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. The one dimensional (1D) ordered porous Pd@TiO, nanofibers (NFs) array film have been fabricated via
afacile one-step synthesis of the electrospinning approach. The Pd@TiO, NFs (PTND3) contained Pd

© (2.0 wt %) and C, N element (16.2 wt %) display high dispersion of Pd nanoparticles (NPs) on TiO, NFs.

. Adding Pd meshed with C, N element to TiO, based NFs might contribute to generation of Lewis acid

. sites and Brensted acid sites, which have been recently shown to enhance NH; adsorption-desorption
ability; Pd NPs could increase the quantity of adsorbed O, on the surface of TiO, based NFs, and
accelerated the O, molecule-ion conversion rate, enhanced the ability of electron transmission. The

. response time of PTND3 sensor towards 100 ppm NHj is only 3 s at room temperature (RT). Meantime,

. the response and response time of the PTND3 to the NH; is 1 and 14s even at the concentration of

: 100 ppb. Therefore, the ordered Pd@TiO, NFs array NH; sensor display great potential for practical
applications.

© NHj; sensor is of paramount importance in explosives detection, since it is a decomposition product of many

. explosive formulations and improvised explosive devices. It is also very useful in monitoring pollutants emitted

. by inductrial and recycling processes.

: Semiconducting metal oxides (SMO) are frequently used as gas-sensing materials. The suitability of a SMO
material as a chemiresistor depends on several factors, many of which are correlated with each other. The most
obvious factor is the chemical composition. Among the variety of appropriate materials, TiO,, as an important
non-toxic semiconductor, shows wide potential applications in the sensing field owing to their advantages of
earth abundance, chemical and thermal stability!-. Thus, TiO,-based gas sensors have also been explored quite

. extensively. Recent years, 1D ordered porous arrays have been the subject of extensive research due to their dis-

. tinctive structural features and superior performances®’. However, However, there are still few applications of 1D
ordered porous arrays in gas sensing. Chemiresistor arrays with pattern recognition techniques has been demon-
strated to be powerful for addressing some of the challenging issues in chemical gas sensor®. TiO, nanotubes and
nano-fibers are very extensive used for sensing purposes. TiO, nanotubes synthesized by anodization"*679-13

. and electrospun'®'® have higher ordered arrays, higher surface area, and desired location compared with elec-

. trospun TiO, nano-fibers, however, ordered template synthesis by anodization is a crucial and tedious technique

. compared with preparation methods concise and template-free electrospun TiO, nano-fibers and nanotubes.

. Not only that, the longer electrospun TiO, nano-fibers are in favour of preparing sensing device directly but also

. alots of studies which detected gas sensitivity employing some apparatus (such as micro-hotplates'®-?! and so
on) at high temperature have gained certain effect, operating at room temperature becomes more satisfied with

- commercial development prospect. In previous works, p-type TiO, has been researched*->* and In,05/TiO, com-

. posite NFs were prepared in our group by electrospinning and exhibited better sensing performance for NO, at
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Insufficient oxygen
calaining

Reduction

RT?%. Nevertheless, the sensors of as prepared In,0;/TiO, composite nanofiber frequently randomly dispersed
on electrodes, which increased resistance noise but the response time was relatively slow. This has been a serious
limitation for the potential use of these sensors in applications.

It is well known, that the gas response of the sensor can often be significantly enhanced by chemical modi-
fication of the metal oxide’s surface”’?°. In particular, finely dispersed clusters of noble metals (such as Pt, Pd,
Au) may serve as catalysts for the chemical reaction between the analyze gas molecules with semiconductor®-%°.
The electronic and/or chemical interaction between the noble metals with main sensing material is the common
reason to increase the selectivity of material and lower the operating temperature?”*®. while the study on the com-
bined effect of the noble metal with the main sensing material and the auxiliary elements of C, N is comparatively
rare.

In this paper, we suggested a one-step method to fabricate 1D ordered porous Pd@TiO, NFs array film, with
remaining small fraction of C, N element under insufficient oxygen calcaining (see Fig. 1). The present stud-
ies have provided insights into the interaction of Pd NPs with TiO,, and our studies further investigated the
increased sensing properties on NH; which was the result of formation of acid sites. And Pd NPs as well as C, N
element on the substrate of TiO, might play an important role in the generation of Lewis acid sites and Brensted
acid sites, which can greatly improve the NH; adsorption-desorption ability of gas sensing materials. Therefore,
high-powered Pd@TiO, NFs NH; sensor displays great potential for practical applications.

Results

Structure and morphology of samples. The XRD patterns of pure TiO, and Pd@TiO, NFs are shown
in Fig. 2a. It is obvious that the peaks at 20 values of 25.3, 37.8, 48.0, 55.1, 62.7 and 75.1° can be indexed to (101),
(004), (200), (211), (204) and (215) crystal planes of anatase (JCPDS no. 71-1166)*’, and the peaks at 26 values
of 27.4,36.1, 41.2, 44.0, 54.3, 56.6, 64.0 and 69.0° can be indexed to (110), (101), (111), (210), (211), (220), (310)
and (301) crystal planes of rutile (JCPDS no. 72-1148)%, respectively. Meanwhile, XRD patterns of pPTND3 NRs
is shown in Fig. S1. Notably, no typical diffraction peaks belonging to Pd (Pd or PdO) are observed in all of the
samples, and it is indicated that Pd species are low mass loading and highly dispersed on the TiO, NFs.

Figure 2b,c show the N, adsorption-desorption isotherm and the BET pore-size distribution for samples.
The isotherms of samples show a typical type IV with H3-type (PTND1 and PTND2) and H4-type (pure TiO,,
PTND3 and PTND4) hysteresis loop, which is characteristic of mesoporous material®. The BET surface areas
and the dominated mesopores are 58.8 m?g~! and 5.8 nm for pure TiO,; 82.5m?g ! and 12.9nm for PTND1;
86.7m?g ! and 17.8 nm for PTND2; 100.8 m*g~" and 14.8 nm for PTND3; 89.0m?-g~! and 14.3 nm for PTND4,
respectively. It is shows that the BET surface areas and the dominated mesopores results of Pd@TiO, NFs increase
significantly than that of pure TiO,*. This illustrates that it is effective to improve cavity and interface structure
with the addition of Pd NPs.

The morphology of calcined Pd@TiO, NFs are investigated by SEM. As shown in Fig. 2d,e and Fig. S2a,b,c,
it can be clearly seen that 1D nanofibers of orderly arrangement are obtained on a large scale, which have typical
lengths about 5-50 pum, and the diameter about 250 nm.

TEM investigations (Fig. 2f,g,h,i,j) are conducted for further analysis the structure of the PTND3 NFs. PTND3
NFs are consisted of Pd and TiO, polycrystalline nanoparticles as shown in Fig. 2h,i,j. During the calcination
process, decomposition of the PVP polymer and Ti-O-Ti network results in the formation of porous and loosened
structured of PTND3. The corresponding selected area electron diffraction (SAED) pattern shown in Fig. S3 con-
firms highly crystalline nature of anatase (101), (004) and rutile (101), (110) planes. HRTEM images in Fig. 2h,i,j
confirm that the prepared porous PTND3 NFs have high crystalline nature with the lattice spacing of 0.350
(~0.354) nm corresponding to (101) plane of anatase, and 0.324 and 0.248 nm corresponding to (110) and (101)
planes of rutile. Meanwhile, it can be clearly observed the existence of the lattice spacing of 0.225 nm correspond-
ing to (111) planes of Pd NPs*, which is illustrated that Pd NPs have been placed into the nanofibers successfully.
TEM and HRTEM images of pPTND3 are displayed in Figs S3 and S4, they are also explained that there are
anatase, rutile and Pd NPs in the pPTND3. Elemental mapping images of the PTND3 NFs are shown in Fig. S5.
Fig. S5 shows a uniform distribution of five elements (Ti, Pd, O, C and N) within the sample.

IR spectroscopy (Fig. 3¢,d,e) of nanofibers before calcination which precursor solution contains of
PVP-H,PdCl-TBT, thus, PVP-TBT, PVP-H,PdCl, and PVP were measured. Contrast with the IR spectroscopy
of pure PVP which contains amide group (N—C stretch of N—C=0 (N—C;) 1499 cm '), C=0 (1659 cm™!) and
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Figure 2. (a) XRD patterns; (b) N, adsorption-desorption isotherms and (c) pore-size distribution curves of
pure TiO, and Pd@TiO, NFs; (d), (e) SEM images of PTND3; (f), (g) TEM images of PTND?3; (h), (i) and (j)
HRTEM images of PTND3.

C-N stretch (N—C stretch of N—CH, (N—C1, N—C,), 1277 and 1292 cm!)*? (Scheme 2e), two differences could
be clearly observed for that of the other samples*’. The carbonyl vibration band and hydrogen bonding band
of PVP shifted to lower wavenumber (1659 to 1649 cm ™}, 3452 to 3359 cm~!) when the Pd** and (or) Ti-O-Ti
network® adhesive incorporated into the PVP (Fig. 3b,c,d). PVP can form hydrogen bonding between terminal
hydroxyl groups with carbonyl side-groups of repeat units in PVP macromolecules, and metal ions due to the
structure of polyvinyl skeleton with strong polar group (pyrrolidone ring) with lone pair of electrons from the
nitrogen and oxygen atoms* (Fig. 3b), this implied that the strength of the dipole - dipole interactions of the PVP
units was reduced. Here, PVP acted as a template and played a self-assembly role in the solution. After calcination
and before reduction, PdO and TiO, NPs were taken shape in the absence of PVP. Therefore, the porous compos-
ite nanofibers were formed.

Gas Sensing Measurements. Gas response and response time are the basic parameters of gas sensors,
rapid response to a target gas are demanded for practical application. Therefore, gas sensing performances of the
PTNDs NFs sensor and the pPTND3 sensor were evaluated and compared its performance with those of the pure
TiO, sensor to NH; at 26 °C (fabricated process of the thin film gas sensor in Supporting Information and the
SEM image of the sensor coated with the composite thin film in Fig. $6). The tests show that there is no response
to pure TiO, sensor to 100 ppm NH; (in Fig. S7). Figure 4a,b show the response and response time of PTNDI,
PTND2, PTND3 and PTND4 sensors to NH. (see Fig. 4c, Fig. S8 and Table S3). The responses of four sensors to
NH; tend to become stronger with increasing NH; concentration. Generally, adding appropriate amount of noble
metals (such as Pd) to gas-sensing material can effectively reduce response times*>*¢. Obviously, the PTND3
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Figure 3. (a) SEM image of electrospinning PTND3 NFs array after calcination, (b) The proposed crosslinking
mechanism of the formation of electrospinning PTND3 NFs (PVP is displayed in red break line circle), (¢) IR
spectra of samples with wavenumber from 400 to 4000 cm ™! and (d) from 1200 to 1800 cm™!, which precursor
solution contains of PVP-H,PdCl,-TBT, PVP-TBT, PVP-H,PdCl, and PVP, respectively. (e) IR spectra of PVP.
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Figure 4. (a,b) The response time and gas response of samples to NH;, (c¢) Dynamic response of the PTND3
sensor to 0.1-100-0.1 ppm NH; at 26 °C, the selectivity (d) and the stability (e) of PTND3 (inset in the top of (e)
is Response/recovery curves of the sensor to 100 ppm NHj at a certain interval) (RT: 26 °C, humidity of 30%).
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sensor exhibits higher response and quickly response time than other sensors (PTND1, PTND2, PTND4 and
pPTND3 see Table S3).

Figure 4c illuminates the response/recovery properties and response time of the PTND3 sensor to 0.1-100-
0.1 ppm NH; at 26 °C (the dynamic response diagrams and corresponding data of PTND1, PTND2, PTND4 and
pPTND3 sensors to different concentrations of NH; are in Fig. S8, Table S3 and Table S4). Upon exposure to NH;,
the resistance of PTND?3 leads to a rapid increase, and after NH; is removed, the resistance returns to the original
value, which is the representative property of a p-type semiconductor. It is also observed that with the increase
of NH; concentration, the response of the PTND3 sensor is obviously increased, and the response time of the
sensor is significantly reduced. The response time towards 100 ppm NHj is about 3 s, and ~14s to 0.1 ppm NH,.
Meantime, the response of the PTND3 to NH; is 1 even at the concentration of 100 ppb. Not only that the PTND3
sensor shows a short-term reliability after two period tests, and an approximately linear response-concentration
relationship in the range of 0.1-100 ppm NH; to PTND3 sensor, as shows in Fig. 4c and in Fig. S9, which indi-
cated that PTND3 has a potential application in combustible and noxious NH; detection.

Since the selectivity and a long-term stability are also important parameters of gas sensor. The sensor must
have rather high selectivity and stability for its application. Figure 4d depicts the selectivity of PTND3 sensor at
26°C. The sensor shows high selectivity for NH;, and could distinguish an extremely small amount of 100 ppb
NH; compared with CO, CH,, H,, H,S, and NO,. The excellent selectivity further confirms that PTND3 sensor
can be used as a promising material for NH; sensor.

Figure 4e shows the response/recovery curves of the sensor t0100 ppm NH; at 26 °C within 35 days. The tests
were carried out in the same interval (7 days) under the same conditions. The PTND3 sensor shows a stable gas
response with 6.97 after repeated tests. It is found that the signal has no obvious changes to repeat many times,
which illustrated illustrated superior stability of PTND3 sensor.

It is ture that humidity is prone to change significantly and rapidly in most environments. And the gas
response of the PTND3 sensor had been tested under different humidity in order to measure its practicality at
different environmental humidity. Fig. S10 shows the curves of the gas response for the PTND3 sensor to NH;
at 26 °C under different humidity. It is observed that with the increase of humidity from 20% to 60%, there is no
obvious variation of the response of the PTND3 sensor, and the response of the sensor is significantly reduced
when the humidity is increase to 70%. It illustrates that the PTND3 sensor has higher stability when the humidity
is about 20%-60%.

In addition, there is no response for pure TiO, sensor to 100 ppm NHj (in Fig. S7), and the gas-sensing prop-
erties of PTND3 sensor (PTND3 was calcined under the mixed atmosphere of N, and air, and it has 2% Pd) are
better than pPTND3 sensor (pPTND3 was calcined under air, and it has 2% Pd too) (see Table S3 and Table S4).
This demonstrated that, for PTND3 and pPTND3 sensor, the influenced factors for gas sensing properties was not
just the electronic sensitization and chemical sensitization of Pd NPs?”*¢47-% jn Pd@TiO, NFs.

Discussion

The influence factors on gas sensing property. The elemental compositions of pPTND3 and PTND3
NFs are further researched because of calcining under the different atmosphere. Figure 5a and d describe the TG
curves of pre-cal pPPTND3 and pre-cal PTND3 NFs (TG treatment conditions and calcined products of above
mentioned samples see in Table S2), respectively. TG curve of the pre-cal pPTND3 NFs was measured under air
in the temperature range of 25-900 °C. Three stages of weight losses can be seen from Fig. 5a. The first stage of
weight losses (ca. 13.3%) below 140 °C is mainly attributed to the loss of ethanol and water. The second loss stage
(ca. 57.4%) from 270°C to 460 °C is primarily due to the decomposition of PVP side chains. The third one (ca.
18.9%) in the range of 460-560 °C mostly results from the decomposition of main chain of PVP*"*2, The total
weight loss is about 89.6%. And at the same calcined condition, pure PVP was completely breakdown (as shown
in Fig. S11). It can be roughly deduced that the 10.4% of the total weight of sample calcined is TiO, and PdO.

TG curve of the pre-cal PTND3 NFs was measured under the mixture atmosphere of N, and air in the tem-
perature range of 25-900 °C. Three stages of weight losses in the range of 25-940°C is about 89.5% (remaining
10.5% of TiO, and PdO). The third one in the range of 490-940 °C chiefly results from the decomposition of main
chain of PVP. Thus, there is some of C and N element (~16.2%) in remnant in PTND3 NFs after calcined at 600 °C
under the N, and air atmosphere and reduced (the TG curve of pure PVP calcined under the mixture atmosphere
of N, and air in Fig. S12).

IR and XPS spectra of samples (pure TiO,, PTND3 and pPTND3) adsorbed and desorbed NH; were investi-
gated in order to find the interactions between the samples and NH; at 26 °C.

After pPTND3 adsorbed NHj at 26 °C (in Fig. 5b,c) compare with pure TiO, and apure TiO, (see Fig. S13), it
can be observed that, besides the peak of Ti-O, its IR spectra displays additional features corresponding to two
distinct NH; species: bands at 3340 and 1600 cm ™, they are assigned to adsorb NH; on Lewis acid sites®%.

In Fig. 5e,f, the IR spectra of PTND3 not only display bands at 3340 and 1600 cm ™! which are assigned to
adsorb NH; on Lewis acid sites, but also have bands at 3230 and 1470 cm™! (see Fig. 5f) which are attributed to
adsorb NH; on Bronsted acid sites™. That means, both Lewis acid sites and Bronsted acid sites are existing in
PTND3. This demonstrates that the synergy of Pd NPs and 16.2% of elements of C, N in PTND3 might play an
important role in the generation of acid sites. Furthermore, to the curve of dPTND?3 (Fig. 5f), NH; species are
disappearance basically.

In order to further research the effect of O, C and N element on the property of Pd@TiO, NFs, XPS measurements
were applied. As shown in Fig. 6a,b,c and in Fig. S14a,b, for pure TiO,, PTND3, aPTND3, pPTND3, and apPTND3,
the O 1s spectrum can be recounted into three peaks: 529.5, 530.5 and 532.4 eV, which are attributed to lattice oxygen,
oxygen defect and adsorbed oxygen. The oxygen defect of apPTND3, aPTND3, pure TiO,, pPTND3 and PTND3 are
24.7%, 25.0%, 25.6%, 37.4% and 39.8%, respectively. The increased contribution percentage of oxygen defect in PTND3
NFs and pPTND3 NFs can be considered that the effect of deformation of introducing Pd NPs and the remains of
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elements of C, N in TiO, might enhance the oxygen defect on the surface of TiO, grains. Since more the oxygen defects,
more will be the adsorption of gas®®. In the meantime, the oxygen defect might directly or indirectly promote formation
of Lewis acid sites or Brensted acid sites, and improve their gas sensing performance.

As shown in Fig. 6d,e.,f, N (1) in the samples which calcinated under the mixture atmosphere of N, and air was
studied by means of XPS spectrum. The N (1s) XPS spectrum of pure TiO, has only a little peak at 399.4eV which
is amino generally considered in non-reactive molecules. The N element which exists on the surface of PTND3
is amino iminic nitrogens -N =(397.9eV), amino (399.4eV) and -NH- (400.1 eV) states (see Fig. 6e). After NH;
adsorption, the weak NH,* (401.8eV) peak could be observed in aPTND3 (see Fig. 6f), expect amino (399.4eV)
and -NH- (400.1 eV) peaks®*. It is consistent with the result of IR results, namely that Bronsted acid sites of
PTND3 were formed because of existence of Pd NPs and elements of C and N, compared with pPTND3 and pure
TiO, (pPTND3, which was oxidized throughly, has no elements of N, and pure TiO, has no elements of Pd). And
ammonia can be adsorbed on the Bronsted acid sites forming NH, " species and then the ability of adsorption NH,
will increase. Therefore, the response of PTND3 sensor enhanced compared with pPTND3 sensor.

In addition, the C 1 s XPS spectrum of pure TiO, can be deconveluted into two peaks at 284.5eV and 285.3eV
(Fig. 6g), which are attributed to the typical signals of C=C (sp?) and C-C (sp®), and PTND3 and pPTND3 are
revealed from the C=C (sp?) at 284.5¢eV, C-C (sp®) at 285.3 eV, C-O at 286.3eV and COO at 288.5¢V (in Fig. 6h
and Fig. S15a). Meanwhile, there are clearly exhibited C=C (sp?), C-C (sp?), C-O and C-NH, components in
the sample of aPTND3 and apPTND3, which located at 284.5, 285.3, 286.3, and 288.0 eV>*%0°1, respectively (in
Fig. 6i and Fig. S15b). The C-NH, band located at 288.0 eV may be assigned to the adsorbed NH; on the acid sites
which formed on the surface of PTND3 and pPTND3 and resulted from synergy effect between Pd and C (or
N) element. And this means that the response of PTND3 (in particular) and pPTND3 to NH; was promoted up
compared with pure TiO,.

Temperature-programmed desorption (TPD) is a surface science technique which has been used extensively
to study surface reactions and molecular adsorption and desorption®?. NH;-TPD were carried out to further
investigate the acid strength of samples. Fig. S16 depicts the NH;-TPD patterns of both pure TiO,, PTNDI,
PTND2, PTND3, PTND4 and pPTND3. As shown in Fig. S16, the NH; desorption peaks of pure TiO, are too
weak to be clearly observed, which suggested that pure TiO, is shortage of acid sites. However for all of the Pd@
TiO,, a larger peak was observed from 110 °C to approximately 450 °C compared with pure TiO,. Thus, it seemed
that there was a broad distribution of weak and moderate acidity in the samples which contains Pd. As refer to the
IR and XPS results (Figs 5 and 6), this implies that the peaks of Pd@TiO, could be explained that the acidic sites
were generated due to interacting between TiO, and Pd. Furthermore, the increasing area of desorption peaks
indicates that the acid strength is improved with the increasing of Pd amount, but the difference is not significant
for Pd (2.0%) and Pd (2.5%). Meantime, there was weaker desorption peak at low temperature in the pPTND than
that of PTND because of lackage of Bronsted acid sites of pPTND®. Therefore, the strong acidity decreased as the
following order: PTND1 > PTND2 ~ PTND3 > PTND4 > pPTND3 > TiO,.

Gas sensing mechanism. The NH; sensing properties of the PTND3 sensor have been significantly
improved compared with pure TiO, and pPTND3 depend upon the presence and interaction with Pd NPs, N and
C elements in TiO, NFs. And the gas-sensing mechanism of PTND3 sensor was probed into on the relationship
between its structure and properties.

Firstly, a pure TiO, (600 °C for 4h under the mixed atmosphere of N, and air) sensor could generate oxy-
gen ions (O, ) when it is placed in an open atmosphere at RT. Nevertheless, the tests showed that there was no
response to pure TiO, sensor to 100 ppm NH; (in Supporting Information, Fig. S7). This illustrates that it is hard
to directly interact between NH; molecules and oxygen ions (O, ™), and there is no obviously effect between TiO,
and remaining C (or N) element.

And, secondly, pPTND3 (Pd 2.0%, 600 °C for 4h under air atmosphere) sensor could produce a large number of
oxygen ions (O, ), when it is placed in an open atmosphere at RT. As we known, the Pd NPs on the surface of metal
oxide material can form electronic sensitization mechanism, that is, oxygen molecules can rapidly dissociate and form-
ing oxygen ions (O,~) because of the catalyticaction of Pd NPs*>!%343 Not only that, the response of the pPTND3
sensor to the NHj is 1.43 at the concentration of 100 ppm, it illustrates that interaction between NH; molecules and
oxygen ions happened with the presence of Pd. But at the same time, pPTND3 and PTND3 have identical Pd and
oxygen ions (O, ) content but different NH; response (the response of the PTND3 sensor to 100 ppm NHj is 6.97), it
explains that it is hard to directly interact between NH; molecules and oxygen ions (O, "), in addition, remaining C and
N elements in PTND?3 not contained in pPTND3 also play an active role on the performance of gas sensing in addition
to Pd. In the meantime, from IR spectrum, pPTND3 displays bands at 3340 and 1600 cm ' which are Lewis acid sites
which is easily to adsorb NH; molecules, and PTND3 also has bands at 3230 and 1470cm™! (see Fig. 5f) which are
Bronsted acid sites which can attribute to adsorb NH; too. Thereby, it deduces that Pd NPs and TiO, NFs could form
Lewis acid sites and the interaction between Pd NPs, N and C elements in TiO, NFs contributes to forming of Brensted
acid sites. So far, the gas-sensing mechanism of PTND3 sensor is investigated.

Initially, as shown in Fig. 7a,d, when a PTND3 sensor is placed in an open atmosphere at RT, oxygen molecu-
lars capture electrons from the surface of TiO, NPs of nanofibers forming oxygen ions (O, ), and the Pd NPs cat-
alytically activate oxygen moleculars into oxygen ions (O,~) (electronic sensitization mechanism), subsequently
oxygen ions (O,) diffuse into the TiO, NPs of nanofibers around Pd NPs and form an activity region. This
process greatly increases the quantity of oxygen ions (O,) compared with pristine TiO, NFs. Meanwhile, the
interaction of Pd NPs, C and N elements in TiO, NPs of nanofibers could form Lewis acid sites and Brensted acid
sites in the activity region around Pd NPs.

On exposure to NH; at RT (Fig. 7b,e), NH; molecules can be easily adsorbed on Lewis acidic sites and
Bronsted acidic sites of the activity region on PTND3. Under the impact of chemical sensitization mechanism of
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Figure 7. Mechanism of the PTND3 sensor upon exposure to air and NH;. (a) PTND3 sensor in air, (b)
PTND3 sensor exposure to NH3, (¢) PTND3 sensor recover in air.

Pd NPs, oxygen ions (O, ) can promptly interact with NH; and readily release more electrons back to conduction
band of TiO, NPs of nanofibers (see reactions 2), which leading to an decrease in the carrier concentration of
p-type TiO, NPs active layer. Hence the resistance of the PTND?3 sensor swiftly increases.

Equations (1-2) are the corresponding reactions®.
0,(TiO,adsorbed) + e~ — O, (1)
4NH,(ads) + 30, — 2N, + 6H,0 + 6¢ )

Conclusion

The present study has demonstrated a one-step method to fabricate ordered porous Pd@TiO, NFs array film. In
particularly, PTND3 ordered nanofibers show a high sensing response and fast response time towards different
concentration NH;. Most importantly, the PTND3 ordered nanofibers sensor present superior stability to 100
ppm after used 35 days.

The enhanced gas sensing could be ascribed to two factors (i) The electronic sensitization mechanism and
chemical sensitization mechanism of Pd NPs on the TiO, nanofibers, which could be more favorable to produce
oxygen ions and accelerated the molecule-ion conversion rate, enhanced the reaction activity of oxygen ions
(O,7) with NH; compared with pristine TiO, NFs; (ii) The synergistic effect between Pd NPs, C and N element in
TiO, NFs could form Lewis acid sites and Brensted acid sites which could enhance NH; adsorption-desorption
ability and activity, and thus favour the rapid-response between NH; and oxygen ions. Therefore, the Pd@TiO,
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NFs sensor exhibited excellent gas-sensing property at RT. Pd@TiO, NFs array film would be effectively used in
commercial gas-sensing and environmental monitoring applications.

Experimental Techniques

Sample preparation. All chemicals used were of analytical grade without further purification. The Pd@
TiO, NFs were synthesized by calcinated and reduced using NaBH, aqueous solution. In a typical process, 7.2 g
poly (N-vinylpyrrolidone) (M, = 58 000) was dissolved in 15mL ethanol, then 1 mL 0.005 mol/L H,PdCl, solu-
tion and a certain amount of tetra butyl titanate (TBT, C,sH3,0,Ti, Myy = 340.32) was added to obtain a transpar-
ent precursor solution of different quality percentage Pd. The quality percentage of Pd is 3.0, 2.5, 2.0 and 1.5wt%,
respectively. The mixed solution was stirred vigorously at RT for 5h and then transferred into a 10 mL syringe
with a capillary tip (0.8 mm in diameter) for spinning. A high voltage of 18 kV was applied at the spinneret as a
direct-current power supply (BGG, DFS-01, Beijing Kaiweixin Technique Co., China), and the nanofibers were
collected using the aluminium foil at RT. Then the nanofibers blankets were taken off the aluminium foil, and
treated at 600 °C for keeping 4h under the mixed atmosphere of N, and air (in a proportion of 1 to 1) with a
heating rate of 3°C min~"'. The nanofibers array film was obtained. And then, 0.05 g nanofibers array film was
added into 20 mL 0.01 mol/L NaBH, aqueous solution at one time. The color of solution changed from yellow to
dark-brown gradually. The reduction reaction lasted for 10h under impregnation. Subsequently the sample was
filtered with washing by distilled water, and dried at 60 °C for 10h. Pd@TiO, NFs with 3.0, 2.5, 2.0 and 1.5 wt% of
Pd were obtained and marked as PTND1, PTND2, PTND3, and PTND4, respectively. Here, pPTND3 which the
only difference from PTND3 was calcined under air atmosphere. In addition, apure TiO, was the sample which
pure TiO, adsorbed 100 ppm NHj; at RT for 30 min, aPTND3 was the sample which PTND3 adsorbed 100 ppm
NH; at RT for 30 min, and dPTND3 was the one when aPTND3 desorbed NH; from RT to 600 °C under N, with
a heating rate of 5°C min~!. Moreover, in order to compare the effects after the different samples adsorbed or
desorbed NH;, apPTND3 (pPTND3 adsorbed 100 ppm NH; from RT to 600 °C under N, with a heating rate of
5°C min " as the same condition of aPTND3) and dpPTND3 (apPTND3 desorbed NH; from RT to 600 °C under
N, with a heating rate of 5°C min~"! as the same condition of dPTND3) were prepared.

Characterization. The crystal phase of samples was characterized by X-ray powder diffraction (XRD, D/
MAX-III-B-40 KV, Japan, Cu-Ka radiation, X\ = 1.5406 A). The morphology and structures of the nanofib-
ers were observed by scanning electron microscope (SEM, HITACHI S-4800) with an acceleration voltage of
5kV, and transmission electron microscopy (TEM, JEOL-2100) with an acceleration voltage of 200kV. The
Brunauer-Emmett-Teller (BET) surface area of the products was measured by N, adsorption-desorption (TriStar II
3020). The sample was dried for 10h at 150 °C under vacuum before the measurement. X-Ray photoelectron spectra
(XPS) analyse was performed with a VGESCALAB MK II using MgKa (1253.6 eV) achromatic X-ray radiation
under high vacuum of 5 x 1077 Pa. Infrared spectra (IR) were recorded on a Nicolet Antaris Fourier transform
spectrometer between 400 and 4000 cm . Spectra were obtained after 20 accumulations with a resolution of 4cm .
Thermogravimetric (TG) curves were obtained with a Shimadzu TGA-50 using a platinum crucible with a sample
mass of 10 mg. The heating rate was 10°C min~!, between 25 and 1200°C, in air atmosphere or mixture atmosphere
of air and N, (50 mL - min~!). Temperature-programmed desorption (TPD) experiments were carried out with a
TP-5000 multi-purpose adsorption instrument using Chemisorp 2705 unit (Micromeritics Instrument. Co., USA)
equipped with thermal conductivity detector (TCD) to detect NH; adsorption and desorption behavior.

Gas sensing test. The fabrication and measurements of gas sensors were made from the as-synthesized
composites by the method we reported before”. An alumina substrate (7 mm X 5 mm x 0.38 mm, content 99.6%)
with two interdigitated Au electrodes on its top surface was used. Each Au electrode contained 50 fingers, and
the distance between two fingers was 20 um. The Au electrodes on Al,O; substrate was cleaned by diluted HCI,
distilled water and acetone. Nanofibers array film was placed on the Au electrodes under the microscope, then
calcined at 350°C for 1h in N, and air (or air) to obtain nanofibers array film sensor.

The sensor was installed inside a test chamber with an inlet and an outlet in. The electrical resistance meas-
urements of the sensor was carried out at RT (26 °C) and the relative humidity (RH) around 30%. The gas con-
centration was controlled by injecting a volume of target gas into the chamber in a certain amount of time with a
small fan, and then the chamber was purged with air to revert to the original baseline. The resistance change of the
thin film sensor has been measured to confirm the interactions of the sensor and the NHj; gas. The gas response
was defined as the ratio |[R,— R,|/R,, where R, and R, are thin film resistance, measured in air atmosphere and
NH; gas, respectively. The response time is defined as the time taken for the sensor to attain 90% of the maximum
change in resistance on exposure to the target gas.

TPD analysis. Typically, the sample of 50 mg loaded in the quartz tube was firstly pretreated with He of
30mL-min~" at 250 °C for 0.5h, and subsequently the sample was saturated with NH;(5% in He) in a flow rate of
30 ml-min~! for about 30 min at 100 °C. After that, the physically adsorbed NH; was purged by high purity He
at the same temperature. The chemisorbed NH; was measured by heating the sample in He (30 ml-min~" from
100°C to 600 °C with a heating rate of 10°C-min ).

Data availability statement. The authors declare that the data in the manuscript are true and reliable.
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