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Electrospun Vanadium Pentoxide (V,0O;) Nanofibers for

Enhanced Humidity Sensing

Hankun Yang, Monsur Islam, Vanessa Trouillet, Martin Sommer, Jan G. Korvink,

Uli Lemmer,* and Bharat Sharma*

Adequate humidity monitoring is crucial for many industrial and consumer
applications. Among various moisture-absorbing materials, 2D materials are
potential contestants for fabricating humidity sensors owing to their
fascinating ultra-high surface-to-volume ratio, abundant active sites, and large
carrier mobilities. In this work, vanadium pentoxide (V,0Os) nanofibers (NFs)
produced by a facile electrospinning method using VO(acac)2 10%
Polyacrylonitrile/Dimethylformamid are showcased for humidity sensing. The
annealing temperature-dependent (400-600 °C) variations in morphology and
composition of the electrospun V,0; NFs are studied by structural and
physicochemical characterization methods. Subsequently, the V,0O; NFs are
effectively used for humidity sensing at room temperature (RT). It is
demonstrated that the optimum RT humidity response and sensitivity of the
NF sensor are obtained at an annealing temperature of 500 °C with a high
surface area of 14.8 m2g~" containing large porous fibers ranging from 200 to
500 nm diameter. The synthesized V,0; NF sensor exhibits high sensitivity to
water at RT (max. 1.427 at 90 %RH), excellent linearity, wide range
(10-90%RH), and quick response and recovery times. This work sets a

1. Introduction

The accurate control of moisture con-
tent in the air is essential for widespread
applications, such as in the biomedi-
cal and chemical fields, as well as in
healthcare, automobile, mining, agricul-
ture, and food processing.l'*%! The mar-
ket for humidity sensors is growing
rapidly in a range of applications, driven
by the constant quest for optimizing
their performance and the strong desire
to enhance the living standard of hu-
man beings.”] The mammoth demand
for humidifiers and humidity monitor-
ing equipment has fueled the devel-
opment of portable, reliable, energy-
saving, and superior-quality humidity
sensors.l!l These advancements in hu-
midity sensors encompass tailored trans-
ducer characteristics, including sensing
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elements, structure, design, transduc-
tion principles, and material processing
technologies.'?] In this scenario, new
sensitive elements are the key players in ensuring the state-of-
the-art performance of these humidity sensors. Multiple sensing
mechanisms exist today, which can be categorized into electrical
(capacitive, chemiresistive, and field-effect-based), mechanical
(surface acoustic wave, and quartz crystal microbalance), and op-
tical (colorimetric, fluorescence, and polarization/absorbance).
Among these, the chemiresistive principle stands out as the most
simple and inexpensive yet still reliable and thus widespread
mechanism with many commercial applications.®) For chemire-
sistive humidity sensors, a wide range of sensitive materials has
been explored, including metal oxides (MOX), polymers, carbon
nanomaterials, and inorganic/organic hybrids.'>!* These mate-
rials have a variety of appealing properties for humidity sensors,
but they also have some unavoidable drawbacks that have pre-
vented their use in real-world applications. For instance, ceramic
oxides frequently have high levels of hysteresis, low sensitivity,
long response and recovery times, and certain toxicity levels.['*]
Similarly, carbon nanomaterials exhibit low selectivity, poor re-
producibility, and possible long-term drifts in response. Organic
and polymeric materials suffer from several issues, which are
mostly related to hysteresis changes, low degree of sensitivity at
low humidity, and water solubility at high humidity levels.['*-15]
Nevertheless, some organic materials show exceptional sensitiv-
ity at high humidity and fast response and recovery time.!**! Still,
they are less performant at lower humidity values.

© 2025 The Author(s). Advanced Sensor Research published by Wiley-VCH GmbH
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Surface modification with noble metal (Pd or Pt) has been tried
to catalyze the removal of hydroxyl ions and enhance the humid-
ity response.!'%18 Other MOX species, such as NiO, CuO, as well
as AL,O, can be used to capture hydroxyls and supply oxygen
adsorption sites.[1%2!] However, all these modifications lead to
poor performance in the low humidity range (0 — 20%RH). The
addition of hydrophobic coatings such as polydimethylsiloxane
(PDMS) can reasonably improve the humidity resistance. Still,
the hydrophobic layer negatively impedes the efficient perme-
ation of water molecules and hampers the MOX surface activ-
ity, causing a loss in sensitivity.[*”) Recent advancements in zeo-
lites, mesoporous organics, or metalorganic frameworks (MOFs)
could offer a “breathable” membrane support and solve these is-
sues. However, the target molecules would diffuse through the
porous structures and have negligible impact on the activity of
the MOXs.[2*"7] In addition, the selective permeation of target
molecules could be ensured by tailoring their pore sizes or sur-
face modification.

In contrast to conventional humidity sensing materials, ad-
vanced nanostructured humidity sensors are mostly limited
to nanowires, nanofibers (NFs), and nanoparticles (NPs).[28-3
Amongst a diverse range of nanostructures, 1D materials such as
nanorods, nanoribbons, nanowires, nanotubes, and nanofibers
have sparked the materials research community due to their
distinctive properties resulting from quantum and surface
effects.3!1 1D nanostructures have become popular as ideal el-
ements for the upcoming class of effective humidity sensors.
Meanwhile, 1D nanomaterials are novel candidates for high-
performance sensors due to their ultra-high specific surface area,
high carrier mobility, and superior catalytic activities. Amongst
other nanostructures, NFs are equally well-suited for these
kinds of functional applications because of their high surface-
to-volume ratios.[®®] The development of novel gas sensors pre-
pared from suitable NF materials has been motivated by the lead-
ing MOX candidates.>*}] However, the use of MOX-NF gas sen-
sors has been restricted to the detection of highly reactive analytes
necessitating operation at high temperatures or reactivation by
UV irradiation.3*3]

In this context, transition semiconductor metal oxides
(TMOX) based thin film chemiresistors have been developed.(*®!
TMOX offers low-cost, compact, and promising device configu-
rations for widespread applications.’’-] Especially, TMOX with
dO electronic configurations, such as V, Og, attracted considerable
attention in the past owing to its layered structure for abundant
adsorption of gaseous molecules and catalyzing reactions.[*’—!
The layered V,0; is thermodynamically the most stable oxide
with an optical band gap of 2.3 eV as compared with other ox-
ides of vanadium for various technological applications in batter-
ies, bolometers, electrochromic/photochromic displays, and pho-
tovoltaic electrodes.***1 As an n-type TMOX, whose electronic
conductivity rises when the V>* species are reduced to V** when
exposed to reducing gases.l*?] At RT, the electronic conductivity
of the as-prepared V,0, NF is of the order of 0.5 S cm™1.[*"] It is
noteworthy that the performance of UV-irradiated or thermally
activated devices degrades over long-term exposure to UV light
or high temperatures.[**] Moreover, the absorption in the UV
range restricts the diverse industrial usage of the sensor.[3*>!

Tadeo et al. reported the use of ultrasonically nebulized V,0q
thin films to successfully measure relative humidity ranging
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Figure 1. XRD patterns of V,05 NFs annealed at different temperatures.

from 25% to 76%RH.P! Pawar et al. used V,0s nanosheets
to measure relative humidity for a wider range from 4% to
97.3%RH.[52] But this sensor lacked linearity. Furthermore, the
signal is plagued with high noise, and thereby a low detection
limit could not be achieved. Charlotte and Viannie used V,O;
nanoparticles for humidity sensing.l>*! The sensor showed excep-
tional response and recovery time of 60 and 21s. Very recently,
Cho et al. used directly deposited V,05 nanobelts using an O,-
assisted physical vapor transport method.>* The sensor showed
sensitivity toward various gases besides relative humidity.

Electrospinning is an interesting method of manufacturing
porous nanofibers. This method involves pushing a precursor
polymer solution at a predefined flow rate through a nozzle.
When a high voltage is applied between the nozzle and the tar-
get, a Taylor cone forms at the tip of the nozzle. Subsequently, a
precursor stream with an even smaller diameter is ejected to the
target. The collected precursor material at the target is then an-
nealed. Electrospinning is an inexpensive and versatile method to
create fiber structures with hierarchical porosity, including nano-
and mesopores. 321 Therefore, electrospinning is a well-suited
method to create nanomaterials for humidity sensing applica-
tions due to their high surface-to-volume ratio. In this work, we
first analyze electrospun V, O nanofibers that are annealed at dif-
ferent temperatures and assess their performance for RT humid-
ity sensing.

2. Results and Discussion

2.1. Structural and Morphological Studies

The XRD patterns of V, 05 NFs annealed at 400—-600 °C are shown
in (Figure 1). The V,0; NFs annealed at 400 °C displayed less
intense (200), (001), (110), and (400) peaks for V,Os planes. In
contrast, the annealed V,0, NFs at 500 and 600 °C revealed an
increase in the intensity of the planes, signifying the high crys-
tallinity of these samples. The maximum intensity peaks at 26 =
20.32° and 26.4° show growth for the (001) and (110) orienta-
tions of polycrystalline grains at 600 °C. All diffraction peaks were
assigned to the orthorhombic V,Os crystal system Pmmn space
group (JCPDS # 77-2418).11 The optimized annealing tempera-
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Table 1. a) Crystallite size, lattice constants, and volume of the unit cell of
V,05 NFs. b) Rietveld Analysis Fitting Parameters. c) BET Results.

TP D[m]  A[A] b [A] cA] VA% 51073 lines nm=2]
400 115 11.5158  3.5667 4.3803  179.9138 5.26 x 1073
500 95 115143 3.5649  4.3747  179.5697 2.65x 1073
600 107 11.5148  3.5654 43753  179.6273 3.93x 1073

b) Rietveld Analysis Fitting Parameters

T°Q GOF Rexp Rup R, Weighted Durbin Watson
400 1.93 1.99 3.84 291 0.69
500 3.02 2.05 6.18 3.86 0.49
600 2.85 2.12 6.03 4.45 0.49

c) BET Results

T[°q] Mean pore Total pore volume BET surface
diameter [nm] [em3 g7 area [m? g7']
400 22.901 0.0743 12.992
500 19.688 0.0728 14.811
600 12.173 0.0502 16.507

ture of 500 °C was fixed for V, 05 NFs with maximum local crys-
tallinity. No other characteristic impurity or secondary vanadium
peaks affirm the high purity of synthesized V,0Os NFs.

The average crystallite size of these V, 05 NFs estimated by the
Halder-Wagner method implemented in the PDXL program was
between 90 and 100 nm. In addition, the lattice refinement by the
Rietveld method (Figure S3, Supporting Information) matches
perfectly the crystal lattice parameters of the V,0; phase. The
crystallite size obtained from the Rietveld method indicated 95
to 107 nm growth from 500 to 600 °C. The crystallite size re-
sults were comparable with those obtained by the Halder-Wagner
method. The unit cell parameters determined from the PDXL
program, as listed in Table 1, are consistent with the three stan-
dard cell parameters of V,0s: a, = 11.516 A, b, = 3.5656 A, ¢, =
4.3727 A, and V, = 179.55 A3.10]

According to the formula § = é 167681 where D is the crystal-

K , K = 09/%20 = Bragg’s angle, f =

full width at half maxima peak, and f’ = instrumental correc-
tion of broadening with a standard silicon disc;!”"! the dislocation
densities of V,0; NFs were estimated (Table 1). The small § for
a temperature of 500 °C confirms the excellent local crystallinity
of V, 0, NFs for this annealing condition.[*’]

The V,0, NFs N, adsorption and desorption isotherms are il-
lustrated in supplementary Figure S4 (Supporting Information).
According to the [TUPAC classification, the samples exhibit type I1
behavior, suggesting an evolution of macroporous V,05 NFs.7!]
A Brunauer-Emmett-Teller (BET) surface area of 14.811 m?* g™
was observed at 500 °C, compared to the BET surface area of
12.992 m? g~! at 400 °C as depicted in Figure S4a,b, Supporting
Information). At 600 °C, V,05 NFs had the maximum surface
area of 16.507 m? g~! among all the samples (Figure S4c, Sup-
porting Information). The narrow adsorption-desorption hystere-
sis plots at different relative pressures are characteristics of hi-
erarchical porosity.”?! The pore size distributions are also pre-

lite size (D =
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sented in Figure S4d (Supporting Information) for comparison.
Additionally, the quick uptake (P/P, > 0.9) at 600 °C indicates
large pores. These properties of our V,O5 NFs are highly promis-
ing for absorbing high amounts of water vapor.

The morphology of the electrospun V,0; NFs was character-
ized by electron microscopy (Figure 2). The SEM image of the
electrospun V,0; NFs reveals a non-uniform 1D nanofibrous
structure (Figure 2a). A close view of Figure 2b indicates the
porous, hollow, and irregularly shaped fibers. The diameter of
the fibers could not be recognized well; however, the size of the
minimum to the maximum thickness of the fiber envelope var-
ied from 150 to 110 nm with irregular surfaces. At high res-
olution, the morphology of fibers is slightly porous and flaky
(Figure 2c), which may be due to the presence of partially melted
PAN on the surfaces and the incomplete crystallization of the
fibers at this temperature. Beyond 400 °C, PAN may disinte-
grate completely,”?] and the high annealing temperature facil-
itates the crystal growth of fibers along the preferred orienta-
tions (001) and (110) planes, as demonstrated by the XRD re-
sults. The fibrous morphology is still maintained after annealing
at 500 °C, as shown in Figure 2d, but a notable uniformity in
the length and shape of NFs is seen. The fibers shrunk in diam-
eter to 200-500 nm and most of the fibers grew with protruded
surfaces (Figure 2e). However, there were many pores on the rod-
like surface with diameters of #50-80 nm. This might be caused
by the polymer expansion and outgassing during heat treatment
(Figure 2f). As shown in Figure 2g, the fibers produced with an
annealing temperature of 600 °C have a particle-like and globu-
lar structure at low resolution with a diameter of 200-1150 nm,
primarily because of the rapid growth of crystal size of V,05 NFs
after crystallization (Figure 3h,i).

These SEM findings suggest that the morphology of the elec-
trospun V,0, NFs could be well controlled by adjusting the an-
nealing procedure, thereby tailoring the pore size and BET sur-
face areas. Thus, the V,05 NFs can be made suitable for gas sens-
ing applications.

TEM analysis was performed to gain more understanding of
the morphology and structure of the V,05 NFs at high resolu-
tion (Figure 3). At 400 °C, the V,0; NFs are hollow, porous,
and randomly oriented, in agreement with the SEM findings
(Figure 3a—d). The TEM images at high resolution further con-
firm the hollow nature of these NFs (Figure 3b) with some pro-
trusions and pores over the surfaces demonstrating partial crys-
tallinity with crystals as small as 80 nm. The HRTEM images
show the presence of different orientations of planes (200) and
(001) corresponding to the interplanar spacing of 0.58 nm and
0.71 nm (Figure 3c,d). The surface of the NFs is discontinu-
ous and twisted, which confirms the irregular morphology of
NFs at such a low temperature. The SAD pattern shows dif-
fused spot patterns indicating the presence of randomly oriented
fibers (inset Figure 3d). As the temperature increased to 500 °C,
the fibrous morphology became more regular, and the hollow
fibers turned denser and compactly oriented along (110) planes
(Figure 3e-h). These images highlight the significance of tem-
perature optimization for achieving a fibrous morphology. Fur-
thermore, PAN, which serves as the template for the fiber mi-
crostructure, apparently disintegrates at >400 °C.[”] Addition-
ally, the disintegration of the NFs architecture is facilitated by the
rapid growth of V,0; crystals at >500 °C (Figure 3i-l). Lattice
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Figure 2. Surface morphology of V,0O5 NFs at different annealing temperatures. a-c) 400 °C, d—f) 500 °C, and g-i) 600 °C.

fringes with a d-spacing of 0.26 nm were visible in the HRTEM
bright field imaging of samples annealed at 500 and 600 °C,
which agrees well with the d-spacing of the (110) V,0, (JCPDS
card no. 41-1426; Figure 3h,]). These results also support the
XRD findings, which confirm the orientations of V,0Os along
(001) and (110) planes.l>!l The SAD patterns shown in the inset of
Figure 3h,1 shows the increased crystallinity and growth of V, 0O,
NFs with temperature.

The compositional TEM mapping analysis of V,0Os fibers at
400-500 °C is shown in Figure S5a-c (Supporting Information).
The representative EDS spectrum at the bottom of each map
shows the uniformity in the composition of V,O; NFs. Crystalline
coarsening with higher temperatures is shown with hollow tubes
only for the 400 °C sample. The samples annealed at 500 and
600 °C collapse into coarse globules while maintaining the fiber
form. A low concentration (<1%) of Na was found over the fiber
surfaces. It has been reported that the number of impurities de-
pends on the annealing temperature and geometry of the respec-
tive NFs.[7374]

Additional information on the V,O5 NFs was obtained by XPS.
The survey spectra of V,0; NFs annealed at 400-600 °C are
shown in Figure S6 (Supporting Information) and reveal the
presence of V and O elements in all analyzed V,O5 NFs accompa-
nied by some carbon species. The high-resolution core level O 1s

Adv. Sensor Res. 2025, 4, 2500040 2500040 (4 of 10)

and V 2p spectra of V,O5 NFs (Figure 4) allow the identification of
the chemical states and chemical environment of V and O at the
surface. The V 2p doublet with V 2p; , at 517.7 eV proves the pres-
ence of vanadium oxide, mainly as V,05.237>77] A further weak
peak at 516.2 eV shows the presence of VO,. The V 2p doublets
are accompanied by the corresponding O 1s signal at 530.4 eV,
attributed to lattice oxygen. Additionally, two O 1s contributions
can be explained by the presence of some oxidized carbons (C=0
and C—0). No further chemical states of vanadium were found,
confirming high-quality V,05 NFs in samples annealed at 500
600 °C (Figures S6, S7, Supporting Information; Figure 4).

As shown in Figure 4 and from the calculation of the atomic
concentrations, the fibers annealed at 400 °C tend to contain a
higher fraction of V** than the ones annealed at 500 and 600 °C.
Given that the initial oxidation state of vanadium in VO(acac),
is V>*, a high fraction of V** at 400 °C may be associated with
the reducing power of the used organic precursors in the electro-
spun VO(acac),/PAN fibers.”87°] Nevertheless, appropriate an-
nealing conditions must be selected to discern the reduction ac-
tion of each organic compound. The rise in the annealing tem-
perature up to 500 and 600 °C tends to enhance the proportion
of V°*, such that fibers with smaller V**/V>* ratios are obtained
in a proportion of #1/17. Simultaneously, the ratio O(530.4 eV)
| Vi also tends to increase slightly from 2.2 up to 2.4 sup-
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Figure 3. TEM images of V,05 NFs at different annealing temperatures. a—d) 400 °C, e~h) 500 °C, and i-l) 600 °C. The inset shows corresponding SAD

patterns.
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Figure 4. Normalized O 1s and V 2p core level spectra.

porting the presence of more V,Os at higher annealing temper-
atures. Additionally, the contribution of the lattice oxygen peak
increases slightly with temperature and nearly reaches the sto-
ichiometric oxygen concentration at 600 °C based on the mea-
sured V** and V** concentrations. This finding indicates a trend
of reduction of oxygen vacancies with increasing temperature.
A straightforward interpretation of O 1s proving the presence
of oxygen vacancies is hindered by several factors, like the pres-

Adv. Sensor Res. 2025, 4, 2500040 2500040 (5 of 10)

ence of surface contamination or the possible presence of some
hydroxides.[8081]

Residual impurities of C and N were also found on the surface
of all the annealed samples (Figure 4; Figures S6, S7, Supporting
Information) as also evidenced by TEM findings. These species
were assigned to partially reacted PAN or VO(acac), and could
affect the properties of the V,0; NFs.[82]

2.2. Humidity Sensing

The reference resistance values (at 0%RH)) of the V,Os-
based sensors annealed at varying temperatures are depicted in
Figure S8 (Supporting Information). As the annealing temper-
ature increases from 400 to 500 °C, the average resistance de-
creases from 0.37 to 0.23 MQ. The higher electrical resistance is
caused by incomplete crystallization, as discussed in Section 3.1.
No significant change of resistance occurs by further increasing
the annealing temperature to 600 °C.

Surprisingly, the sensing behavior also depends on the an-
nealing temperature, as depicted in Figure 5. At 400 °C, the
response from 30% to 90%RH is characterized by an initial
spike in resistance followed by a gradual decline back to the ref-
erence level. A similar sensing behavior has been reported,!®’]
which further indicates the presence of VO, at 400 °C in the
incompletely crystallized NFs. At 400 °C, a conventional re-
sponse behavior can only be observed for the 10%RH. Thus,
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Figure 5. Sensitivity analysis of electrospun V,05 NF annealed at different temperatures. a,c,e): median resistance data of the humidity measurement

400, 500, and 600 °C. b, d, f): relative response at 400, 500, and 600 °C.

400 °C samples are disregarded for further investigations in this
research.

Samples annealed at 500 and 600 °C, exhibit a more conven-
tional and stable sensing behavior across all measured humidity
levels, as shown in Figure 5. In addition to the findings of the
XRD and XPS analysis (Section 3.1), this further indicates that
the V*/V>* ratio decreases compared to the 400 °C samples.
At both temperatures, 500 and 600 °C, the relative response
correlates positively and highly linearly with RH. Because of
the high linearity of the humidity-dependent relative response
%RR(%RH), the calibration curve is fit by linear regression (ac-
cording to Section S1.3, Supporting Information). The average
calibration curve is shown in Figure 5 b, d, f while the derived
sensitivity distribution for all subsensors and for an annealing
temperature of 500 and 600 °C are shown in Figure S9a, Support-
ing Information). At 500 °C, the majority of sub-sensors achieve
a sensitivity between 1.3 and 1.4, with the maximum at 1.427.
For an annealing temperature of 600 °C, the average sensitivity

Adv. Sensor Res. 2025, 4, 2500040 2500040 (6 of 10)

of the subsensors is lower and is calculated to be between 1.0 and
1.1.

Using the methods described in Section S1.3 (Supporting In-
formation), the detection limit (DL) is calculated by extrapolating
the calibration curve and incorporating the measurement noise
(refer to Figure S9b, Supporting Information)). For 500 °C, a DL
between 3 and 4%RH is achieved, with the maximum just below
6%RH and the lowest just below 2%RH. At 600 °C, the DL rises
to around 8%RH on average. These findings further support that
the optimal annealing temperature is 500 °C. In Table 2 we com-
pare different sensing properties of our best sensor (annealed
at 500 °C) to previously reported V,0;-based sensors. Hereby,
our sensor stands out with the highest sensitivity of 1.427 de-
rived from the calibration curve from measurements between
10 and 90%RH. This sensitivity is more than 330% higher than
the next highest sensitivity of 0.422 observed for nanosheets.[5?!
Assuming the sensitivity of V,0; NFs annealed at 500 °C lin-
early translates into the low humidity regime (1-5%RH); the

© 2025 The Author(s). Advanced Sensor Research published by Wiley-VCH GmbH
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Table 2. Humidity sensing performance comparison between different V,Os nanostructures.

V,05 Morphology Synthesis method Sensitivity Detection limit Response Recovery Refs.
[%RR/%RH] 2 [% RH] time [s] time [s]

Thin film ultrasonic nebulization 0.261 Not deducible ® 35-60 7-54 Tadeo et al. B
Nanosheet hydrothermal 0.422 Not deducible © 240 300 Pawar et al. [52]
Nanoparticle microwave annealing 0.357 Not deducible 9 60 ©) 219 Charlotte and Viannie (53]
Nanobelt O,-assisted PVT 1.145 (1-5%RH) 1%RH 177 341 Cho et al. [54]

0.093 (20-1009%RH)
Nanofiber Electrospinning 1.427 (500 °C, max) 1.8%RH 16—100 © 53—250°¢) this work

. . . b . . . - . . d .
% derived from linear regression; )extrapolatlon leads to negative detection limit value; 9 due to non-linearity; ) due to lack of data or plot; o annealing temperature: 500 °C;
derived from linear extrapolation of the linear regression of the %RR(%RH) measurement points and considering a 3¢ noise threshold.
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Figure 6. Response a) and recovery b) time analysis of a 16-sub-sensor chip using electrospun V,05 NF annealed at 500 °C.

sensitivity even exceeds the reported 1.145 for nanobelts.**] In
contrast, the lowest projected DL of 1.8%RH is slightly above the
DL reported by Cho et. al for V,05 nanobelts (1%RH).>*

The subsequent paragraph evaluates the response and recov-
ery times, employing a conventional 90% threshold in accor-
dance to the International Union of Pure and Applied Chem-
istry (IUPAC).®% As indicated in Figure 6, the shortest response
time, ~16 seconds, is recorded at 10%RH. In contrast, the re-
sponse times average ~70 s for other humidity levels. Recovery
times are observed to be roughly double their respective response
times. The fastest recovery time of 53 s is achieved after exposure
to 10%RH. However, at relative humidity levels ranging from
30%RH to 70%RH, the recovery time stabilizes at approx. 125
s. At 90%RH, the recovery time increases significantly to over
234 s on average. Comparing the response and recovery times
shows that electrospun V, 0, NFs outperform even the fastest re-
sponding materials (thin films and nanoparticles) as shown in
Table 2.51%3] While the response time at higher humidity levels,
and the recovery time in general, is longer in comparison. V,0O;
NFs outperform nanosheets and nanobelts in terms of both re-
covery and response times.[>2>4]

2.3. Sensing Properties

In this study, the electrospun vanadium pentoxide (V,Os)
nanofibers (NFs) exhibit a positive humidity coefficient (PHC),
as displayed in Figure 5. This PHC is unusual for an intrinsic n-
type semiconductor. In the following, we propose two potential
factors to explain the observed PHC. First, research on tungsten
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trioxide (WO;) has shown that the sign of the humidity coefficient
changes when the oxygen deficiency is synthetically changed.!®!
A comparable interaction with titanium dioxide (TiO,) has also
been reported.®*#”] In our work, according to the XPS analy-
sis, the derived oxygen concentration (Cq g = 2Cys + %c\m) in-
creases and tends to approach the stoichiometric concentration
with higher annealing temperatures. We here propose a similar
mechanism related to oxygen deficiencies. Initially, water (H,O)
molecules adsorb on the surface, followed by proton transfer,
forming a hydroxyl group at the oxygen vacancy site, as illustrated
in Figure S10 (Supporting Information). The remaining hydro-
gen atom then forms another hydroxyl group with an adjacent
V, O crystal-oxygen. The forming of surface hydroxyl groups de-
creases the number of oxygen-vacancy-bound electrons, which
in return increases the resistance. Secondly, various literature
sources indicate a PHC in various carbon allotropes.!®92] In the
XPS analysis (Figure S7, Supporting Information), carbon is also
found in the V,04 NF samples. Therefore, this carbon residue
might chemiresistively interact with H,O by adsorption of H,0
molecules on its surface, additionally contributing to the PHC.
Moreover, electrospun V,0; NFs annealed at 500 °C show negli-
gible response to three tested gases at up to 100 ppm, as demon-
strated in Figure S11 (Supporting Information), indicating favor-
able cross-talk sensitivity.

3. Conclusion

In this study, V,0; nanofibers (NFs) were successfully syn-
thesized by electrospinning using VO(acac), Polyacrylonitrile

© 2025 The Author(s). Advanced Sensor Research published by Wiley-VCH GmbH
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(PAN)/DMEF electrolyte. The NFs were annealed at 400 to 600 °C.
X-ray diffraction confirmed the formation of V, O across all tem-
peratures, with enhanced crystallinity at higher annealing tem-
peratures. Evident from TEM and SEM, the morphologies of
the NFs transformed from hollow fibers at 400 °C to globular
structures at higher temperatures. The porosity, indicated by the
BET surface area, increases from 12.992 to 16.507 m?g~! as
the annealing temperature is raised from 400 to 600 °C. Ad-
ditionally, the V>*/V* ratio increased with annealing temper-
ature, indicating a rise in V,0Os concentration. These findings
promote the potential of fine-tuning not only the morphology
and porosity but also the chemical composition by adjusting
the annealing temperature. On the application side, electrospun
V,0s NFs demonstrated outstanding performance in humidity
sensing, particularly when annealed at 500 or 600 °C. The ma-
terial demonstrated low base resistance, facilitating rapid mea-
surement cycles, and exhibited a highly linear signal response
across a relative humidity (RH) range of 10% to 90%. Further-
more, the maximum measured sensitivity at 1.427 for the NFs an-
nealed at 500 °C outperforms all previously reported V,05 mate-
rials. Analysis of response and recovery times showed humidity-
dependent response and recovery times of 16-100 s, and 53—
234 s, respectively. Interestingly, the V,0, NFs, which is by de-
fault an intrinsic n-type semiconductor, displayed a positive hu-
midity coefficient, potentially due to oxygen deficiencies and
surface carbon. Conclusively, the findings from this study sup-
port the usage of electrospun V,0; NFs as a material for high-
performance humidity sensing at room temperature, combin-
ing excellent sensitivity, high signal linearity, and fast response
times.

4. Experimental Section

Materials:  Polyacrylonitrile (PAN, 0.3 g mL~!, MW of 360000) and
0.1 g mL™! (VO(acac),, 99.5%, Sigma-Aldrich, USA) were added into a
mixture of DMF and ethanol (>99.8%, Sigma-Aldrich, USA). All the chem-
ical reagents were used without further purification. After mixing, the so-
lution was subjected to stirring for 30 h to get a homogenous solution for
electrospinning.

Electrospinning of V,05 Nanofibers: The electrospinning solution was
put into a 10 mL glass syringe with a 200 um steel needle. The flow rate
was maintained at 2 mL h™'. A working distance of 10 cm was used be-
tween the needle and the Si IDE collector was maintained at 10 kV poten-
tial. After the application of potential, the polymer jet was ejected toward
the collector, fibers were extruded, and solvent vaporization occurred fol-
lowed by the collection of NFs at the Si IDE collector. These electrospun
fibers were then heated in the furnace at a rate of 2 °C min~" to remove
the adherent polymer matrices and annealed at 400, 500, and 600 °C for
15 min.

Microstructural Characterizations: X-ray diffraction (XRD, Bruker Ad-
vance D8, 1 = 1.5418 A) was used to analyze the structural phases of the
V,05 NF sensor. The step size (0.02°) and scan rate (2° min~') were used
over a range of 20 = 10 to 70°. The XRD patterns were examined using the
Rietveld analysis software provided with TOPAS V3 (Bruker-AXS) inbuilt
software.

SEM (FE-SEM, Hitachi 4800S, Japan) was employed to analyze the mor-
phology of V,05 NFs. The composition of V,O5 NF sensors was estimated
using energy dispersive spectroscopy (EDS). High-resolution transmis-
sion electron microscopy (HRTEM, G20 Twin, Philips USA) was used to
analyze the crystal growth at the nanoscale for samples with different an-
nealing temperatures. The selected area diffraction (SAD) pattern was also
recorded to identify the crystal planes.
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The chemical states of V,05 NFs were also evaluated using X-ray pho-
toelectron spectroscopy (XPS). XPS measurements were performed using
a K-Alpha+ XPS spectrometer (ThermoFisher Scientific). For data acquisi-
tion and processing, the Thermo Avantage software was used. All sam-
ples were analyzed using a microfocused, monochromated Al K, X-ray
source (400 um spot size). The K-Alpha+ charge compensation system
was employed during analysis, using 8 eV electrons and low-energy ar-
gon ions to prevent any localized charge build-up. The spectra were fit-
ted with one or more Voigt profiles (BE uncertainty: +0.2 eV) and Scofield
sensitivity factors were applied for quantification.[>>] All spectra were refer-
enced to the C Ts peak (C—C, C—H) at 285.0 eV binding energy and verified
utilizing the well-known photoelectron peaks of metallic Cu, Ag, and Au,
respectively.

Humidity Measurements: A home-designed platform for chemiresis-
tive sensors is used in this work. This platform design was previously
successfully deployed in various e-nose projects.[*-%41 v,05 NFs are de-
posited on the sensing area as shown in Figure S1 (Supporting Informa-
tion) (for details, refer to Section S1.1, Supporting Information). The re-
sistances of the sub-sensors were continuously measured during an ex-
periment with a customized read-out electronic provided by SMELLDECT
GmbH. The RH variation in the range of 10—90%RH can be set by mix-
ing dry air with fully saturated air from the bubbler at a specific ratio. The
schematic of the humidity mixing system is shown in Figure S2 (Support-
ing Information). The sensor was used at room temperature without any
excitation such as heating or UV irradiation. For the measurements in this
case specifically, the discrete RH levels of 10%, 30%, 50%, 70%, and 90%
were used. Furthermore, dry air at 0%RH is used for reference measure-
ments. For analysis, the following characteristics are calculated: relative
response, sensitivity, response, and recovery times. For the details of the
calculations of the named quantities, refer to Section S1.3 (Supporting In-
formation).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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