response to 1-butanol; VOC
sensor performance (D1-D4); determination of limit of detection
(D1-D8); effect of repeated purging using humidified nitrogen;
sensor ty, response time constants following analyte injection;
VOC sensor performance (D5-D8); VOC sensing in humidified
nitrogen vs. humidified air; influence of calcination temperature,
T.ale, ON baseline resistance and response to 1-butanol; selectivity
of LIG-contacted o-Fe,O; nanorod devices; concentration-nor-
malised response for each VOC; comparison of response selec-
tivity vs. literature; I-V measurements in different VOC
environments; machine learning models for concentration-nor-
malised resistance response and ty, times; device summary (D1-
D33); UV-Vis absorption spectrum and Tauc plot for o-Fe,Os
nanorod solution. See DOI: https://doi.org/10.1039/d5na00609k.

Acknowledgements

This research has been conducted with financial support from
Research Ireland under Grant No. 13/RC/2077_P2 (CONNECT)
and 19/US/3596, co-funded by the European Regional

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


https://doi.org/10.1039/d5na00609k
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5na00609k

Open Access Article. Published on 05 November 2025. Downloaded on 4/16/2026 6:05:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Development Fund; and by the European Union's Horizon
Europe Research and Innovation Programme under the Green
Art project (GA no. 101060941). Our sincere thanks go to Tony
Compagno for his valuable guidance and for providing access to
the muffle furnace, which was essential for this study.

References

1 H. Wang, Y. Qu, H. Chen, Z. Lin and K. Dai, Sens. Actuators,
B, 2014, 201, 153-159.

2 Y. Xu, L. Zheng, C. Yang, W. Zheng, X. Liu and J. Zhang, Sens.
Actuators, B, 2020, 310, 127846.

3 National Institute for Occupational Safety and Health,
NIOSH pocket guide to chemical hazards DHHS [NIOSH]
Publication No. 2005-149; 3rd printing, 2007.

4 Z. Dai, T. Liang and J. H. Lee, Nanoscale Adv., 2019, 1, 1626-
1639.

5 G. Li, Y. Su, X. X. Chen, L. Chen, Y. Y. Li and Z. Guo,
Nanoscale Adv., 2019, 1, 3900-3908.

6 R. Mo, D. Han, C. Yang, J. Tang, F. Wang and C. Li, Sens.
Actuators, B, 2021, 330, 129326.

7 M. Wang, T. Hou, Z. Shen, X. Zhao and H. Ji, Sens. Actuators,
B, 2019, 292, 171-179

8 Q. Luo, J. Wu, S. Zou, W. Wang, Z. Wang, Y. Wan and
C. Feng, J. Taiwan Inst. Chem. Eng., 2023, 145, 104820.

9 M. Wang, J. Shao, H. Liu, Y. Qi, P. He, S. Yue, C. Sun, J. Dong,
G. Pan and X. Yang, ACS Appl. Mater. Interfaces, 2022, 15,
9862-9872.

10 Y. Li, X. Wang, G. Sun, ]J. Cao and Y. Wang, Vacuum, 2023,
216, 112478.

11 Y. Xu, X. Tian, D. Sun, Y. Sun and D. Gao, Z. Anorg. Allg.
Chem., 2019, 645, 447-456.

12 Y. V. Kaneti, Q. M. D. Zakaria, Z. Zhang, C. Chen, J. Yue,
M. Liu, X. Jiang and A. Yu, J. Mater. Chem. A, 2014, 2,
13283-13292.

13 Z. Zhao, D. Jiang, Y. Xue, Y. Sun, W. L. Zhang, P. Li, D. Long,
W. Gong and J. Hu, J. Mater. Sci., 2021, 56, 16963-16975.
14 M. Li, B. Li, F. Meng, J. Liu, Z. Yuan, C. Wang and J. Liu, Sens.

Actuators, B, 2018, 273, 543-551

15 H. Pan, L. Jin, B. Zhang, H. Su, H. Zhang and W. Yang, Sens.
Actuators, B, 2017, 243, 29-35.

16 R. Wu, L. H. Cheng, C. Q. Ma, Z. T. Yuan and J. Song, J. Mater.
Chem. A, 2024, 12, 2115621164

17 H. Meng, Z. Liu, X. Wang and L. Feng, Environ. Sci. Nano,
2023, 11, 459-469

18 X. Liu, N. Chen, X. Xing, Y. Li, X. Xiao, Y. Wang and I. Djerdj,
RSC Adv., 2015, 5, 54372-54378.

19 M. Grohol and C. Veeh, Study on the critical raw materials for
the EU 2023, European Commission, 2023, DOI: 10.2873/
725585.

20 A. C. Hetherington, A. L. Borrion, O. G. Griffiths and
M. C. McManus, Int. J. Life Cycle Assess., 2014, 19, 130-143.

21 M. A. J. Huijbregts, S. Hellweg, R. Frischknecht,
H. W. M. Hendriks, K. Hungehbiihler and A. J. Hendriks,
Environ. Sci. Technol., 2010, 44, 2189-2196.

22 A. Rahman, S. Kang, S. McGinnis and P. J. Vikesland, ACS
Sustain. Chem. Eng., 2022, 10, 3155-3165.

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

View Article Online

Nanoscale Advances

23 T. Norgate and N. Haque, J. Clean. Prod., 2012, 29-30, 53-63.

24 S. Fiameni, S. Battiston, V. Castellani, S. Barison and
L. Armelao, J. Clean. Prod., 2021, 285, 124869.

25 M. F. Ashby, Materials and the Environment: Eco-Informed
Material Choice, elsevier, 2nd edn, 2013.

26 J. Zygmuntowicz, R. Zurowski, J. Tomaszewska,
M. Wachowski, J. Torzewski, P. Piotrkiewicz, M. Gloc and
K. Konopka, Materials, 2021, 14, 2375.

27 L. Serrano-Lujan, S. Victor-Roman, C. Toledo, O. Sanahuja-
Parejo, A. E. Mansour, J. Abad, A. Amassian, A. M. Benito,
W. K. Maser and A. Urbina, SN Appl. Sci., 2019, 1, 179.

28 T. Gorter and A. H. M. E. Reinders, Appl. Energy, 2012, 92,
286-297.

29 J. Lin, Z. Peng, Y. Liu, F. Ruiz-Zepeda, R. Ye, E. L. G. Samuel,
M. ]J. Yacaman, B. I. Yakobson and J. M. Tour, Nat. Commun.,
2014, 5, 5714.

30 R. Murray, A. Muriqi, C. Larrigy, A. Russo, M. T. Mengistu,
D. Iacopino, C. Fitzpatrick, M. Nolan and A. J. Quinn, ACS
Sustain. Chem. Eng., 2024, 12, 15063-15076.

31 R. Murray, M. Burke, D. Iacopino and A. J. Quinn, ACS
Omega, 2021, 6, 16736-16743.

32 ASTM International, ASTM Standards, 2003, vol. E104-85,
32-34.

33 X. Wan, J. Wang, L. Zhu and ]. Tang, J. Mater. Chem. A, 2014,
2,13641-13647.

34 R. Chen, J. Wang, S. Luo, L. Xiang, W. Li and D. Xie, Appl.
Catal., B, 2020, 264, 118554.

35 L. Li, L. Zhou, Z. Hu, T. Li, B. Chen, H. Y. Li and H. Liu, ACS
Appl. Mater. Interfaces, 2023, 15, 15707-15720.

36 A. Eckmann, A. Felten, A. Mishchenko, L. Britnell,
R. Krupke, K. S. Novoselov and C. Casiraghi, Nano Lett.,
2012, 12, 3925-3930.

37 A. C. Ferrari and D. M. Basko, Nat. Nanotechnol., 2013, 8,
235-246.

38 A. Vashisth, M. Kowalik, J. C. Gerringer, C. Ashraf,
A. C. T. Van Duin and M. J. Green, ACS Appl. Nano Mater.,
2020, 3, 1881-1890.

39 Y. Chen, J. Long, S. Zhou, D. Shi, Y. Huang, X. Chen, J. Gao,
N. Zhao and C. P. Wong, Small Methods, 2019, 3, 1900208.

40 H. Ji, W. Zeng and Y. Li, Nanoscale, 2019, 11, 22664-22684.

41 A. Gomez, W. H. Thompson and D. Laage, Nat. Chem., 2024,
11, 1838-1844.

42 G. F. Von Rudorff, R. Jakobsen, K. M. Rosso and
J. Blumberger, J. Phys. Condens. Matter, 2016, 28, 39.

43 Z. Futera and N. ]J. English, J. Phys. Chem. Lett., 2021, 12,
6818-6826.

44 K. Shrimali, J. Jin, B. V. Hassas, X. Wang and J. D. Miller, J.
Colloid Interface Sci., 2016, 477, 16-24.

45 R. G. Deshmukh, S. S. Badadhe and 1. S. Mulla, Mater. Res.
Bull., 2009, 44, 1179-1182.

46 S. Yamamoto, T. Kendelewicz, J. T. Newberg, G. Ketteler,
D. E. Starr, E. R. Mysak, K. J. Andersson, H. Ogasawara,
H. Bluhm, M. Salmeron, G. E. Brown and A. Nilsson, J.
Phys. Chem. C, 2010, 114, 2256-2266.

47 T. Kiefer, G. Villanueva and J. Brugger, Phys. Rev. E:Stat.,
Nonlinear, Soft Matter Phys., 2009, 80, 021104.

Nanoscale Adv., 2026, 8, 192-206 | 205


https://doi.org/10.2873/725585
https://doi.org/10.2873/725585
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5na00609k

Open Access Article. Published on 05 November 2025. Downloaded on 4/16/2026 6:05:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Advances

48 B. Halle and G. Karlstrom, J. Chem. Soc. Faraday. Trans.,
1983, 79, 1047-1073.

49 A. Gomez, W. H. Thompson and D. Laage, Nat. Chem., 2024,
16, 1838-1844.

50 M. R. Mohammadzadeh, A. Hasani, K. Jaferzadeh, M. Fawzy,
T. De Silva, A. Abnavi, R. Ahmadi, H. Ghanbari, A. Askar,
F. Kabir, R. K. N. D. Rajapakse and M. M. Adachi, Adv. Sci.,
2023, 10, 2205458.

51 A. R. Chakraborty, F. T. Zohora Toma, K. Alam, S. B. Yousuf
and K. S. Hossain, Heliyon, 2024, 10, e40000.

52 0. Ogbeide, G. Bae, W. Yu, E. Morrin, Y. Song, W. Song, Y. Li,
B. L. Su, K. S. An and T. Hasan, Adv. Funct. Mater., 2022, 32,
2113348.

53 P. Recum and T. Hirsch, Nanoscale Adv., 2023, 6, 11-31.

54 M. M. Walz, J. Werner, V. Ekholm, N. L. Prisle, G. Ohrwall
and O. Bjorneholm, Phys. Chem. Chem. Phys., 2016, 18,
6648-6656.

55 A. Chodzinska, A. Zdziennicka and B. Janczuk, J. Solution
Chem., 2012, 41, 2226-2245.

206 | Nanoscale Adv., 2026, 8, 192-206

View Article Online

Paper

56 F. Bohm, G. Schwaab and M. Havenith, Angew. Chem., 2017,
129, 10113-10117.

57 S. Chakraborty, P. Pyne, R. K. Mitra and D. Das Mahanta, /.
Mol. Lig., 2023, 382, 121998.

58 Y. M. Jo, D. H. Kim, J. Wang, J. J. Oppenheim and M. Dinc4, /.
Am. Chem. Soc., 2024, 146, 20213-20220.

59 L. Liu, T. Fei, X. Guan, H. Zhao and T. Zhang, Sens. Actuators,
B, 2021, 334, 129625.

60 J. M. Suh, T. H. Lee, K. Hong, Y. G. Song, S. H. Cho,
C.Y. Kang, Y. S. Shim, D. Lee, K. C. Kwon and H. W. Jang,
Sens. Actuators, B, 2022, 369, 132919.

61 Bosch Sensortec, BME688 Datasheet, Document No. BST-
BMEG688-DS000-03, Rev. 1.3, Bosch Sensortec GmbH, 2024.

62 R. Bosch GmbH, BME AI-Studio Manual, Document No. BST-
BMEG688-AN001-00, Version 1.6.0, 2021.

63 C. Larrigy, M. Burke, A. Imbrogno, E. Vaughan, C. Santillo,
M. Lavorgna, L. Sygellou, G. Paterakis, C. Galiotis,
D. Iacopino and A. J. Quinn, Adv. Mater. Technol., 2023, 8,
2201228.

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


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5na00609k

	Hematite tnqh_x03B1-Fe2O3 nanorods and laser-induced graphene for sustainable chemiresistive sensing of 1-butanol at room temperature
	Hematite tnqh_x03B1-Fe2O3 nanorods and laser-induced graphene for sustainable chemiresistive sensing of 1-butanol at room temperature
	Hematite tnqh_x03B1-Fe2O3 nanorods and laser-induced graphene for sustainable chemiresistive sensing of 1-butanol at room temperature
	Hematite tnqh_x03B1-Fe2O3 nanorods and laser-induced graphene for sustainable chemiresistive sensing of 1-butanol at room temperature
	Hematite tnqh_x03B1-Fe2O3 nanorods and laser-induced graphene for sustainable chemiresistive sensing of 1-butanol at room temperature
	Hematite tnqh_x03B1-Fe2O3 nanorods and laser-induced graphene for sustainable chemiresistive sensing of 1-butanol at room temperature
	Hematite tnqh_x03B1-Fe2O3 nanorods and laser-induced graphene for sustainable chemiresistive sensing of 1-butanol at room temperature
	Hematite tnqh_x03B1-Fe2O3 nanorods and laser-induced graphene for sustainable chemiresistive sensing of 1-butanol at room temperature
	Hematite tnqh_x03B1-Fe2O3 nanorods and laser-induced graphene for sustainable chemiresistive sensing of 1-butanol at room temperature
	Hematite tnqh_x03B1-Fe2O3 nanorods and laser-induced graphene for sustainable chemiresistive sensing of 1-butanol at room temperature
	Hematite tnqh_x03B1-Fe2O3 nanorods and laser-induced graphene for sustainable chemiresistive sensing of 1-butanol at room temperature

	Hematite tnqh_x03B1-Fe2O3 nanorods and laser-induced graphene for sustainable chemiresistive sensing of 1-butanol at room temperature
	Hematite tnqh_x03B1-Fe2O3 nanorods and laser-induced graphene for sustainable chemiresistive sensing of 1-butanol at room temperature
	Hematite tnqh_x03B1-Fe2O3 nanorods and laser-induced graphene for sustainable chemiresistive sensing of 1-butanol at room temperature
	Hematite tnqh_x03B1-Fe2O3 nanorods and laser-induced graphene for sustainable chemiresistive sensing of 1-butanol at room temperature
	Hematite tnqh_x03B1-Fe2O3 nanorods and laser-induced graphene for sustainable chemiresistive sensing of 1-butanol at room temperature
	Hematite tnqh_x03B1-Fe2O3 nanorods and laser-induced graphene for sustainable chemiresistive sensing of 1-butanol at room temperature
	Hematite tnqh_x03B1-Fe2O3 nanorods and laser-induced graphene for sustainable chemiresistive sensing of 1-butanol at room temperature

	Hematite tnqh_x03B1-Fe2O3 nanorods and laser-induced graphene for sustainable chemiresistive sensing of 1-butanol at room temperature
	Hematite tnqh_x03B1-Fe2O3 nanorods and laser-induced graphene for sustainable chemiresistive sensing of 1-butanol at room temperature
	Hematite tnqh_x03B1-Fe2O3 nanorods and laser-induced graphene for sustainable chemiresistive sensing of 1-butanol at room temperature
	Hematite tnqh_x03B1-Fe2O3 nanorods and laser-induced graphene for sustainable chemiresistive sensing of 1-butanol at room temperature
	Hematite tnqh_x03B1-Fe2O3 nanorods and laser-induced graphene for sustainable chemiresistive sensing of 1-butanol at room temperature


