
Heterogeneous Sensitization of Metal−Organic Framework Driven
Metal@Metal Oxide Complex Catalysts on an Oxide Nanofiber
Scaffold Toward Superior Gas Sensors
Won-Tae Koo,† Seon-Jin Choi,†,§ Sang-Joon Kim,† Ji-Soo Jang,† Harry L. Tuller,‡ and Il-Doo Kim*,†

†Department of Materials Science and Engineering and §Applied Science Research Institute, Korea Advanced Institute of Science and
Technology, Daejeon 34141, Republic of Korea
‡Department of Materials Science and Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, United
States

*S Supporting Information

ABSTRACT: We report on the heterogeneous sensitization of metal−
organic framework (MOF)-driven metal-embedded metal oxide (M@MO)
complex catalysts onto semiconductor metal oxide (SMO) nanofibers
(NFs) via electrospinning for markedly enhanced chemical gas sensing. ZIF-
8-derived Pd-loaded ZnO nanocubes (Pd@ZnO) were sensitized on both
the interior and the exterior of WO3 NFs, resulting in the formation of
multiheterojunction Pd−ZnO and ZnO−WO3 interfaces. The Pd@ZnO
loaded WO3 NFs were found to exhibit unparalleled toluene sensitivity
(Rair/Rgas = 4.37 to 100 ppb), fast gas response speed (∼20 s) and superior
cross-selectivity against other interfering gases. These results demonstrate
that MOF-derived M@MO complex catalysts can be functionalized within
an electrospun nanofiber scaffold, thereby creating multiheterojunctions,
essential for improving catalytic sensor sensitization.

■ INTRODUCTION

Metal−organic frameworks (MOFs) have received much recent
attention due to their distinctive features such as exceptionally
high surface area, ultrahigh porosity, and diverse structures.1

This has stimulated research on a variety of potential MOF
applications, including gas storage,2 catalysis,3 sensors,4 and
drug delivery.5 A particularly noteworthy feature of MOFs is
their ability to encapsulate noble metal nanoparticles (NPs),
such as Pt and Pd, within their cavities (metal@MOF).6

Hermes et al.6a first reported metal@MOF by releasing the
metal atoms from the precursors using metal organic chemical
vapor deposition for infiltrating metal atoms into MOFs. Lu et
al.6b used surfactants for the controlled encapsulation of noble
metal catalysts such as Au, and Pt into zeolite imidazole
frameworks (ZIF-8). Jiang et al.6c succeeded in encapsulating
core−shell NPs into ZIF-8 by sequential deposition and
reduction of metal precursors. Because the catalyst NPs are
embedded in the cavity of MOFs, the sizes of the NPs are
limited to a few nanometers in dimension. Thus far, a number
of studies have proposed utilizing metal@MOF structures as
catalysts.7 K. M. Choi et al.7a synthesized Pt-embedded UiO-66
and investigated their catalytic activities in the gas-phase
conversion of methylcyclopentane. J. M. Yan et al.7b reported
AuPd, MnOx, ZIF-8, and graphene composite catalysts for
hydrogen production. However, these approaches suffer from
the relatively poor chemical stability of MOFs. In particular, the

MOF structure is unstable at high temperatures due to thermal
instability of organic linkers within the MOFs.
Here, we propose a new catalyst loading method using

metal@MOF for ultrahigh performance chemical gas sensors.
To achieve high performance chemi-resistive gas sensors,
catalytic sensitization should be optimized on the surface of
semiconductor metal oxides (SMOs). Conventionally, noble
metal catalysts such as Pd, Pt, and Au have generally been
sensitized on WO3, SnO2, and ZnO for high performance gas
sensors.8 Although the functionalization of nanoscale noble
metal catalysts can dramatically enhance the sensing properties
of chemi-resistive gas sensors, catalyst agglomeration results in
sensing performance degradation.8b Difficulty in achieving
uniform distributions of ultrasmall noble metal catalysts on
sensing materials is therefore one of the biggest obstacles in
developing superior gas sensors. Achieving highly accurate
detection of target analytes in exhaled breath also remains a
major challenge,8c given that trace concentrations in the range
of 10−100 ppb level in high humidity need be detected for
disease diagnosis. High humidity atmospheres, essential for
reliable breath analysis, create particularly harsh environments
for the detection of target gases.9 To achieve highly sensitive
and selective detection of ultralow concentrations of analytes at
high humidity, a new type of heterogeneous complex catalyst
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needs to be explored. In this work, we propose heterogeneous
sensitization of ultrasmall noble metal catalyst loaded metal
oxide (M@MO) applied to SMO nanofibers (NFs) during
electrospinning. The MOF templated catalytic NPs are
functionalized on SMO NFs through electrospinning followed
by calcination. During calcination, metal ion species, comprised
of metal@MOFs, are oxidized, leading to the formation of a
metal oxide scaffold, while catalyst NPs remain embedded
within the MOFs. The calcined metal oxide scaffold can serve
as the host backbone for the uniform distribution of catalyst
NPs within the oxide cavity. The M@MO then act as
synergistic catalysts by forming additional heterojunctions
between the metal oxide backbone and the SMO NFs. In
this manner, the ultrasmall and highly porous MOF-driven M@
MO complex catalysts are fully utilized and thereby maximize
the catalytic reaction. In addition, the functionalization of M@
MO complex catalysts onto the one-dimensional (1-D) NFs via
electrospinning, a facile and versatile method for synthesizing 1-
D nanostructures, is a very efficient and robust loading route,
providing large surface area, and high gas accessibility as
required for high performance chemical sensors.10 Further-
more, double heterojunctions in M@MO loaded 1-D NFs
significantly enhance the chemical sensing performance.
Previously, pure MOF (ZIF-8, MIL-101), combined with
electrospinning, was reported.11 Metal@MOF templates have,
however, never been adopted for functionalization of a SMO
NF scaffold. Furthermore, the superior chemical sensing
response of electrospun oxide NFs functionalized by MOF-
derived M@MO complex catalysts has never been reported.

■ RESULTS AND DISCUSSION
In this work, we prepared Pd-loaded ZnO particles as MOF
driven M@MO complex catalysts, that are further function-
alized onto WO3 NFs (hereafter, Pd@ZnO-WO3 NFs). The
Pd@ZnO was synthesized by encapsulating Pd in the cavity of
ZIF-8 (Pd@ZIF-8) templates, followed by subsequent
calcination. On the basis of the previous studies, Pd NPs
functionalized on ZnO or WO3 can promote toluene sensing.12

Therefore, we expect that the toluene sensing properties of
Pd@ZnO-WO3 NFs could be synergistically enhanced by the
ultrasmall and well-dispersed Pd NPs accompanied by
heterojunctions introduced by the Pd@ZnO complex catalysts.
Figure 1a illustrates the synthetic route of highly dispersed

Pd NPs, embedded in the cavity of ZIF-8 by reduction of Pd2+

ions.6c ZIF-8 consists of Zn atoms with the 2-methylimidazole
organic framework. The inner cavity dimensions of the ZIF-8
are on the order of ∼11.6 Å.13 Pd2+ ions can diffuse into the
ZIF-8 cavity by infiltration in solution. Following reduction by
sodium borohydride (NaBH4), Pd

2+ ions are transformed into
metallic Pd NPs. The prepared pristine ZIF-8 exhibited 3-D
cubic morphologies with diameters in the range of 50−200 nm
(Figure S1a of the Supporting Information, SI). The powder X-
ray diffraction (PXRD) analysis was matched with the
simulated PXRD data of ZIF-8, and the microporous structure
of ZIF-8 was confirmed by N2 adsorption/desorption isotherms
at 77K (Figure S2b). After Pd NP encapsulation in ZIF-8, a
high concentration of Pd NPs was well-distributed within the
cavities of ZIF-8 (Figures 1b and S1b) without aggregation. A
high resolution transmission electron microscopy (HRTEM)
image revealed the Pd (111) crystal plane corresponding to the
interplanar distance of 2.25 Å (Figure 1c). Moreover, the
dimensions of the Pd NPs were found to be 2−3 nm. Although
the sizes of the Pd NPs were larger than the cavity diameter, the

XRD patterns and pore size distribution of Pd@ZIF-8 were
identical with those of pristine ZIF-8 (Figure S2). In addition,
the N2 adsorption/desorption isotherms of Pd@ZIF-8
exhibited a microporous structure. However, the Pd-related
peaks were not observed in the PXRD analysis, and the
decreased gravimetric Brunauer−Emmett−Teller (BET) sur-
face area of Pd@ZIF-8 was displayed in the N2 uptake
isotherm. These results are consistent with previous studies on
metal@ZIF-8.6b,d The porous structure of ZIF-8 did not change
during metal encapsulation, and the weak intensity of Pd can be
attributed to the encapsulation by ZIF-8, and the small size of
Pd NPs. In addition, the decrease of BET surface area was
attributed to the mass contribution of nonporous Pd NPs in
Pd@ZIF-8. The synthesized Pd@ZIF-8 particles were directly
utilized as templates for the multiheterogeneous functionaliza-
tion of Pd@ZnO complex catalysts on WO3 NF scaffolds.
Pd@ZnO−WO3 NFs were finally achieved by electro-

spinning (Figure 2a) of a composite solution comprising
Pd@ZIF-8, polyvinylpyrrolidone (PVP), and ammonium
metatungstate hydrate (AMH, [(NH4)6H2W12O40·xH2O]),
with subsequent calcination in air. During calcination, the
ZIF-8 was oxidized to a ZnO framework and the Pd@ZnO
particles were tightly immobilized onto the porous WO3 NFs
due to the thermal decomposition of the PVP matrix and the
crystallization of WO3. The burning-out of the organic linkers
comprising the MOF resulted in the formation of mesopores
within the WO3 NFs. As indicated in Figure 2a, the as-spun
AMH/PVP NFs, including Pd@ZIF-8 particles, showed a
nonwoven 1-D nanostructure with diameters in the range of
500−950 nm, with micrograph in Figure 2b showing ZIF-8
cubes on the surface of the composite NFs (yellow arrows in
Figure 2b). Most of the Pd@ZIF-8 particles were embedded in
the AMH/PVP NFs, and some of them were observed on the
surface of composite NFs (Figure 2c). In addition, the HRTEM
image clearly exhibited the (111) crystal plane of Pd and the
well-dispersed Pd NPs in the composite NFs (Figure 2d).
Moreover, the results of energy dispersive X-ray spectroscopy
(EDS) elemental mapping using TEM confirmed that the Pd@
ZIF-8 were well-distributed in the composite NFs (Figure S3).
After calcination, the NF diameter reduced to 400−850 nm.
The pure ZIF-8 derived ZnO (reference sample) or the Pd@

Figure 1. (a) Schematic illustration of Pd NP encapsulation in the
cavity of ZIF-8, (b) TEM image of Pd@ZIF-8, and (c) HRTEM image
of Pd@ZIF-8.
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ZnO decorated both the inside and outside of the WO3 NFs
(yellow arrows in Figures S4a and 2e). Most of the Pd@ZnO
particles on the surface of WO3 NFs are not clearly
distinguished from WO3 crystals (Figure 2f). To compare
with the Pd@ZnO-WO3 NFs, we also synthesized pristine
WO3 NFs as control samples. The as-spun and calcined
composite NFs exhibited both 1-D structures (Figure S4b,c).
The TEM image of Pd@ZnO-WO3 NFs clearly showed the
immobilization of Pd@ZnO nanocube on the NF surface (red
box in Figure 2g). The HRTEM image of Pd@ZnO-WO3 NFs
revealed polycrystalline WO3 NFs with crystal plane of (020)
and (200), which correspond to interplanar distances of 3.72
and 3.65 Å, respectively (Figure 2h). Moreover, spherical dark
spots were observed on Pd@ZnO−WO3 NFs, which are
presumably PdO NPs (red arrows in Figure 2i). Pd NPs in the
composite were oxidized to PdO in air, and reduced to Pd in
toluene. The promotion effect of Pd will be discussed later in
detail. ZnO was confirmed by noting the presence of (101)
crystal planes with interplanar distance of 2.48 Å (Figure 2i).
Selective area electron diffraction (SAED) patterns confirmed
polycrystalline WO3 NFs with lattice plane of (200), (202),
(140), and (024) (Figure 2j). In addition, the lattice planes of
PdO (101) and ZnO (101) were identified in the SAED
pattern. The weak intensities of PdO and ZnO lattice planes in

the SAED pattern were ascribed to the very low concentrations
of PdO and ZnO in Pd@ZnO−WO3 NFs. To further
investigate the existence of PdO and ZnO, we conducted
EDS elemental mapping using TEM (Figure S5). The results
confirmed that Zn and Pd were well-distributed in the Pd@
ZnO-WO3 NFs, leading to homogeneous sensitization both
inside and outside of the WO3 matrix.
Thermogravimetric analysis (TGA) of AMH/PVP composite

NFs and AMH/PVP/ZIF-8 composite NFs were performed to
investigate the thermal stability of Pd@ZnO−WO3 NFs and
the decomposition temperature of ZIF-8 (Figure 3). In the

temperature range of 240−310 °C, The NFs’ weight sharply
decreased due to the decomposition of organic compounds in
the starting chemistry of the NFs. Significantly, the weight loss
at 300 °C was comparably higher for the AMH/PVP/ZIF-8
NFs relative to that of the PVP/AMH NFs. The organic ligands
of ZIF-8 began to decompose in this temperature range, in
agreement with a previous study on the thermal stability of
ZIF-8.14 The weight of both composite NFs diminished up to
550 °C. The decomposition of PVP typically occurs in the
temperature range of 350−470 °C.15 In this work, PVP showed
a slightly higher burnout temperature (550 °C) due to the
interaction between PVP and AMH.16 The organic compounds
in both composite NFs were found to have completely
decomposed during calcination for 1 h at 500 °C in air.
The crystal structures and chemical binding states of Pd@

ZnO-WO3 NFs were examined by PXRD and X-ray photo-
electron spectroscopy (XPS). The PXRD analysis confirms the
monoclinic structure of WO3 (JCPDS no. 43-1035) and the
polycrystalline characteristics of Pd@ZnO−WO3 NFs (Figure
S6). However, characteristic peaks related to ZnO and Pd are
not observed in the PXRD analysis because the loading
amounts of Pd@ZnO (0.33 wt %) were below the limit of
detection. However, XPS analysis clearly revealed that W, Zn,
and Pd were completely oxidized to WO3, ZnO, and PdO due
to the high temperature calcination (Figure 4). The XPS
analysis using high resolution spectra of Pd@ZnO−WO3 NFs
in the vicinity of W 4f peaks exhibited two characteristic peaks
of 4f5/2 and 4f 7/2 at the binding energies of 37.7 and 35.5 eV,
respectively, which correspond to the binding energies of W6+

states (Figure 4a).17 Oxygen related peaks showed two oxygen
states with dominant O2− state and minor O− state, located at
530.2 eV for O2− 1s and 531.0 eV for O− 1s (Figure 4b).18 Zn

Figure 2. (a) Schematic illustration of synthetic process for the Pd@
ZnO−WO3 NFs, (b) Scanning electron microscopy (SEM) image of
as-spun AMH/PVP/Pd@ZIF-8 NFs, (c,d) TEM images of AMH/
PVP/Pd@ZIF-8 NFs and (inset) HRTEM image (e,f) SEM images of
Pd@ZnO−WO3 NFs and (inset) magnified image of surface, (g)
TEM image of Pd@ZnO−WO3 NF, (h,i) HRTEM images of Pd@
ZnO−WO3 NF, and (j) SAED pattern of Pd@ZnO−WO3 NFs.

Figure 3. TGA and DTG analysis of the AMH/PVP composite NFs,
and AMH/PVP/ZIF-8 composite NFs in the temperature range of
100−600 °C under air atmosphere.
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atoms derived from ZIF-8 were mostly oxidized to Zn2+ during
the calcination steps, with peaks of 2p1/2 and 2p3/2 located at
the binding energies of 1345.0 and 1022.0 eV (Figure 4c).19 Pd
atoms encapsulated in the cavity of the ZIF-8 were also
oxidized to PdO during the calcination in air ambient. XPS
analysis revealed the Pd2+ state with peak values at 336.9 eV for
3d5/2 and 342.2 eV for 3d2/3 (Figure 4d).20

To evaluate the chemical sensing characteristics of Pd@
ZnO−WO3 NFs, the sensing materials were coated onto Au
electrode patterned Al2O3 substrates. High sensitivity and
selectivity toward toluene, well-known as a biomarker in
exhaled breath for diagnosis of lung cancer as well as a toxic gas
associated with hazardous environments, are highly desir-
ed.21,12b To confirm the synergistic effect of the Pd@ZnO
complex catalyst, Pd NPs with average size of 10 nm were
prepared by the conventional polyol process and randomly
functionalized on WO3 NFs (Pd(polyol)−WO3 NFs) and
ZnO−WO3 NFs (Pd(polyol)−ZnO−WO3 NFs) by electro-
spinning (Figure S7). The toluene sensing characteristics of
pristine WO3 NFs, ZnO−WO3 NFs, Pd(polyol)−WO3 NFs,
Pd(polyol)−ZnO−WO3 NFs, and Pd@ZnO−WO3 NFs were
all evaluated in a high humidity atmosphere (90% RH), similar
to that found in exhaled human breath.
According to previous studies, the sensing response can be

affected by the operating temperature, and the catalyst
loading.22 The surface reaction between toluene and chem-
isorbed oxygen on Pd@ZnO−WO3 NFs, for example, can be
influenced by the operating temperature. In addition, small
amounts of catalyst are insufficient to reach full catalytic
enhancement. However, excessive amounts of catalysts can
cause degradation in gas sensing properties by saturation of
catalytic sensitization and catalyst aggregation. The sensor
operating temperature (300−450 °C) and loading concen-
tration of the Pd@ZnO complex catalysts (0.034−0.660 wt %)
were investigated to identify the optimized sensing response.
The molar ratio of Pd/Zn in Pd@ZnO was 1:6.51 in all
samples. The largest response was achieved at 350 °C using
Pd@ZnO−WO3 NFs at a doping level of 0.136 wt % Pd@ZnO
(Figure S8a,b). The same levels of Pd(polyol) NPs (0.027 wt
%) or ZnO (0.109 wt %) sensitized on WO3 NFs served as
controls. Moreover, high humidity can decrease the response to

reducing gases in n-type SMO gas sensor, given that water
vapor also donates electrons to the SMO by dissociating into
hydroxyl groups and thereby lowering the base resistance of the
SMO.20,23 We investigated the effect of high humidity on Pd@
ZnO−WO3 NFs and found that the base resistance of the Pd@
ZnO−WO3 NFs decreased with increasing humidity, and that
the response of Pd@ZnO−WO3 NFs under 90% RH was lower
than under dry conditions (Figure S8c,d).
The time dependent response of the sensors, measured at

350 °C, for the concentration range of 1−5 ppm, is shown in
Figure 5a. The Pd@ZnO−WO3 NFs exhibited superior toluene

response (Rair/Rgas = 22.22 to 1 ppm) as compared to pristine
WO3 NFs (Rair/Rgas = 1.10), ZnO−WO3 NFs (Rair/Rgas = 1.16),
Pd(polyol)−WO3 NFs (Rair/Rgas = 5.31), and Pd(polyol)−
ZnO−WO3 NFs (Rair/Rgas = 5.47), demonstrating the
remarkably improved response achieved by functionalization
of the Pd@ZnO complex catalyst onto WO3 NFs. The
response speed of the Pd@ZnO-WO3 NFs was much faster
(<20 s) than for that of pristine WO3 (44 s), ZnO−WO3 (36
s), Pd(polyol)−WO3 NFs (44 s), and Pd(polyol)−ZnO−WO3
NFs (32 s) (Figure 5b). As evident from Figure 5c, the Pd@
ZnO−WO3 NFs could readily detect 100 ppb of toluene with
high sensitivity (Rair/Rgas = 4.37 at 350 °C). To investigate the
selectivity of the Pd@ZnO-sensitized WO3 NFs sensor, its
sensing properties were investigated at 350 °C toward other
potential interfering analyte gases such as acetone
(CH3COCH3), ammonia (NH3), hydrogen sulfide (H2S),
ethanol (C2H5OH), and nitric monoxide (NO) at the 1 ppm
level (Figure 5d).24 The results revealed high sensitivity to
toluene (Rair/Rgas = 22.22), a noticeable response to acetone
(Rair/Rgas = 7.37), but much reduced responses (Rair/Rgas <
4.03) toward other analytes (NH3, H2S, ethanol, and NO).
Moreover, high stability was demonstrated by achieving
reproducible response to toluene following 7 cycles (Rair/Rgas
= 22.22 ± 1.07 to 1 ppm at 350 °C, Figure S9).

Figure 4. XPS analysis using high resolution spectra of Pd@ZnO−
WO3 NFs in the vicinity of (a) W 4f, (b) O 1s, (c) Zn 2p, and (d) Pd
3d.

Figure 5. Response characteristics of pristine WO3, ZnO−WO3,
Pd(polyol)−WO3, Pd(polyol)−ZnO−WO3, and Pd@ZnO−WO3
NFs toward toluene in the concentration range of 1−5 ppm at 350
°C: (a) Dynamic sensing transition, (b) response time evaluation, and
(c) detection limit characteristics of the Pd@ZnO−WO3 NFs toward
toluene down to 100 ppb at 350 °C, (d) Selective toluene detection
characteristics of the Pd@ZnO−WO3 NFs with respect to the multiple
interfering analytes at a concentration of 1 ppm at 350 °C.
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The mechanism of toluene sensing was previously
investigated in several studies.25 When n-type WO3 NFs are
exposed to air, the oxygen (O2) molecules are chemically
adsorbed in the form of O−, O2−, and O2

− on the surface of the
WO3 NFs by attracting electrons from the conduction band of
the WO3. The chemisorbed oxygen species thereby induce the
formation of an electron depletion region at the surface of the
WO3. Thereafter, when the WO3 NFs are exposed to toluene,
the resistivity of the WO3 NFs is decreased due to the surface
reaction between toluene and chemisorbed oxygen, producing
the byproducts H2O and CO2. This results in the back-
donation of electrons to the conduction band of the WO3 (Rgas

< Rair).
The enhanced response of the Pd@ZnO−WO3 NFs toward

toluene is interpreted as follows. The formation of ZnO/WO3

heterojunctions induce energy band bending in both ZnO
(band gap =3.37 eV) and WO3 (band gap =2.7 eV).

26 The UPS
analysis identified the work functions of WO3 NFs (4.85 eV),
ZnO powders (5.25 eV), and Pd@ZnO powders (5.30 eV)
respectively (Figure S10). Given a difference in work function
of 0.4 eV, the respective energy band bending induces electron
migration from WO3 to ZnO (Figure 6). Such electron transfer

expands the electron depletion region on WO3 NFs. The
adsorption of oxygen molecules on WO3 and ZnO further
contribute to electron depletion. The base resistance (1.34
MΩ) of ZnO−WO3 NFs is therefore higher than that (0.39
MΩ) of WO3 NFs (Figure 6b). Moreover, the sensing
characteristics can be enhanced by functionalization of the
metal oxides with noble metal catalysts. As an electronic
sensitization catalyst, Pd NPs decorated on SMO layers can be
oxidized to PdO in air. The p−n heterojunction generated
between PdO and ZnO results in reduction of the electron
concentration in ZnO by recombination.27 In addition, the
work function of ZnO can increase by PdO loading, as
demonstrated in the UPS analysis (Figure S10c). By increasing
the difference in work function (0.4 to 0.45 eV), more electrons
transfer from WO3 to Pd@ZnO compared to ZnO/WO3.
Thus, Pd@ZnO−WO3 NFs exhibit the higher base resistance
(9.41 MΩ) in air compared with pristine WO3 NFs (0.39 MΩ)
and ZnO−WO3 NFs (1.34 MΩ), resulting in the large
resistance changes when exposed to toluene (Figure 6b). In
addition, the base resistance of Pd@ZnO−WO3 NFs is higher
than that of Pd(polyol)−WO3 NFs (3.57 MΩ) and Pd-
(polyol)−ZnO−WO3 NFs (7.50 MΩ) (Figure 6b). These
results revealed that ultrasmall and well-dispersed Pd NPs
driven by MOF templates are more effectively sensitized on
WO3 NFs compared with Pd NPs made by the polyol process.
When PdO NPs are then exposed to a reducing gas, e.g.,

toluene, the PdO is partially reduced to Pd and donates
electrons to the ZnO, resulting in effective modulation of the
surface depletion layer. To clearly demonstrate the catalytic
effect of Pd NPs during sensing measurements, ex situ XPS
analysis of Pd@ZnO−WO3 NFs were carried out. After cyclic
measurement of 1 ppm of toluene at 350 °C, the samples were
exposed to air and 1 ppm of toluene. In air, Pd NPs existed in
the oxidized state (Pd2+) (Figure 6c). However, just after
exposure to toluene, the XPS results showed a reduced state of
Pd (Pd0) (Figure 6d). These results confirmed that PdO NPs
were partially reduced to Pd during toluene sensing. In
addition, more facile surface reactions can be achieved by
lowering the activation energy of the reaction between toluene
and chemisorbed oxygen: C6H5CH3 (gas) + 2O− →
C6H5CHO

− + H2O + e−.28 These additional electrons,
generated by the enhanced surface reaction, contribute to the
additional decrease in the resistivity of the sensing materials
(Figure 6b). Overall, their features result in the significant
enhancement of toluene sensing response.26b,29 As a con-
sequence, the Pd@ZnO−WO3 NFs containing multiheter-
ojunctions exhibited superior toluene sensing performances
compared with pristine WO3, ZnO−WO3, Pd(polyol)-WO3,
and Pd(polyol)−ZnO−WO3 NFs (Figure 5a,b). Moreover, the
mesopores of 20−30 nm formed within the Pd@ZnO−WO3
NFs further increase surface reactions in comparison with
pristine WO3 NFs (Figure S11). Consequently, the diffusion of
toluene can be facilitated in the Pd@ZnO−WO3 NFs by
Knudsen diffusion.25 In comparison to other studies (Table
S1), the toluene sensing performance achieved with M@MO-
loaded oxide NFs sensors is markedly enhanced. To the best of
our knowledge, these results represent the best toluene sensing
performance reported for SMO gas sensors.

■ CONCLUSIONS
In this work, M@MO complex catalysts, derived from ZIF-8
templates, were effectively incorporated into 1-D SMO NFs via
electrospinning. Dual heterogeneous multijunctions were

Figure 6. (a) Schematic illustration of toluene sensing mechanism for
Pd@ZnO−WO3 NFs, (b) dynamic resistance transition characteristics
toward 1 ppm of toluene at 350 °C, and ex situ XPS analysis of Pd@
ZnO-WO3 NFs in the vicinity of Pd 3d (c) in air and (d) in toluene
after 5 cycle sensing measurement toward 1 ppm of toluene at 350 °C.
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thereby created within the 1-D composite NFs by the
formation of Pd−ZnO and ZnO−WO3 interfaces. The
synthesized Pd@ZnO−WO3 NFs exhibited high sensitivity
toluene response (Rair/Rgas = 4.37 to 100 ppb) at 350 °C.
Moreover, Pd@ZnO−WO3 NFs showed reduced response
time and superior selectivity. These results demonstrate that
the MOF driven M@MO complex catalyst-loaded SMO NFs
represent a new catalyst platform for the development of highly
sensitive and selective chemical gas sensors. Furthermore, we
expect that the proposed concept relating to utilizing MOF-
assisted M@MO complex catalyst loading on SMO NFs can be
applicable to other key technologies relying on highly active
catalysts, such as Li−air batteries and hydrogen generation.

■ EXPERIMENTAL SECTION
Starting Materials. Polyvinylpyrrolidone (PVP, Mw ≈ 1 300 000

g/mol), 2-methylimidazole (Hmin, 99.0%), and sodium borohydride
(NaBH4, 96%) were purchased from Aldrich. Zinc nitrate hexahydrate
([Zn(NO3)2·6H2O], 98%), ammonium metatungstate hydrate (AMH,
[(NH4)6H2W12O40·xH2O]), methanol (MeOH, 99.9%), and potas-
sium tetrachloropalladate(II) (K2PdCl4) were purchased from Sigma-
Aldrich. All chemicals were used without further purification.
Synthesis of Pd@ZIF-8. ZIF-8 was synthesized by mixing zinc

precursors and Hmin in MeOH. 2.933 g of Zn(NO3)2·6H2O and
6.489 g of Hmin were dissolved separately in 200 mL MeOH. Then, a
Zn(NO3)2·6H2O solution was rapidly added into a solution of Hmin
under magnetic stirring for 1 h at room temperature. The milky
dispersion mixtures were dried at 50 °C in air, and purified by
centrifugation and washing with ethanol. After purification, 40 mg of
ZIF-8 was dispersed in 1 mL deionized water (DI-water). Ten mg of
K2PdCl4 was added into a ZIF-8 dispersion solution under stirring
with magnetic bar during 1 h, then Pd metal ions in the cavity of ZIF-8
were reduced by NaBH4 solution (1.5 mg/mL). Lastly, as-prepared
Pd@ZIF-8 suspension was purified by centrifugation and washing with
DI-water and dispersed in 3 mL of DI-water.
Synthesis of Pd@ZnO−WO3 NFs. Pd@ZnO−WO3 NFs were

prepared by electrospinning, followed by a calcination step. 0.4 g of
AMH and 0.5 g of PVP were dissolved in DI-water solution for
electrospinning. The Pd@ZIF-8 suspension was added to the
electrospinning solution, followed by the electrospinning solution
being continuously stirred at room temperature for 5 h. The
electrospinning was conducted with the prepared solution at a feeding
rate of 0.1 mL/min using a syringe pump at 25 °C with 30% RH.
During electrospinning, high voltage (16 kV, DC) and distance (15
cm) were maintained between the tip of the syringe needle and the
stainless steel foil collector. The as-spun Pd@ZIF-8 loaded AMH/PVP
composite NFs were calcined at 500 °C for 1 h in air atmosphere with
a heating rate of 4 °C/min.
Gas Sensor Measurements. Sensing characteristics were

investigated within the temperature range of 300−450 °C toward
various volatile organic compounds (VOCs) such as toluene, acetone,
ammonia, hydrogen sulfide, ethanol, and nitrogen monoxide. After the
sensors were stabilized by baseline air injection for 10 min, the analyte
gas was injected for 10 min with a concentration ranging from 100 ppb
to 5 ppm. The sensing measurements were conducted in a highly
humid atmosphere (90% RH), similar to human exhaled breath. The
relative gas responses (Rair/Rgas to reducing gas, Rgas/Rair to oxidizing
gas) were evaluated by monitoring the resistance changes using a data
acquisition system (34972, Agilent). The sensor temperatures were
controlled by applying a specified voltage to the sensor Pt
microheaters using a DC power supply (E3647A, Agilent).
Further detailed experimental procedures and characterization are

described in the Supporting Information.
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