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Shape-controlled nano-silvers have great promise for the practical applications in devices due to their unique
electronic properties. Although variously complicated nano-silver structures have been reported, the accurate
control of one-dimension (1D) oriented assembly of Ag crystals remains challenging. Here, we innovatively
fabricated Ag nano-lines (AgNLs) with pair directed arrays along the parallel boundary of the templated nano-
fibers. The multi-stage template mechanism of polyvinyl pyrrolidone (PVP) molecules based on electrospinning
and UV irradiation played an indispensable effect in the coherent single-nanoparticle assembly of Ag nano-
crystals in the nanofibers. Using the electrochemically assisted analysis, we found the special electron conduction
and sensibility of water molecules in the AgNLs. Further, based on the tightly connected and gapped assembly
characteristics of the AgNLs, we integrated the AgNLs arrays as the nanoscale humidity sensors which behaved
the different sensing properties at low, middle and high relative humidity (RH). Our research demonstrated the
application of AgNLs in the humidity-relative fields and provided a new strategy for fabricating the nanoscale 1D

directed non-contact humidity sensors.

1. Introduction

Multifunctional nano-structured silvers such as AgNPs [1-3], AgNWs
[4-6], AgNFs [7,8], Ag super clusters [9], Ag nanoplates [10] and
Ag-decorated composites [11,12] have shown great potential in the
state-of-the-art technology fields, especially in the area of SERS [13,14],
flexible electronics [15,16], electromagnetic interference shielding [17,
18], energy [19,20] and biomedical engineering [21-23]. Usually, these
nano-silvers were synthesized by the chemical method with the strict
requirement for the reaction environment, for example, Ag nanocrystals
with the tailored shapes were regulated by the high nucleation tem-
perature and the strictly quantitative reducing agent and capping agent
[24,25]. However, it was difficult to control the directed growth and
arrangement of Ag nanoparticles. Thus, some template-assisted methods
could be used to accurately fabricate Ag nanoparticles with the special
pattern and alignment [26-28]. Where, the electrospinning technique
provided a convenient approach for the fabrication of Ag nanoparticles
with the directional characteristics on the nanofibers [29,30].

Although the Ag composite nanofibers have reported the potential in
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electricity, optics and biology [31,32], there is no precise assembly of
the nucleating particles using the physical adsorption during electro-
spinning process. Up to this point, the directional structure of Ag
nanoparticles in nanofibers are only achieved by regulating the accu-
mulated amount and space of the nanoparticles. Then, the electric
sensitivity and conductivity of Ag nanoparticles distributed in whole
fibers are limited for the application at a smaller scale. Thus, considering
the directional growth and assembly of Ag nanoparticles at
one-dimensional scale is an important topic.

Herein, we explored a feasible fabrication process for the directional
Ag nanocrystals in composite nanofibers, a new nanostructure of AgNLs
was built by the single-nanoparticle assembly in the electrospinning and
in-situ UV irradiation reduction of PVP nanofibers. From Ag™ to Ag’,
PVP chains respectively played three roles of the complexed template
(Fig. 1a), field-transferred template (Fig. 1b) and molecule-directed
template (Fig. 1c) in the solution blend, electrospinning and in-situ
reduction process. By combining the inherent reducibility, complexa-
tion and photodegradation of PVP [33-35], Ag nanocrystals tended to
fuse with adjacent one along the boundary of nanofibers and formed the
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pair directed AgNLs. Moreover, compared with the multi-dimension
architectures of humidity sensors [36], the very low and high hydrat-
ed contents could be easily detected because H;O molecules filling in
AgNLs might form the multi-stage conductive paths. According to the
designed patterns of the template nanofibers in electrospinning process
[37], the pair directed AgNLs have many promising applications such as
the nanoscale fiber electronics [38], molecular detection [39] and bio-
energy [40].

2. Results and discussion

The fabrication procedure of the AgNLs spontaneously assembled in
PVP nanofibers via electrospinning and UV irradiation is shown in
Fig. S1. We built the first-stage structure of the composite nanofibers
using PVP as the fiber substrate rather than other polymers, because the
inherent complexation of PVP could provide the chance of attachment
site and field-oriented carrier for Ag ions. The complexed template effect
started by preparing a AgNO3/PVP precursor solution, wherein PVP was
a great stabilizer and dispersant for the coordination with Ag™. Fig. 2a
shows the molecular structure of Ag" evenly dispersed on the coordinate
sites of PVP chains as a complexed template. It has been reported that
the solvent evaporation rate and the phase separation rate may create
the hollow nanofibers during electrospinning. In this work, ethanol and
distilled water were used as solvent, while ethanol was also served as the
promoter of phase separation for its good volatility.

Subsequently, in the electrospinning code, PVP chains could be the
filed-transferred template as shown in Fig. 2b. Ag™ is subjected to both
the solvent evaporation force (Fs) and electric force (Fg). Here, the
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distribution of Fg is uneven [41], leading the PVP chains to be stretched
straightly and Ag" enwrapped in PVP molecules to move towards the
surface of the composite nanofibers when ethanol evaporates rapidly
through the boundary [42]. As a result, Ag" distributed in the inside of
nanofibers shifts with the PVP chains to the surface of nanofibers under
the field-transferred template effect.

As quantitatively analyzed in Ag model system, the concentration
and molecular weight of PVP are critical in tuning the morphology for
many types of nanoparticles [24]. Two parameters including the ratio of
AgNO3/PVP in the precursor solution and UV irradiation time are
identified to play the important role in the nucleus growth of Ag
nanoparticles and the precursor formation of AgNLs. Here, we carried
out the measurement on the concentration of AgNO3 at 1%, 3%, 5% and
8% in the precursor solution, the obvious AgNLs could form only when
the concentration of AgNO3 was 5% (Fig. S2).

To demonstrate the formation mechanism of AgNLs, the precursor
nanofibers with different UV irradiation time were characterized. As
shown in Fig. 2¢, the peaks at 3424, 2959 and 1654 cm ™ are the typical
adsorption peaks of O—H stretching vibration, C—H asymmetric
stretching vibration and C=O stretching vibration, respectively. These
peaks appear in all samples. It is worth noting that the peaks at 1660 and
1652 cm ™! belong to C=0 stretching vibration because of the heter-
ogenous molecular weight of PVP (Fig. 2d). The peak at 1656 cm
slightly shifting to lower value in electrospun precursor nanofibers, is
probably due to the interaction between PVP and Ag ions. Furthermore,
the same peak in AgNLs/PVP composite after UV irradiation further
shifts to 1649 cm™!, which proves that more Ag nanoparticles have
emerged (Fig. S3). Fig. 2e shows that the Raman shifts at about 1357 and
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Fig. 1. Schematic diagram of the pair directed AgNLs by single-particle assembly in the composite nanofibers. (a), The complexed template effect of PVP
chains on Ag* uniformly dispersed in the precursor solution. (b), The distribution of Ag" from the inside of the composite nanofibers to the surface by the electric
field force and solvent evaporate force in the electrospinning. (c), The aligned assembly of the Ag nanocrystals in AgNO3/PVP composite nanofibers exposed to the

UV lamp.
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Fig. 2. Migrated and molecular mechanism of the composite nanofibers in the electrospun process and UV irradiation. (a), The attachment of Ag™ in the
complexing groups of PVP molecules. (b), The views of stretched PVP chains and the moved paths of Ag* by the electric field force (Fg) and solvent evaporation force
(Fs) in the electrospinning. (c), FTIR spectra of the prepared PVP, AgNO3/PVP precursor and AgNLs/PVP nanofibers. (d), The enlarged spectra of C=0 peaks around
1660 cm L. (e), Raman spectra of the AgNLs/PVP nanofibers after 3, 6 and 12 h of UV irradiation. (f,g), DSC results (f) and UV-Vis spectra (g) of the precursor and
AgNLs/PVP nanofibers after 1, 3, 6 and 12 h of UV irradiation. (h), XRD results of AgNLs/PVP nanofibers during UV irradiation.

1577 cm™! increase with the passage of irradiation time, suggesting the
existence of the amorphous carbon produced by PVP degradation.
Moreover, the disappeared characteristic of the peak attributed to C—C
bond around 1428 cm ™! after 12 h of UV irradiation also confirms the
degradation of PVP (Fig. 54).

The directed structure of AgNPs on PVP surface was further produced
by the reduction of Ag™ and the degradation of PVP under UV irradia-
tion. From the scanning electron microscopy (SEM) images of the sam-
ples with different irradiation time (Fig. S5), we found that the
disappearing morphology of the nanofibers was more obvious when the
reaction time was further extended. After 6 h of UV irradiation, no
nanofiber profile existed and Ag nanoparticles were mostly distributed
in the boundary of the nanofibers, then well-organized pair AgNLs were
aligned in the elongating direction of PVP nanofibers at 12 h. The results
of differential scanning calorimetry (DSC) are shown in Fig. 2 f, the
increasing intensity of adsorption peak around 220° indicates that the
growth of Ag nanocrystals and the molecule crosslinking hinder the
decomposition of PVP. UV-vis spectra also verify the degradation pro-
cess of PVP and the growth of Ag nanocrystals (Fig. 2 g). The adsorption
peak at 295 nm belongs to the free radicals after PVP degradation, and
increases before irradiation for 6 h but decreases at 12 h of the irradi-
ation, further indicating that the free radicals mostly crosslink when Ag*

are totally reduced. The X-ray diffraction (XRD) spectra reveal the for-
mation of AgNLs at the expense of AgNPs fusion, and confirm that the
AgNPs are pure Ag crystals without other silver oxidation after 3 h of UV
irradiation (Fig. 2 h).

We further demonstrated the key mechanism of PVP nanofibers as
the molecule-directed template for the formation of pair aligned AgNLs
as shown in Fig. 3a. Ag ions attaching along the PVP chains in the
composite nanofibers are reduced to Ag® because of the wild reducibility
of PVP and the emitted energy of ultraviolet light. At the beginning of
UV irradiation, some Ag nucleus formed and then grew to small single-
particle (equation I), giving the credit to Ostwald ripening growth dy-
namics. Simultaneously, photo-degradation (equation II) and photo-
crosslinking (equation IIT) promoting the reduction of Ag™ occurred in
the irradiated PVP nanofibers. As the reaction proceeds, Ag single-
particles in the nanofibers fused together and moved sideways due to
the induced energy of free radicals in the broken PVP chains, forming
the pair nanostructure of single-particle assembled Ag at the boundary
of the original nanofiber locations. So far, expectantly, the multi-stage
template technology could be an effective strategy for assembling
single-nanoparticle Ag into the pairwise and directed AgNLs.

To gain further insight into the directed nanostructure of AgNLs, we
prepared the parallel pattern of the electrospun AgNO3/PVP precursor
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Fig. 3. Assembly mechanism and geometric nanostructure of AgNLs. (a), The single-particle assembly of AgNLs in UV irradiation process, including the Ag™
reduction (I), PVP degradation (II) and PVP crosslinking (III). (b), SEM image of pair directed AgNLs. (c), Enlarged SEM image of the Ag nanocrystals with tight
connections and a few gaps in AgNLs. (d), TEM image of the assembling Ag nanocrystals distributed along the boundary of the composite nanofiber. (e,f), EDS image
of the Ag element mapping in AgNO3/PVP nanofibers (e) and AgNLs/PVP nanofibers (f). (g), SAED of the Ag nanocrystals in AgNLs.

nanofibers. Fig. 3b presents SEM image of the AgNLs after 12 h of UV
irradiation, the approximately paralleled AgNLs are observed along the
extension direction of the nanofiber edges. Fig. 3c,d show the geometric
nanostructure of AgNLs with single-particle assembly on the initial
nanofiber sites, which is further confirmed by the change in the location
distribution of Ag element mapping between AgNO3/PVP precursor
nanofibers (Fig. 3e) and AgNLs (Fig. 3 f). Clear lattice fringes corre-
sponding to the interplanar spacing d = 0.234 nm (Fig. S6) and the
selected area electron diffraction (SAED) image (Fig. 3 g) display the
characteristic of Ag nanocrystals. Moreover, more obvious evidence of
two Ag nanocrystals with tight connection (Fig. S6a) and an interval
(Fig. S6b) could be spotted in detail. Other elements distributed in
AgNO3/PVP nanofibers (Fig. S7) have no transfer effect in AgNLs via

12 h of UV irradiation (Figs. S8 and S9).

The performance of the fabricated AgNLs is depended on the nano-
scale arrangement of Ag crystals. By controlling the deposition of PVP
templates in electrospinning process, we can get the arbitrary AgNLs
patterns such as spiral array, uniaxial parallel array and biaxial crossed
array (Fig. S10). The electrochemical performances of the as-prepared
AgNLs with different arrays were evaluated in coin cell using the
Nyquist plot at the frequency range from 1 to 100 KHz. Fig. 4a-c shows
the impedance curves of three patterned AgNLs. The interfacial prop-
erties and the impedance data are fitted with an equivalent circuit
(Fig. S11), where the interfacial capacitance (Cq)) is in parallel with the
diffusion impedance (W) and the charge transfer resistance (Rct).
Clearly, the ionic conductivity of the formed AgNLs increases with UV
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Fig. 4. Electron transport properties of AgNLs with the adsorption of water molecules. (a-c), Impedance of AgNLs with the patterns of spiral array (a), uniaxial
parallel array (b) and biaxial crossed array (c) after 3, 6 and 12 h of UV irradiation. (d-f), Cyclic voltammogram curves of AgNLs with three patterns of spiral array
(d), uniaxial parallel array (e) and biaxial crossed array (f) during UV irradiation. (g), Water adsorption of AgNLs/PVP composite nanofibers and pure PVP nano-
fibers. (h), The relationship of the relative contact angle and time for AgNLs/PVP composite nanofibers and pure PVP nanofibers. (i), SEM image of AgNLs/PVP

composite nanofibers after absorbing water.

irradiation time. Interestingly, compared with other patterns, AgNLs
with the uniaxial parallel pattern exhibit higher ability of ionic con-
ductivity and a weak capacitance behavior at lower frequency region.

We further detected the cyclic voltammograms of the different
patterned AgNLs (Fig. 4d-f). Obviously, the cyclic curves show the
certain capacitance performance of AgNLs, though the corresponding
currents are small. The comparison results of three types of AgNLs on the
charge capacity are roughly the same as the differences on electro-
chemical impedance spectroscopy (EIS), AgNLs with uniaxial parallel
arrays show the most outstanding capacitance performance because of
the ordered charge transfer in the directed AgNLs.

To explore the water-tolerant properties and the interfacial behavior
between AgNLs and H20 molecules, we investigated the water absorp-
tion rate and water contact angle of AgNLs/PVP nanofiber films
compared with pure PVP nanofiber film under UV irradiation. It is
evident that the water absorption rates of all films are gradually

increased with increase of the irradiation time (Fig. 4 g). Moreover, the
water absorption rate of AgNLs/PVP films reaches up to 330% while
pure PVP film just has 150%. In addition, Fig. S12 shows the different
water contact angels of AgNLs/PVP and PVP films, suggesting the sus-
tainable capacity of water adsorption of the composite film with pair
directed AgNLs. By comparing the two curves in Fig. 4 h, we find that
the gradient trend and range of the red curve from 7 to 9 S (region III)
are similar to that of the blue curve (region II), which demonstrates the
same adsorption process of HoO molecules through the PVP networks.
However, the slow gradient of the red curve in the first 6 S (region I) is
due to the specific adsorption of AgNLs in the AgNLs/PVP film. Fig. 4i
shows the SEM image of AgNLs/PVP film after absorbing H,O mole-
cules, the close connected and slight gaped nanostructure in each nano-
line and between the pair nano-lines may precisely lead to the special
conductivity when the different amounts of water exist.

We designed a nanoscale AgNLs based humidity sensor (ABHS) that
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the AgNLs perpendicularly deposited to the gold interdigital electrode as
the sensing material on the polyethylene terephthalate (PET) as the
substrate (Fig. 5a). Fig. 5b and c show the digital photos of the ABHS and
its bend state. For the humidity sensor, electron transfer is the domi-
nating effect for this liquid-solid electrification process of the polymeric
surface [43,44], thus, the orderly assembled AgNLs with a few gaps
easily form the conductive path after H;O molecules fill the gaps,
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exhibiting high sensitivity for the tiny humidity changes in the envi-
ronment. The water sensitivity at the different humidity includes the
following three stages. First, when the ABHS is exposed to the low RH,
few Hy0 molecules prefer to fill in the gaps of the contiguous Ag
nanoparticles in the AgNLs, and rapidly form the unidirectional
conductive paths between the interdigital electrodes (Fig. 5d). In the
second stage, with RH increases, some H,0 molecules adsorb on the
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Fig. 5. Sensing mechanism and application of ABHS in ambient humidity monitoring. (a), The interdigital electrode composed of APHS. (b-c), The digital
photos the front (b) and side (c) of the fabricated ABHS interdigital electrode. (d-f), The adsorption mechanism of H,O molecules in ABHS at low (d), middle (e) and
high (f) RH. (g), Real-time resistance response of ABHS from 11% to 94% RH. (h), The change in AR/Rgy and AS/Sy of ABHS from 11% to 94% RH. (i), The cyclic
performance of the real-time resistance response of the ABHS between the ambient 0% and 94% RH. (j), The real-time digital photos of the humidity monitoring of
ABHS using the LED lights with three colors from 0% to 94% RH. Yellow light on at 11%, green light on at 43% and red light on at 75% RH.
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surface of Ag nanoparticles between the AgNLs array, and form the
crossed conductive channel (Fig. 5e). Finally, more H,0 molecules will
be absorbed by the degraded PVP network at a high RH, and form the
physical adsorption of water layers until reach the saturation (Fig. 5 f).

To illuminate the non-contact response mechanism of H,O molecules
adsorbed on the ABHS, we tested the dynamic resistance response in five
humidity conditions (RH values of 11%, 33%, 43%, 75% and 94%)
simulated by the saturated salt solutions (Fig. S13). Meanwhile, the
environment humidity was always kept at a constant value. As shown in
Fig. 5 g, the real-time resistance significantly decreases with the increase
of RH value, exhibiting excellent humidity sensing performance. How-
ever, Fig. S14 shows the contrary tendency of the real-time resistance
response due to the reversibility of ABHS in the desorption process of
H30 molecules. Moreover, we found that the response curves were not
linear and the real-time resistance dropped in the initial stage rapidly,
this was different from the traditional humidity sensors with linearly
varying feature [45,46].

Therefore, we further analyzed the humidity sensitivity of ABHS by
carrying out a fitting according to the response curves of the real-time
resistance. The resistance response curve from 0% to 11% RH could
be fitted into a two-factor exponential equation (Fig. S15), where the
parameter A; and A respectively correspond to the response degree of
the filling in the gaps and the connecting between AgNLs by HoO mol-
ecules. The exponential relationship allows the quick response and high
sensitivity at low RH benefiting from the formation of conductive
pathways in the initial water sensitivity stage. Interestingly, the resis-
tance of ABHS changes from 11% to 75% RH slowly, which is fitted to a
binomial function equation (Fig. S16), demonstrating that there are also
two influence factors in this response process. In general, the fitted re-
sults prove the nanoscale sensitivity mechanism that the adsorption of
water on the surface of AgNLs and PVP could not cause much electron
transfer, whereas, the electron transfer speed from one H,O molecule to
another connecting in the AgNLs is faster. Similarly, a single exponential
function equation fitted by the response curve from 75% to 94% RH also
confirms the mechanism (Fig. S17). The slight fluctuation of the resis-
tance response may be described to the fact that the swelling of PVP
crosslinked network at high RH leads to the incidental disconnection of
Ag nanoparticles in AgNLs.

We quantitatively investigated the change degree of the real-time
resistance compared to the initial resistance for the ABHS (Fig. 5 h).
The trend of AS/Sg values (where S = AR/Ry, R and R are the real-time
and initial resistance, S and S are real-time and last AR/Rg) confirms
the different degree of the resistance response in above-mentioned three
stages of the humidity sensitivity. Fig. 5i shows the typical real-time
resistance response of ABHS between the ambient 0% and 94% RH,
suggesting the excellent dynamic stability. Moreover, the ABHS exhibits
the fast response time (< 0.9 S) and recovery time (< 3.1 S) when RH
increases from 45% to 75%, as shown in Fig. S18. The response and
recovery speed are the key factors of sensing performance. We further
found that the ABHS had the different response and electrodynamic
behaviors at low and high RH.

Importantly, the ABHS has the fast response speed at low RH espe-
cially, so that, it can result in the greater potential of nanoscale appli-
cation in humidity monitoring, non-contact control and respiratory
monitoring. Thus, we developed an ambient humidity monitoring sys-
tem, including a recording multimeter of real-time resistance and a
circuit bord with the ABHS (Fig. S19), and used three LED lights with
yellow, green and red colors to imply the different degrees of the
ambient humidity. The monitoring circuit diagram was interestingly
simulated by PROTEUS software to calculate the range of the resistance
when the different light was on (Fig. S20).

Fig. 5j displays the real-time digital photos of the monitoring device
at three RH. As seen in Movie S1, based on the accurate design of the
threshold value according to the real-time resistance, when the ambient
humidity is below 11%, no LED is lighted. But when RH reach to 33%,
43% and 75% in turn, the yellow, green and red LED lights are turned on
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successively. Herein, theoretically, as long as the resistance value cor-
responding to a certain RH for the ABHS is calculated, we can accurately
detect the ambient RH from 0% to 100% in any environment.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2021.106748.

The excellent response capability of AgNLs at low humidity makes
the ABHS possible to be applied in nanoscale non-contact device such as
the sensitive electro-tactile system on the skin of the finger [47]. Fig. 6a
shows the schematic diagram of the non-contact switch based on the
fingertip humidity. When the fingertip approaches to the sensor, the
water molecules from the fingertip will diffuse on the sensor, and then,
the resistance value decreases rapidly because of the connection of
electron-transfer path in AgNLs. Inversely, the resistance value increases
when the fingertip rapidly removes away the sensor.

Thus, we fabricated the non-contact flexible sensor consisting of the
ABHS embedded on the surface of the transparent epoxy resin and the
wires through the resin (Fig. S21). The advantage of the sensor is that the
preparation process is simple and the use is widespread as the flexible
device such as the fingerprint lock and the non-contact visual gesture
control. Movie S2 shows the real-time response of the sensor during the
fingertip approaches to the sensor till 5 mm and rapidly moves away
from the sensor after staying 2 S. The blue and red curves respectively
represent the fingertip at normal and sweaty state (more water on the
surface of the fingertip). As the result shown in Fig. 6b, when the
fingertip approaches the sensor, the resistances at two states decrease
rapidly, but it has smaller threshold valve and longer recovery time at
sweaty state than at normal state.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2021.106748.

Given the sensitivity of the device, we can set the threshold valve and
recovery time range of the resistance to remind users. We further
demonstrated the reproducibility and stability of the fingertip sensor at
two states by the test of 10 cycles (Fig. 6¢). Moreover, the use of long
time for the sensor by recording the results twice a day during 20
consecutive days also verified the durability of the ABHS as a non-
contact humidity device (Fig. S22).

In addition, we found that the ABHS had great potential in respira-
tory monitoring by detecting the subtle change of water. As shown in
Fig. 6d, when the gas exhaled from our nose passes through the ABHS,
the carried water vapor molecules are quickly captured and adsorbed by
the hydrophilic PVP network, leading to the change in inherent elec-
trical conductivity of the directed AgNLs. Therefore, the health states
with the different respiration rates could be determined by the wave-
form and amplitude of the monitoring curves. Fig. 6e shows the various
responses of ABHS, the gas exhalations in “healthy”, “weak”, “kinetic”
and “ailing” conditions correspond to the respiratory rates of 20, 25, 35
and 15 times/min. We found that the breathing signals in four respira-
tory conditions were smooth but had the respective waveform and
amplitude. Obviously, the amplitude increased as the respiratory rate
decreased, because the faster breathing would prevent the response
signal from restoring to the initial level and promptly response to the
next adsorption of H,O molecules.

Next, the data of the resistance response in one minute were
analyzed using the digital boxplots (Fig. 6 f). We could quantification-
ally estimate the respiratory rate from the median value of the resis-
tance, the slower breathing enabled the resistance signal of ABHS to
result in a high level. The prolonged real-time monitoring of breathing
was very effective for the patients with respiratory diseases such as sleep
apnea syndrome. Here, we recorded the response signal of breathing
when the testing object just slept and fell asleep with 30 min (Fig. 6 g).
The fairly smooth signals were obtained in both breathing stages,
moreover, the slight fluctuation from the continuous but uneven
breathing curve was also detected.

Thus, as long as the breathing of the testing object is normally, the
detected signal will keep steadily. Whereas, if the signal decreases
significantly and exceeds the threshold value, indicating that the testing
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object changes the breathing and has been an unexpected attack, the
device can send out warring signals by the rapid result analysis of the
subtler breathing change.

3. Conclusion

In summary, we have developed a new synthesis method combining
the electrospinning and in-situ UV irradiation at room temperature to
fabricate the pair directed AgNLs arrays. Using the complexed and field-
transferred template effect of PVP chains, the Ag+ /PVP complex was
uniformly dispersed in the composite precursor, and then diffused from
the inside of the polymeric chains to the nanofiber boundary in the
electrospun process. Further, Ag nanocrystals assembled to the single-
particle connected lines along the both sides of the composite nano-
fibers by the degradation and crosslinking of PVP chains under UV
irradiation. Compared with the conventional linear responded humidity
sensor, the fabricated ABHS exhibited excellent sensitivity at low RH
and special response due to the nano-structured gaps in the contiguous
AgNLs. The further explorations of the humidity monitoring device, non-
contact switch of fingertip and real-time respiratory monitoring
demonstrated the feasibility and stability of the ABHS as a nanoscale
device. Given the conductive mechanism of AgNLs arrays at low, middle
and high humidity, the non-contact ABHS would provide an avenue for
the consumer health and biomedical sensors.

4. Experimental Section
4.1. Synthesis of AgNO3/PVP nanofibers

The precursor solution was prepared using the following procedure.
First, 1.32 g PVP were dissolved in 10 ml mixture of deionized water and
ethyl alcohol (H20:CH20OH=3:2) and magnetically stirring for 4 h until
completely dissolved at room temperature. Next, 0.013 (1 wt%), 0.051
(3 wt%), 0.066 (5 wt%) and 0.105 g (8 wt%) AgNOs were added into
the solution and stirring for 24 h to mix the uniformly forming elec-
trospinning solution. Using a 5 ml syringe to aspirate the spinning so-
lution, removed air bubbles in the spinning solution, connected to the
stainless steels spinning nozzle (inner diameter is 0.7 mm), and then
fixed the syringe horizontally on the microfluidic injection pump, clean
and grounded aluminum foil received the nanofibers. The aluminum foil
was 10 cm away from the nozzle, the voltage was 15-20 kV, and the
micro-flow pump speed was 0.2-0.5 ml/h. The electrospinning process
was completed at room temperature.

4.2. Preparation of Ag nano-lines (AgNLs)

To reduce the Ag™ into Ag® forming AgNLs, the AgNO3/PVP nano-
fiber films were located under the UV lamp (200 W, 365 nm) with dis-
tance of 10 cm. In order to ensure the AgNO3/PVP nanofiber films were
irradiated uniformly, we put the films perpendicular to the direction of
the lamp source. The AgNLs were obtained after the continuous UV
irradiation.

4.3. Fabrication of AgNLs based humidity sensor (ABHS)

We used an interdigital electrode as the collector in electrospinning
process for 30 min, in which the AgNO3 concentration was 5 wt%, and
then irradiated by UV lamp for 12 h to obtain ABHS. Finally, the samples
were placed into a vacuum drying oven to remove the small molecules
and achieve the long-term storage.

4.4. Water absorption capability test
The as-prepared AgNLs/PVP films and pure PVP film were uncovered

from the aluminum foil and cut into a square (1 x1 cm). Then recorded
the weight of the films in the dry state (M;) and after dipped in the
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deionized water for 24 h (M3). The water absorption rate was calculated
from the following equation.

M
Absorption = =L % 100%
M,

4.5. Resistance response test of ABHS

Two conductive wires were connected at both ends of the electrode
of ABHS for resistance test using a digital multimeter (Victor VC890CH).
The ABHS was placed directly above the liquid level of the solution with
the presetting humidity and recorded the resistance values until the test
value was stable, then quickly put into next different humidity envi-
ronment to obtain the real-time resistance response curves. During the
test process in lab, the environment humidity was always kept at 40% by
a dehumidifier.

4.6. Fabrication and resistance response test of ABHS as the ambient
humidity monitoring system

To fabricate the humidity monitoring system, we designed an
amplifying circuit (Fig. S19) with three LED lights to show the changed
resistances. All components were welded on a circuit board according to
the schematic circuit. Then the ABHS was placed in different ambient
humidity with the power on and recorded the current response of ABHS
(Video S1).

4.7. Characterization

The morphologies of the AgNLs were investigated by field-emission
scanning electron microscopy (FE-SEM, JSM-7800 F, JEOL, Japan).
The morphologies of the AgNLs were observed by a field-emission
transmission election microscope (FE-TEM, JEM-2100 F, JEOL, Japan)
operating at 200 KV. Fourier transform infrared spectroscopy (FT-IR)
spectra of all samples were carried out using a Nicolet 5700 spectrom-
eter. Raman spectra (Raman) spectra of all samples were obtained using
a Lab Spec 6 spectrometer with a 532 nm blue laser beam. The as-
prepared films were directly tested after drying. Differential scanning
calorimetry (DSC) Q100 modulated differential scanning calorimeter of
TA Instruments was used to analyze the thermal behavior of the samples
in Ny atmosphere. UV adsorption spectra (UV-Vis) were taken from the
dissolved AgNLs in water by ultraviolet spectrophotometer (UV-vis, UV-
2550, Shimadu). X-ray diffractometry (XRD, Philips, X'Pert PRO,
Netherlands) was used to determine the crystallization property of the
AgNLs. Water contact angle (WCA) of the as-prepared films were
assessed using the sessile drop method at room temperature by a video
contact angle instrument (DSA 100, Kruss, Germany).
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