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The hydrogen (H,) energy industry has continued to expand in recent years due to the decarbonization
of the global energy system and the drive towards sustainable development. Due to hydrogen’s

high flammability and significant safety risks, the efficient detection of hydrogen has become an
increasingly hot issue today. In this work, a new type of relatively fast and responsive conducting
polymer sensor has been demonstrated for tracing H, gas in a nitrogen environment. Inspiration of
unique properties of carbon nanotube (CNT) and graphene, polyaniline (PANI) hollow nanotubes, PANI
thin films are fabricated to study for structural-properties investigation. The PANI hollow nanotube
sensor ensures the 1 ppm hydrogen gas detection at room temperature, and exhibits high sensitivity
(29%) and fast response and recovery times of 15 and 17 s, follows by PANI thin film sensor (20%),
response and recovery times of 65s and 45s. This conducting polymer-based hydrogen sensor holds
promise for the early detection of H, leaks in a wide range of industries.

As a green energy source, hydrogen is one of the most important potential energy carriers on the way to a more
sustainable planet!. However, it is a highly flammable, colorless and odorless gas that can cause fire and explosion
if not handled properly. Its leakage potentially leads to the explosion as exposed to a flame or static electricity if
the volume range exceeds 4% in air>~%. Therefore, the minimization of the potential risk by hydrogen needs to
be taken into consideration. Furthermore, prompt detection of hydrogen leakage can avoid huge economic loss
or the risk of disaster.

To improve the hydrogen sensitivity including detection limits and responsiveness, different types of
hydrogen sensors have been developed®. These hydrogen gas sensors can be employed across various hydrogen-
related industries, including hydrogen fueling stations for vehicles, hydrogen energy facilities, and refineries, to
facilitate the early detection of H,leakages. Among them, the sensors made of organic semiconductor materials
with normal temperature operation, solution processability, and flexibility have demonstrated advantages over
the inorganic semiconductor based sensors since the inorganic semiconductor-based sensors usually operate at
high temperatures and their production is not cost effective®1°.

Among organic semiconductor materials, conducting polymers (CPs) have actively been investigated for the
hydrogen sensor application due to their capability of conducting electricity!!. Furthermore, the CPs consisting
of different levels of conductivity are suitable for reversible doping and dedoping, facilitating them to be
repeatedly charged and discharged without losing their electrical conductivity. Since PANI can produce a strong
sensor response to alkaline ammonia, a lot of research work has been carried out to study low-concentration
sensitive ammonia sensors based on PANI'>!3, However, the development of hydrogen energy has triggered
the exploration of PANI-based hydrogen sensors. Until now, a great deal of research has been conducted on the
improvement of CP based sensor’s hydrogen detecting capability. These studies have confirmed the important
relationship between hydrogen sensitivity and conductivity of the conducting polymers, indicating that hydrogen
sensitivity is to a large degree determined by the carrier mobility in the CP!.

Although various research strategies have been developed for the improvement of the hydrogen sensitivity
including detection limit, recovery time and responsiveness, the most promising one is the design of the efficient
heterostructured conducting polymer sensor. For example, Bafandeh'® and his team have improved the H, gas
sensitivity to 0.4 vol% with 100 s of response time by designing MWCNT/PANTI hydrogen gas sensing composite
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materials. Another heterostructured polypyrrole conducting polymer-based sensor with TiO,demonstrated the
capability of detection of 2500 ppm hydrogen gas with better electron transport!®. Our recent work based on the
heterostructured sensor made of vanadium oxide and polypyrrole(PPY) showed a significant improvement with
the detection of 5 ppm hydrogen. In this work, the assembly of vanadium oxide and polypyrrole chains leads to
better alignment of polypyrrole chains and enhanced carrier mobility on the PPY chains!”.

These works indicated that the carrier mobility in the CP chains is crucial to hydrogen sensitivity. Despite
CP-based gas sensors being inexpensive and simple to manufacture, their sensing performance largely depends
on the addition of metals or other carbon materials like CNT and graphene, which increases production costs
and complexities. Thus, for the first time we designed the intrinsic conducting polymer sensors inspired by the
unique morphologies that can provide better charge transfer and electron mobility such as hollow tube(titania
tube, carbon nanotube) and 2D-materials(graphene, TMS, MXene) without applying the strategy of designing
heterostructured sensors. For example, hollow titania tubes offered excellent photocatalytic efficiency by high
electron mobility and charge transfer due to their directionality relative to other morphologies'®-2°. Graphene
and TMS belong to 2D-nanomaterials which can offer high carrier mobility?!~?*. Moreover, carrier mobility in
single-walled carbon nanotubes (SWCNTS) is as high as around 10,000 cm? V~! s7!, whereas the mobility of
graphene can reach 15,000 cm? V~1s7124,

Therefore, based on our strategy that unique morphologies such as nanotubular and 2D- CP nanomaterials
offer better carrier mobility and larger charge carriers amount, to obtain better hydrogen sensing performance,
three different types of polyaniline nanostructures (such as hollow nanotubes, nanofibers and thin film) were
studied in parallel (Fig. 1) and their hydrogen sensing performance has been investigated correlatively with
their electrical properties. The findings from this study are expected to bring a light to structure-properties
relationship for a highly sensitive hydrogen-based sensor.

Results and discussion

While there is a considerable amount of research on polyaniline’s application in detecting toxic gases such as
ammonia, carbon monoxide, etc, few studies have been performed on the hydrogen gas sensing mechanism.
Recent studies indicated that the heterostructure design of polyaniline composite materials is an important
strategy to enhance gas sensing performance through increasing the carrier mobility. However, the fundamental
understanding of intrinsic polyaniline hydrogen sensor mechanism has not been fully understood. Thus, based
on the hypothesis that the increase of charge carrier concentration and hole mobility through designing hollow
tubular and 2D nanostructures of polyaniline lead to high gas sensing performance, we fabricated hollow tubular
and film nanostructures of polyaniline inspired by tubular structure (like CNT) and 2D-nanomaterials (like
graphene) and tested obtained materials for the hydrogen sensing performance in parallel with short nanofibers
via studying the hole mobility and carrier concentration. In this study, the PANT hollow tubular (Fig. 1a), short
nanofiber (Fig. 1b), and thin film (Fig. 1¢) were produced by different synthesis methods in combination with
interfacial chemical oxidative polymerization. For example, hollow PANI nanotubes (Fig. 1a) were produced
by dissolving the PAN core-fiber in the PAN@PANI (core@shell) fibers which were fabricated by interfacial
polymerization of aniline monomer at the interface of pre-synthesized polyacrylonitrile (PAN) nanofibers as a
template in the presence of ammonium persulfate (APS) oxidants.

Figure S1 shows SEM images of PAN, PANI/PAN nanotubes, and hollow PANI nanotubes at various
magnifications. The PAN fibers exhibited a uniform structure with an average diameter of 280 nm, while
the PANI/PAN nanofibers have a seamless core/shell structure with a rough surface and an average diameter
of 680 nm. Figure S1d verifies total elimination of the PAN core, showing PANI nanotubes with an average
thickness of 96 nm. Figure 1b indicates the surface morphologies of the PANI nanofibers synthesized from
bicontinouous microemulsion method?>?¢. The PANI nanofibers exhibited short fibers structure with an average
diameter of 130 nm (Figure S2d). The PANI thin films (Fig. 1c) were synthesized from ice template approach?’.
In this instance, the single layer of PANT thin film obtained from the ice surface has thickness of approximately
230 nm, as shown in (Figure S2).

The electrical properties of the three different PANI nanomaterials were further investigated via Four-probe
and Hall measurement instruments to find the correlation between the PANT’s morphologies and their electrical
properties toward explaining hydrogen sensing mechanism. Table 1 shows the electrical results including
conductivity, hole mobility, and carrier concentration for the three different morphologies of PANI materials.
The PANI hollow nanotubes show the best electrical conductivity which is 9.15 S/cm, followed by PANI thin

_—

Fig. 1. SEM images of different nanostructured PANI: (a) PANI hollow nanotubes, (b) PANI nanofibers and
(c) PANI thin film.
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Materials Electrical conductivity (S/cm) | Mobility (cm?/Vs) | Standard deviation | Carrier concentration
PANTI hollow nanotubes | 9.15 100.57 13.06 2.68% 10"
PANTI thin films 0.6 38.9 1.65 5.01x10'°
PANI nanofibers 0.05 4.72 1.05 3.45x10'°

Table 1. Electrical properties of fabricated PANI materials.
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Fig. 2. The results of X-ray photoelectron spectroscopy (XPS) spectra and Raman spectra analysis: (a) XPS of
PANT hollow nanotubes, (b) XPS of PANI thin film, (c) XPS of PANI nanofibers, (d) Raman spectra of PANI
hollow nanotubes, (e) Raman spectra of PANT ice film, (f) Raman spectra of PANI nanofibers.

film (0.60 S/cm), then PANI nanofibers (0.05 S/cm) via Four-probe measurement. The mobility and carrier
concentration data were measured from the Hall effect measurement system.
The electrical conductivity is proportional to both carrier concentration and hole mobility as shown in Eq. 1.

o =nepu, (1)

where is electrical conductivity. and represent carrier concentration and mobility.

The PANI hollow nanotube likewise possessed the highest carrier mobility, 100.57 cm?/Vs. It shows at
least 2 times higher than the PANI thin film, and 5 times higher than nanofibers. Furthermore, the carrier
concentrations for both PANI nanotubes (Table 1) was found to be a ten times as high (around 107 /cm?)
as that of and PANTI thin film and nanofibers (10'/cm?). This variation can be attributed to the alignment of
the conducting polymer, which facilitates the formation of pathways for carrier transfer, thereby enhancing
electrical characteristics such as carrier mobility and conductivity.

These findings were consistent with the electrical conductivity of PANI nanomaterials and indicated the
important correlation between carrier transport/concentration and morphology is crucial to explain hydrogen
sensing performance?®.There are great examples that can be found in the effect of certain morphologies on
the overall device performance. For example, Poly(3-hexylthiophene) (P3HT) thin films containing nanowire
morphologies exhibit a high value of 0.02 cm? V~! s71, which is almost ten times greater than the mobilities of
P3HT thin films lacking any specific form?*3. Also, the PEDOT nanotubes as counter electrodes for DSSCs
showed 8.3% of remarkable power conversion efliciency (PCE), setting a new record which can be attributed to
the increased effective area of the oriented PEDOT nanotubes®'.

To further confirm the high carrier concentrations for the PANI film and nanotube found by Hall
measurement, both X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy techniques were further
performed to analyze the polaron concentration for all of the samples, indicating the carrier concentrations
in the PANI nanomaterials. The polaron information can be found at the N1s core peak in the XPS spectra
(Fig. 2a—c) respectively for the hollow nanotubes, thin film, and nanofibers of PANI. At binding energies greater
than 400 eV, positively charged nitrogen species can be found. These species correspond to a specific oxidation
level and/or the degree of protonation®>-34. The peak observed at 400.4 eV is associated with nitrogen atoms that
have delocalized radical cations, also known as polarons. The N1s of PANI tend to be deconvoluted into two
peaks around, the -NH- at 400 eV and the =N-H +at 402 eV*>*. The =N-H + polaron charge carrier species
can be found in the N1s core level for the PANI hollow nanotube, PANI thin film, and PANI nanofiber at around
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Fig. 3. (a) Schematic illustration for interaction of H, molecules with PANI hollow nanotube; (b) H,
concentration depends response of PANT hollow nanotubes sensor; (¢) comparison of responses in different
PANI at 1 ppm H, detection; (d) response time of hollow PANT nanotubes sensor at 1 ppm H, gas.

399.18, 399.08 and 398.68 eV. Further doping increases the intensity and area of the =N-H + peak, indicating a
high doping degree in a higher conductivity value.

Therefore, we propose that the PANT hollow structure, containing a higher concentration of polaron species,
showed significantly increased electrical conductivity, leading to enhanced sensitivity towards hydrogen gas. In
contrast, the PANI nanofibers had the lowest level of bipolaron species, which indicated insufficient doping and
the least favorable reaction to hydrogen gas, accompanied by low conductivity. The PANI nanofibers exhibited
a significant rise in the strength of the quinone-diimine peaks (Fig. 2c). Ice-assisted approach produced
highly conducting PANI nanosheets that facilitated effective charge transport due to polaron delocalization
and enhanced backbone ordering®. Conversely, there was a substantial drop in the intensity of the peaks
corresponding to semiquinone cationic radicals. Overall, the hollow nanotube structure could offer a structured
channel for charge carriers in one dimension. This could enhance the efficiency of charge transport and
minimize charge carrier recombination, resulting in an increased charge carrier density and, consequently, a
higher concentration of polarons.

Raman spectra for PANI nanotubes, thin films, and nanofibers are displayed in (Fig. 2d-f). Their spectra
were analyzed individually in three distinct ranges that correspond to different vibration modes. These modes
included the bending modes of the C-H bonds between 1100 and 1210 cm~}, the stretching modes of the C-C
bonds between 1520 and 1650 cm™!, and the various stretching modes of the C-N bonds (polarons) between
1210 and 1520 cm[~13%%, The C-N bands observed in PANI nanotubes and PANI thin film have a larger and
sharper shape compared to the C-N bands observed in PANI nanofiber. The changes were ascribed to the
arrangement of quinoid and benzenoid units due to the template-assisted approaches. Another distinct band
observed for the spectra of PANI nanotubes and PANI thin films between 1350 and 1375 cm™! was relatively
decreased and shifted to 1384 cm™! for the PANI nanofibers.

Our hypothesis was further testified via the hydrogen sensing measurement using three different PANI
nanomaterials in a nitrogen atmosphere in correlation with their electric properties. Sensitivity refers to the
changes in resistance of a sensing film relative to its initial resistance when exposed to a gas. Response is
determined by a mathematical equation:

Response = (Rg — Rgas)/Ro * 100%, (2)
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where R is the electrical resistance of the sensor material in a nitrogen gas environment, and R, is the electrical
resistance values of the sensor upon exposure to H, gas, respectively.

The high conductivity leads to a low initial resistance, denoted as R, and a high relative sensitivity, expressed
as AR/R***!. This is because the initial resistance is in the denominator of the relative response equation*2. The
gas sensor’s response time was determined as the interval from the onset of target gas exposure to reaching 90%
of the response, while recovery time was measured as the duration from the cessation of gas exposure until the
sensor returned to background levels®3.

Although the three PANI nanomaterials demonstrated different responses for hydrogen gas (Fig. 3c), the
PANTI hollow nanotubes provided accurate hydrogen detection at low concentrations (1 ppm) with a fast
response and recovery time, and also had better sensitivity among them. Figure 3b indicated the response of
the PANI hollow nanotubes sensor versus time for various concentrations of H, in the range of 1-100 ppm.
The response of the PANI hollow nanotubes sensor increased as the concentration of H, gas increased. The
response and recovery curve of the PANI hollow nanotubes sensor at 1ppm H, gas is demonstrated in Fig. 3d,
which shows response/recovery times were 15s and 17s. The PANI hollow nanotubes can react with hydrogen
within a few seconds, and allows hydrogen atoms to diffuse into the pores and interact with the nanotube’s
surface molecules. The high mobility and high carrier concentrations in PANI hollow nanotubes allows more
free charge carriers to participate in the sensing reaction, resulting in improved detection sensitivity even at low
hydrogen concentrations (1-ppm) shown in (Fig. 3b). The second highest response sensor is the PANI thin film,
followed by PANT nanofiber which can barely show response at 1ppm H, gas. Since the PANI thin films can offer
relatively better connections among polymer chains than PANI nanofibers, they demonstrate efficient responses
in conductivity when exposed to hydrogen. Comparing to PANI hollow nanotubes (29%) PANI thin film shows
less sensitivity (20%) and slower response/recovery times 65 and 45s (Figure S5) since the PANI thin film possess
relatively less hole mobility and carrier concentration. Table 2 compares different CP hydrogen sensors in the
literature and our work, PANT hollow nanotubes show very short response time and high sensitivity for 1 ppm
hydrogen detection.

PANI is a p-type semiconductor material and holes behave as the main carriers. This possible hydrogen
detection mechanism is that hydrogen dissociates and binds to the nitrogens along the polyaniline chain, and
this interaction increases the number of charge carriers (i.e., holes), and reduces the resistance of PANT*. The
polyaniline undergoes subsequent charge transfer between neighboring amine nitrogens, causing it to switch
back to its polaronic, doped, emeraldine salt state. This reversible interaction process ultimately leads to a
change in conductivity. It is generally accepted that the sensing mechanism can be explained by the adsorption-
desorption of target gas molecules on the surface of the sensor, which causes a change in conductivity and affects
the doping levels?*%. The doping level, which determines the redox reaction, can be altered by the transfer of
electrons to or from the target gas, resulting in a change in resistance.

As discussed above, our sensing results demonstrate that the presence of H, gas molecules leads to
a decrease in the material’s resistance (Fig. S6). Figure 3a shows the hydrogen sensing mechanism of PANI
hollow nanotubes sensors, where hydrogen molecules dissociates and binds to the polyaniline chain, then lead
to increase of the number of charge carriers. The high mobility in PANT hollow nanotubes allows more free
charge carriers to participate in the sensing reaction, resulting in improved detection sensitivity even at low
hydrogen concentrations shown in (Fig. 3b). The PANI hollow nanotubes, which have organized and confined
pathways, enhance the interaction between hydrogen molecules and charge carriers. This interaction enhances
the movement of electric charge, enabling a very effective and rapid reaction to gas molecules?’. The enhanced
electrical conductivity of nanotubes, as compared to the other structures PANT, can be attributed to their orderly
arrangement within the nanotube architecture. PANT nanotubes possess a one-dimensional tubular structure,
creating a well-defined channel for the movement of charge carriers in improving charge carrier mobility and
reducing the chances of scattering charges. However, the usage of the ice template technique successfully achieved
regulated morphology, which can be attributed to the observed enhancement in the electrical conductivity of the
PANT thin film compared to PANI nanofibers. Producing a layer on an ice surface leads to a highly organized
and aligned structure, enhancing the arrangement of polymer chains and facilitating the flow of electric charge,
which provides better conductivity.

To explore the potential real-world application of pure aniline as a hydrogen sensing material, we selected
PANT hollow nanotubes (which demonstrated the highest sensitivity) to test their selectivity for three different
gas mixtures, including hydrogen, as well as to assess the effect of humidity and environmental conditions on
sensing stability. Figure S7 illustrates the selectivity of the fabricated PANI nanotube sensor, highlighting its
significantly higher sensitivity to hydrogen compared to other gases, such as methane and carbon dioxide. While

Sensing materials H, gas concentration | Sensitivity | Response time | References
polyaniline/TiO, 2500 ppm 9.05 94s Kafash et al., 2022!°
PANI/Sm,O, 10,000 to 80,000 ppm | 3.94 7s Jamnani et al., 2020°°
MWNT/PANI 500 ppm 2.1 150s Shrivastava et al., 2023°!
MWCNTs/PANI 0.4 vol% 25 100s Bafandeh et al., 2023'°
PANT hollow nanotubes | 1 to 100 ppm 29 15s This work

PANI thin film 1 to 100 ppm 20 65s This work

PANI nanofiber 1 to 100 ppm 6 102s This work

Table 2. Comparison of different CP based hydrogen gas sensors.
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the sensor displayed strong selectivity for hydrogen over carbon-based gases, challenges related to humidity
and environmental effects on PANI-based sensors, as reported in previous studies***>, were confirmed in our
experiments. From Figure S8, it can be seen that the resistance of the PANI hollow nanotube sensor under
varying humidity levels (0%, 25%, 50%, 75%) demonstrates a clear trend where the baseline resistance decreases
with increasing humidity. In dry conditions, the sensor’s resistance is highest, while at higher humidity levels,
the resistance gradually decreases. This shift in resistance aligns with the known behavior of PANI, where water
molecules can influence the polymer’s protonation state, thereby reducing its resistance. Despite these changes
in resistance, the sensor maintains its sensitivity to hydrogen across all humidity levels, as seen in the consistent
responsiveness of the sensor in the figure. The fluctuations in resistance at each humidity level demonstrate that
the sensor continues to detect hydrogen effectively, although the baseline resistance is affected by moisture in
the environment. Figure S9shows the stability of fabricated in air condition, the interaction of PANI with various
gases (included water vapor) can cause changes in its chemical structure. The presence of moisture can mask the

sensor’s response to hydrogen gas, leading to false readings or diminished sensitivity****.

Conclusion

In this study, three different PANI sensors consisting of hollow tube, film and short nanofiber were evaluated
for hydrogen sensing. Among them, the PANT hollow nanotubes exhibited excellent detection performance
compared to the thin film sensors, and obtained a response of 29% in the experimental data, with a response
time of 15 s, which has better performance than PANT thin film (20%). PANI nanofiber sensor did not show the
visiable response at 1ppm hydrogen gas. The sensing performance of the hollow tubes were directly proportional
to their carrier mobility and carrier concentration. In addition, the hollow nanotube structure polyaniline
provided the best conductivity (9.15 S/cm), followed by PANI thin film (0.60 S/cm) and PANI nanofiber (0.05 S/
cm). Compared with the polyaniline thin film and short nanofibers, the obtained hollow nanotubes polyaniline
has a tubular structure similar to carbon nanotubes, which provides a better connection network to conduct
electrons better. This finding gives some insight into structure-property studies of polyaniline nanostructures
and H, gas sensing mechanism.

Methods

Materials

All solvents and chemicals were of analytical grade and used without further purification, which include
Ammonium peroxydisulfate (APS) (98.0%, Sigma-Aldrich), hydrochloric acid(HCl) (37%, Sigma Aldrich),
cyclohexane (99.9%, Sigma-Aldrich), sodium dodecyl sulfate (SDS)(99.0% ,Sigma-Aldrich), 1-Pentanol (99.9%,
Sigma-Aldrich), polyacrylonitrile (PAN) (Sigma-Aldrich, Mw=150,000), acetone (99.5%, Sigma-Aldrich),
ethanol (EtOH), conductive silver paint(PELCO’). Aniline (99.5%, Sigma-Aldrich) was distilled under reduced
pressure before use.

Preparation of PAN fibers

Polyacrylonitrile (PAN) nanofibers were used as a temporary template in the fabrication process of PANI hollow
nanotubes. A 10.0 mL syringe equipped with a needle diameter of 0.9 mm containing 10 w.t.% solution of PAN
in N, N-dimethylformamide (DMF) was used to fabricate electrospun nanofibers, where the syringe was then
connected to a syringe pump for controlling flow rate of the polymer solution at 1.2 ml/h. The distance from
needle to plane collector was 17 cm. A positive voltage of 15 kV was applied during the electrospinning process
at ambient conditions.

Preparation of hollow PANI nanotubes

The fabrication method for hollow PANI nanotubes was adapted from the literature report®>>®. The PAN
template nanofibers were first soaked in 25 ml of a 0.2 M aniline solution in 1 M HCl for 2 h at 4 °C. Following
that, a 25 ml of solution containing 0.2 M APS in 1 M HCI was slowly poured into the reaction vessel to initiate
the polymerization reaction of PANI on the PAN template. Following 24-hours, the nanofibers were immersed
in DMF for another 24 h in order to selectively dissolve the PAN core from the core-shell structure that were
produced, while the hollow PANI nanotubes remains unaffected. After that, the hollow nanotubes were put into
a vacuum oven set at a temperature of 45 °C for a duration of 5 h to eliminate any residual solvent.

Synthesis of polyaniline ice films

Figure S3a illustrates the synthesis procedure of PANI thin film by the method described in Ref*”.. An inverted
surface of ice from the Petri dish was applied to form smooth PANI film before putting the aniline solution in
1 M HCI over the smooth cooled ice. Right after the aniline solution spread uniformly, the APS in 1 M HCl
solution was dropped onto the top of the ice to keep the reaction temperature at 8 °C. Protonated aniline may
be successfully adsorbed by OH groups on the ice surface via hydrogen bonding and electrostatic interactions.
PANI-ICE formation was evident to the naked eye after 3 min of oxidative polymerization.

Synthesis of polyaniline particles

Polyaniline nanofibers were synthesized via the bicontinuous microemulsion(BM) polymerization method (Fig.
S3b) described in literature?’. In this experiment, APS dissolved in deionized water was combined with a SDS/
pentanol (mass ratio of 2:3) surfactant solution, and mixed with cyclohexane/monomer(6:1 w.t.) solution. The
system formed a bicontinuous phase and began polymerization to obtain a uniformly structure conducting
polymer?®54, After 24 h at room temperature, the green powders of PANI are formed and should be washed with
acetone to remove all unreacted impurities and monomers.
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The data that support the findings of this study are available within the article (and its Supplementary Informa-
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