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Abstract: Metal oxide (MO)-based chemiresistive sen-
sors have great potential in environmental monitoring,
security protection, and disease diagnosis. However, the
thermally activated sensing mechanism in pristine MOs
leads to high working temperature and poor selectivity,
which are the main challenges impeding practical
applications. Precise modulation of the band structure at
the heterojunction interfaces of MOs offers the oppor-
tunity to unlock unique electrical and optical properties,
enabling us to overcome these challenges. Metal–organic
frameworks (MOFs) with tunable structures are promis-
ing materials for aligning the energy levels at the
heterojunctions of MOs. Herein, we report the energy-
level structural engineering of MO@MOF heterojunc-
tions to optimize chemiresistive sensing performance.
The interface was flexibly modulated from a straddling
gap to a staggered gap by -NH2 functionalization of
TiO2@(NH2)x-MIL-125, varying x from 0 to 1 and 2,
respectively. TiO2@(NH2)x-MIL-125 combines the ad-
vantages of MOs and MOFs to synergistically improve
gas-sensing properties. As a result, TiO2@NH2-MIL-125
is the first light-activated material to detect NO2 at 1
ppb with a response time of < 0.3 min at room temper-
ature. It also exhibited excellent selectivity and long-
term stability. Our study underscores the potential of
energy band engineering in creating high-performance
sensors, offering a strategy to overcome current material
limits.

Introduction

Chemiresistive gas sensors have sparked considerable inter-
est in healthcare, industrial safety, air quality monitoring,

wearable devices, and other fields.[1] Metal oxides (MOs) are
crucial sensing materials in chemiresistive sensors owing to
their rapid response, robustness, and low cost.[2] However,
the poor selectivity and high operating temperature (>
200 °C) hinder their applications.[3] Heterojunctions repre-
sent a crucial domain in materials science.[4] The hetero-
junction strategy can regulate the energy band structure of
materials, thereby inducing unique electrical and optical
properties, such as tunneling and quantum confinement
effects.[5] It enables the development of more efficient and
sensitive electronic and optoelectronic devices.[6] Forming
heterojunctions between MOs and other materials has the
potential to facilitate the transport of photons and electrons,
thereby addressing the challenges currently facing chemir-
esistive sensors.

Metal–organic frameworks (MOFs) are a class of crystal-
line porous materials assembled through the coordination of
metal (clusters) and organic ligands.[7] Their high porosity,
designable structures, and ease of functionalization have
garnered widespread attention over the past decade.[8]

Recent studies have demonstrated that the integration of
MOFs with other materials to create heterostructures can
enhance their performance across various applications,
including drug delivery, photocatalysis, and chemical
sensing.[9] For instance, we fabricated a ZnO@ZIF-CoZn
core-sheath nanowire array heterojunction that combines
the hydrophobic properties of MOFs with the gas-sensing
performance of ZnO for use in acetone sensors with excep-
tional water resistance.[10] Subsequently, we designed and
prepared a TiO2@NH2-MIL-125 (MIL: material from In-
stitute Lavoisier) core-sheath nanowire arrays, which not
only generated photoexcited charge carriers under visible
light but also shortened the diffusion path of charge carriers
and enriched target molecules at the heterostructure
interface.[11] This heterojunction shows unparalleled capabil-
ities in the detection of the explosive RDX, surpassing
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traditional sniffer dogs. Despite the immense potential of
core-sheath nanowire array heterojunctions in enhancing
gas-sensing performance, systematic research on interfacial
band alignment is currently lacking. This gap severely
restricts performance improvement and application expan-
sion of such heterostructure materials.

NO2 is not only a crucial gas in the rocket-launching
process but also an air pollutant that poses a threat to the
environment and human health.[12] The ability to detect NO2

with high selectivity at room temperature (RT), without the
need for a heating element, has significant implications for
both safety and energy conservation. Therefore, NO2 was
selected as the target analytical gas to demonstrate the
feasibility of the material design strategy. In this work, we
report the first-ever energy-level structural engineering of
MO@MOF core-sheath nanowire array heterojunctions,
aimed at optimizing chemiresistive gas-sensing performance.
Hendon et al. reported that the band gap of MIL-125 could
be tuned from 3.6 to 1.3 eV by functionalizing the 1,4-
benzenedicarboxylate (bdc) linker with -NH2 groups.[13]

Inspired by these studies, we selected MIL-125 for the
growth on a TiO2 nanowire array to form a well-defined
TiO2@MIL-125 sensing interface. The energy-level structure
of this sensing interface was flexibly modulated from a
straddling gap to a staggered gap by varying the number of
-NH2 groups within the MIL-125 framework. This fine
tuning improved the efficiency of photoelectron conversion
at the MO@MOF interface, enhancing the light-activated
sensing performance of TiO2@MIL-125 in terms of both
sensitivity and selectivity. Consequently, the light-activated
sensing material simultaneously possesses a limit of detec-
tion (LOD) of 1 ppb and a NO2 response time of < 0.3 min

at RT. Moreover, this material shows excellent NO2

selectivity and long-term stability for over a year.

Results and Discussion

Bandgap engineering and the incorporation of functional
groups endow MO@MOF heterojunction materials with
adjustable electron-transport properties, facilitating the
creation of optimal gas-sensing materials tailored for target
gas molecules. Scheme 1 shows the solvothermal growth of
MOF thin films, (NH2)x-MIL-125 (x = 0, 1, or 2), on TiO2

nanowire arrays (NWAs); this structure is denoted TiO2@-
(NH2)x-MIL-125 (x = 0, 1, or 2). TiO2@(NH2)x-MIL-125
core-sheath NWAs were precisely fabricated by the in situ
growth of a layer of (NH2)x-MIL-125 thin films on the TiO2

NWA substrate via a two-step seed-assisted solvothermal
process (for details, see Experimental Section). The scan-
ning electron microscopy (SEM) and transmission electron
microscopy (TEM) images of the TiO2 NWAs and TiO2@-
(NH2)x-MIL-125 core-sheath NWAs on Al2O3 substrates are
shown in Figures 1 and S1–5. As can be seen, the TiO2

NWAs were obtained via the solvothermal method (Figur-
es S1, 2),[14] then they were sequentially immersed into a
solution of bdc-(NH2)x ligand (bdc = 1,4-benzene dicarbox-
ylates; bdc-NH2 = 2-aminobenzene dicarboxylate; bdc-
(NH2)2 = bdc-NH2 and 2,5-diaminobenzene dicarboxylate in
the ratio of 9 :1) for 12 h and then into titanium n-butoxide
solution for a further 4 h at 150 °C. A rinse process with
MeOH, DMF and then MeOH again was performed to
remove unreacted reagents from these two immersion steps.
These modification steps can provide the crystalline nuclei
of MOF, playing a critical role in ensuring homogeneous

Scheme 1. Schematic procedure for the design of the TiO2@(NH2)x-MIL-125 (x = 0, 1, or 2) gas sensing materials through band gap-match
modification, inset: schematic energy band diagram depicts the separation processes of photoexcited charge carriers taking place within the
MO@MOF interface.
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and continuous growth of the MOF thin film during the
subsequent processes. In the absence of these steps, NH2-
MIL-125 particles mainly form in the solution, resulting in
phase segregation of TiO2 nanowires and MOF sheets
(Figure S3).

The nuclei-modified TiO2 NWAs were then immersed in
a solution containing bdc-(NH2)x and titanium n-butoxide,
within a Teflon-lined autoclave and maintained at 150 °C for
72 h to obtain TiO2@(NH2)x-MIL-125 core-sheath NWAs.
MIL-125 is formed by the coordination of bdc with Ti-oxo
clusters and constructed by connecting octahedral and
tetrahedral cages.[15] (NH2)x-MIL-125 (x = 0, 1, or 2) are
isostructural with each other, where NH2-MIL-125 is synthe-
sized by replacing bdc in MIL-125 with bdc-NH2, while
(NH2)2-MIL-125 is prepared by replacing bdc with bdc-NH2

and bdc-(NH2)2 in a ratio of 9 :1. Notably, the amino groups
in the above structures are not coordinated with other
inorganic components and can be accessed through triangu-
lar 5 – 7 Å windows on the cages.[16]

As depicted in Figures 1a-f and supplementary Figur-
es S4, 5, the synthesized TiO2@(NH2)x-MIL-125 materials
possess a core-sheath structure, in which a uniform MOF
sheath was constructed using an intergrown ultrathin film.
By varying the concentration of the bdc-(NH2)x ligand and
titanium n-butoxide solutions, MOF sheath with varying
thicknesses (~5, 15, and 100 nm) were successfully prepared
on the TiO2 NWs (Figure S5). The homogeneous MOF
coating was confirmed by powder X-ray diffraction
(PXRD), UV/Vis spectroscopy, X-ray photoelectron spec-
troscopy (XPS), fourier-transform infrared (FT-IR) spectro-
scopy, and transient photocurrent response measurements
(Figures 1g-i and S6–13). As shown in Figures 1g and S6, 7,
the diffraction peaks of TiO2@(NH2)x-MIL-125 at 6.8°, 9.7°
and 11.6° correspond with the (011), (002) and (121) faces of
(NH2)x-MIL-125, respectively, whereas other peaks in the
patterns (27.4, 36.1, 41.2, 54.3, 62.7 and 69.7°) are assigned
to the rutile structure of TiO2 (JCPDS No. 21–1276) and the
Al2O3 substrate.[15,17] Figures 1h and S8 show the UV/Vis

Figure 1. SEM and TEM images of (a and d) TiO2@MIL-125, (b and e) TiO2@NH2-MIL-125, and (c and f) TiO2@(NH2)2-MIL-125. (g) PXRD
patterns of Al2O3 substrate, TiO2, NH2-MIL-125 and TiO2@NH2-MIL-125 on Al2O3 substrate (star: NH2-MIL-125; circle: Al2O3 substrate; square:
TiO2); (h) UV/Vis spectra of TiO2 and TiO2@(NH2)x-MIL-125 on Al2O3 substrate; (i) Transient photocurrent response of TiO2 and TiO2@(NH2)x-
MIL-125 under visible light..
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spectra of TiO2, (NH2)x-MIL-125 and TiO2@(NH2)x-MIL-
125 on the Al2O3 substrate. MIL-125 has an optical band
gap in the UV region (ca. 3.3 eV/372 nm; see Figure S8a).
TiO2 and TiO2@MIL-125 exhibit an almost identical absorp-
tion onset at 410 nm (optical band gap of � 3.0 eV). A band
gap decrease was observed for NH2-MIL-125 (ca. 2.5 eV/
500 nm; see Figure S8b) and (NH2)2-MIL-125 (ca. 1.3 eV/
950 nm; see Figure S8c). When a bdc-NH2 or bdc-(NH2)2

linker was used, the donation of the N 2p electrons to the
aromatic linking unit resulted in a red-shifted band above
the valence band edge of MIL-125.[13] Similarly, the
absorption onset of TiO2@(NH2)x-MIL-125 was red-shifted
to 530 nm (ca. 2.34 eV) for x = 1 and 650 nm (ca. 1.90 eV)
for x = 2, indicating that the -NH2 functionalized linkers
were key to extending the absorption band to the visible
region. The absorption spectra of TiO2@MIL-125,
TiO2@NH2-MIL-125, and TiO2@(NH2)2-MIL-125 are consis-
tent with their white, yellow, and dark brown colors,
respectively. The transient photocurrent response of pure
TiO2 and TiO2@(NH2)x-MIL-125 under visible light was
examined (Figure 1i). The high-power light source for the
photocurrent response and gas-sensing test was a 300 W Xe
lamp with a cut-off filter (420 nm < λ < 790 nm, Figure S14).
TiO2@(NH2)x-MIL-125 (x = 1 or 2) showed a much higher
photocurrent response than pristine TiO2 and TiO2@MIL-
125. This is consistent with the fact that the -NH2 functional
motifs on organic ligands can reduce the band gap, thus
enhancing the visible light absorption of MIL-125.[16] It also
reveals the synergistic effect of (NH2)x-MIL-125 (x = 1 or 2)
and TiO2 in promoting the separation of electron-hole pairs.
Therefore, TiO2@(NH2)x-MIL-125 exhibited a much higher
photocurrent than TiO2@MIL-125. Increasing the thickness
of the MOF sheath layer could increase the photocurrent
density owing to the enhanced light absorption (Figure S15),
but if the MOF layer becomes too thick, the poor electron
transport in the MOF layer leads to significant charge
recombination, thus decreasing the photocurrent density.[18]

In this work, the optimized thickness of the MOF layer
resulting in the highest photoconductivity is � 15 nm for
TiO2@NH2-MIL-125.

Linear I-V curves of TiO2 and TiO2@(NH2)x-MIL-125
devices indicate good ohmic contact between the sensing
materials and electrodes (Figure S16). Gas-sensing experi-
ments were performed by placing the sensors in a sealed
quartz chamber and monitoring the current change upon
cyclic exposure to analytic gases and dry air at RT. In the
dark, TiO2@NH2-MIL-125 exhibited a negligible NO2 sens-
ing response due to its low conductivity and few active
species (Figure 2a). Under visible light, however, these
sensors exhibited a reversible response to NO2 upon cyclic
exposure to NO2 and dry air (Figure 2b). TiO2@NH2-MIL-
125 was more sensitive than TiO2. For example, for 100 ppm
NO2, TiO2@NH2-MIL-125 exhibited a response of � 418%,
whereas TiO2 had a response of only � 148% (Figure S17).
As illustrated in Figures 2c, d and S17–23, we investigated
the correlation between the -NH2 groups in TiO2@(NH2)x-
MIL-125 (where x = 0, 1, or 2) and their sensing perform-
ance towards NO2, focusing on sensitivity and selectivity. As
shown in Figure S19, MIL-125 exhibits almost no response

when used for NO2 detection. The response value gradually
increases as the amino (� NH2) content increases.
TiO2@MIL-125 had a similar response and selectivity for
NO2 as that of pristine TiO2. TiO2@NH2-MIL-125 was not
only 174% more sensitive to NO2 detection but also 1.9–8.7
times more selective (Figure S22). The sensitivity and
selectivity were further enhanced when the number of -NH2

groups was increased using the (NH2)2-MIL-125 coating
film. TiO2@(NH2)2-MIL-125 showed the highest response of
� 780% (Figure S23a). However, it suffered from slow
response and incomplete recovery owing to the strong
interactions between the MOF sheath and NO2. These
results indicate that the high sensitivity and good selectivity
of TiO2@(NH2)x-MIL-125 can be ascribed to the -NH2 group
in the MOF sheath. On the one hand, more -NH2 groups
result in more visible light absorption and higher photo-
catalytic activity, thus producing a higher response. On the
other hand, compared with interfering gases, NO2 has the
strongest Lewis acid–base interaction with -NH2; more -NH2

groups in the MOF sheath preconcentrate more NO2,
leading to better selectivity.

Because the TiO2@NH2-MIL-125-based sensors have
superior overall performances, they were selected for a
detailed study. The thickness of the MOF sheath is one of
the critical parameters controlling the sensitivity in terms of
the simple diffusion reaction model.[2,19] As shown in Fig-
ure S24, for 100 ppm NO2, the TiO2@NH2-MIL-125 sensor
with � 5, 15, and 100 nm MOF sheath has responses of
205%, 403%, and 117%, respectively. Increasing the thick-
ness of the MOF sheath could increase the adsorption of
NO2 gas. However, as the MOF layer thickens, poorer gas
diffusion in MOF sheath and more unsatisfactory electron
transport and charge recombination will deteriorate the
sensitivity and response-recovery speeds.[18] Consistent with

Figure 2. NO2 gas-sensing properties of TiO2@(NH2)x-MIL-125 sensor
working at RT: (a) Dynamic response-recovery curve of TiO2@NH2-
MIL-125 to 100 ppm NO2 under dark; (b) Concentration-dependent
dynamic response-recovery curve of TiO2@NH2-MIL-125 to NO2 under
visible light; (c) Comparison of the responses of TiO2 and TiO2@-
(NH2)x-MIL-125 to the 4 analytic gases of 100 ppm at RT under visible
light; (d) Enhanced selectivity of TiO2@(NH2)x-MIL-125 compared with
pris-tine TiO2 for NO2 gas sensor.
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the photoconductivity results, TiO2@NH2-MIL-125 with an
� 15 nm thick MOF sheath has the best sensing perform-
ance. The LOD of the sensor can be obtained from the log-
log plots of response vs. concentration by setting the
response to 10%.[10] These plots show good linearity toward
NO2 concentrations in the range of 0.1–100 ppm. Accord-
ingly, the theoretical LODs of TiO2 and TiO2@NH2-MIL-
125 were calculated to be 880 and 1 ppb, respectively
(Figures 3a and S25). The response and recovery times of
the TiO2@NH2-MIL-125 sensor to 100 ppm NO2 are esti-
mated to be 0.53 and 3.5 min, respectively (Figure S26).
When the concentration of NO2 is 0.1 ppm, the response and
recovery times are as short as 0.28 and 1.3 min, respectively
(Figure 3b). However, the pure NH2-MIL-125 sensor takes 4
minutes to reach a 90% response to 100 ppm NO2, and only
60% recovery can be achieved after 10 min (Figure S27).
Achieving a low LOD and fast response simultaneously at
RT is still a big challenge for NO2 sensors (Table S1). To the
best of our knowledge, TiO2@NH2-MIL-125 is the first light-
activated sensor with a LOD as low as 1 ppb and a response
time as short as 0.28 min (Figure 3c). The reproducibility of
the TiO2@NH2-MIL-125 sensor was evaluated by four

devices fabricated from different batches. The responses of
these devices toward 100 ppm NO2 are 400%, 418%, 665%,
and 468%, respectively (Figure S28), showing good reprodu-
cibility. TiO2@NH2-MIL-125 was examined for six successive
assays toward 1 ppm NO2 (inset of Figure 3d). The coef-
ficient of variation (CV) is as low as 2.9%, indicating the
good reproducibility of its response. This sensor also exhibits
good long-term stability. It can work continuously for at
least 1 year, with 92% retention of its original response
(Figure 3d). These results confirm that the -NH2 group
greatly affects the optical response and photocatalytic
activity of MIL-125.

Figures 3e, f and S29, 30 show the light intensity-depend-
ent and wavelength-dependent sensing performance of the
TiO2@NH2-MIL-125 sensor to 100 ppm NO2 at RT. As
evident in Figure S29, under visible-light irradiation, the
sensor‘s response decreases (from 594% to 228%) as the
light intensity increases (from 100 mWcm� 2 to
600 mWcm� 2). Concurrently, the recovery capability of the
sensor improves with increasing light intensity. The opti-
mum overall performance is achieved at a visible-light
intensity of approximately 400 mWcm� 2. Figures 3e and S30
showcase the response of the TiO2@NH2-MIL-125 sensor to
100 ppm NO2 under different visible light wavelengths (450,
475, 500, 520, and 550 nm). The light intensities at these
wavelengths were adjusted to be consistent. The response
value initially increases from 173% at 450 nm to 226% at
475 nm, then rises to 405% at 500 nm, peaks at 520 nm, and
subsequently decreases to 530% at 550 nm. At 520 nm, the
maximum response of TiO2@NH2-MIL-125 to 100 ppm NO2

was 2200% higher than the response of pristine TiO2

(Figure 3f). Although the response at the single wavelength
of 520 nm is significantly higher than under visible light
(420–790 nm), its response and recovery speeds are notably
slower. The influence of light on gas-sensing behavior is
relatively complex, and we can only make some reasonable
approximations. By increasing the light intensity, the
number of photogenerated charge carriers increases, en-
hancing the sensing activity. However, once a certain thresh-
old is exceeded, the desorption of NO2 from the gas-sensing
material‘s surface significantly increases. Similarly, lower
photon energies (longer wavelengths) also induce a slower
desorption speed of the analyte gas, resulting in a lower
recoverability.[20] In our work, for TiO2@NH2-MIL-125
devices used to detect NO2 at RT, an ideal balance can be
achieved among the response value, response speed, and
recoverability under visible light (420–790 nm) at an inten-
sity of 400 mWcm� 2.

The detailed sensing mechanism of TiO2@(NH2)x-MIL-
125 is still unclear. To verify the relationship between the
amino groups of the MOF sheath and the selectivity of the
TiO2@(NH2)x-MIL-125 sensor to NO2, we performed an ex
situ XPS analysis of NH2-MIL-125 (Figure S31). We ob-
served a new nitrate species peak at � 406.6 eV after
exposure to NO2 (Eqs. S7 and 8).[21] The suppression of
amine-related peaks in the FT-IR spectrum (Figure S32) of
NH2-MIL-125 exposed to NO2 also indicates its specific
adsorptive interaction with NO2.

[22] This interaction is
further corroborated by the gradual reduction of primary

Figure 3. NO2 gas-sensing properties of TiO2@NH2-MIL-125 sensor
working at RT: (a) Log-log plots of response-concentration; (b)
Normalized response-recovery curve to 0.1 ppm NO2; (c) LOD and
response time comparison of various light-activated NO2 sensors at RT
(*: Crystalline porous materials (MOF/COF/HOF);~: MOs;!:
Metal-sulfide; ▪: RGO-based;^: Perovskite; ★: This work); (d) Long-
term stability (inset: the repeatability to 1 ppm NO2). (e) Light
wavelength-dependent response of TiO2@NH2-MIL-125 toward
100 ppm NO2. (f) Dynamic response-recovery curves of TiO2@NH2-
MIL-125 and pristine TiO2 toward 100 ppm NO2 under green light
(520 nm).
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amines (3575 and 3425 cm� 1) and a simultaneous increase in
NO2 (1608 cm� 1) and nitrite/nitrate (1388 and 1259 cm� 1)
peaks with increasing exposure time, as evidenced by in situ
FT-IR results presented in Figure S33.[23] The specific
interactions of the amino groups with NO2 are consistent
with the fact that both sensitivity and selectivity improved
by increasing x in pristine (NH2)x-MIL-125 or in the form of
MOs@MOFs.

It has been reported that the combination of NH2-MIL-
125 and TiO2 results in a staggered gap (type II) hetero-
junction, which thermodynamically allows the photogener-
ated charges in NH2-MIL-125 to inject into TiO2.

[17] The
heterojunction interface of the MO/MOF serves as an
“electron extraction pump”, improving the separation of
photogenerated electrons and holes and activating TiO2.
Thus, TiO2@(NH2)x-MIL-125 (x = 1 or 2) has a higher
visible light-driven photocurrent response than TiO2 or
TiO2@MIL-125 (Figure 1i). Electron spin resonance (ESR)

spectroscopy experiments were performed to reveal more
details of the electron-transport process. In the dark,
negligible ESR signals were detected (Figure S34a), which
agreed with the lack of response of the sensing materials to
NO2 in the dark at RT.

After visible-light irradiation, the strongest characteristic
signal (g = 2.00) was observed for TiO2@NH2-MIL-125,
indicating the existence of an abundant paramagnetic O2

�

species, which is a key active species in a sensing reaction in
the MO system (Figure S34b).[24] The in situ ESR analyses
further revealed that the generation of O2

� is a Ti-mediated
electron transfer process (Figure 4a). Before the measure-
ment, the sample was evacuated to remove O2. In this case,
TiO2@NH2-MIL-125 changed color from yellow to dark
green under light irradiation, and the characteristic values of
paramagnetic Ti3+ centers in a distorted rhombic oxygen
ligand field (gx = 1.980, gy = 1.953, and gz = 1.889) were
observed.[16] By contrast, without the evacuation step,

Figure 4. (a) In situ ESR spectra of TiO2@NH2-MIL-125 under visible light irradiation (yellow and green insets are the corresponding photographs
of samples with and without oxygen, respectively). (b) Schematic illustration of the possible mechanism of the sensing reaction of TiO2@NH2-
MIL-125 under visible light. (c) DOS of the TiO2@NH2-MIL-125 with adsorbed NO2, NH3, CO and SO2 (The fermi levels of the different systems
are set to 0 eV. For comparison, the DOS of TiO2@NH2-MIL-125 without any adsorbed gas molecule (red line) is shown in each graph). (d) Energy
diagram of the frontier orbitals of the NO2, NH3, CO and SO2 gases adsorbed on the ligand (the inset is the fermi levels of TiO2 and TiO2@(NH2)x-
MIL-125).
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TiO2@NH2-MIL-125 retained its yellow color, and an ESR
signal associated with the O2

� species rather than Ti3+ was
observed. These results indicate that, in an oxygen-free
atmosphere, visible light induces electron transfer to form
the Ti3+ species. In air, however, Ti3+ donates electrons to
O2 to form O2

� , followed by the reoxidation of the generated
Ti3+ species to Ti4+ species. These experimental results
demonstrate that when NH2-MIL-125 is excited with visible
light, an electron from its organic linker is transferred to its
metal-oxo cluster via a ligand-to-metal charge transfer
(LMCT) mechanism, forming Ti3+ (Figure 4b).[25] Subse-
quently, the photoexcited Ti3+ components of NH2-MIL-125
inject electrons into the conduction band (CB) of TiO2 to
react with the absorbed O2, forming the O2

� species. The
amino groups in the NH2-MIL-125 sheath act as hole
stabilizers and prolong the lifetime of the excited states in
TiO2@NH2-MIL-125, which is beneficial for visible light
photocatalytic gas sensors.[16,26] When n-type TiO2@NH2-
MIL-125[17] is exposed to NO2, an oxidizing and electron-
withdrawing gas,[27] O2

� is consumed and more electrons are
extracted from the sensing materials.[28] These processes may
effectively decrease the charge carrier concentration in
TiO2@NH2-MIL-125 and result in sensing responses. Density
functional theory (DFT) calculations reveal that, compared
with other isolated gas (NH3, SO2 or CO)-ligand systems,
only the LUMO of the NO2-ligand system lies below the
Fermi level of the TiO2@NH2-MIL-125 (Figures 4c, 4d and
S35, 36), which indicates the energetically favorable charge
transfer from TiO2 to the LUMO of the NO2-ligand system.
This result explains the high selectivity of TiO2@NH2-MIL-
125 to NO2 among the interfering gases. Moreover, as shown
in the inset of Figure 4d, a higher number of -NH2 functional
groups on the ligand of TiO2@(NH2)x-MIL-125 would result
in a Fermi-level shift to a higher energy level and enhance
the charge transfer from TiO2 to the LUMO of the NO2-
ligand system. Thus, TiO2@NH2-MIL-125 exhibits the high-
est response and best selectivity of the materials tested
herein.

Conclusion

In summary, the precise alignment of energy levels at the
interface of MOs and MOFs within MO@MOF heterojunc-
tions has proven effective in addressing the challenge of
achieving high sensitivity, unique selectivity, and rapid
response at RT in one chemiresistive device. Different from
the traditional core-sheath nanocomposite containing con-
jugated small nanoparticles, (NH2)x-MIL-125 (x = 0, 1, or 2)
intergrown thin films were uniformly fabricated with con-
trolled thickness on TiO2, forming MO@MOF core-sheath
NWAs. By adjusting the amino functional groups on the
well-defined TiO2@(NH2)x-MIL-125 (x = 0, 1, or 2) inter-
face, we transformed the heterojunction interface from a
straddling gap to a staggered gap type. Due to such an
energy level aligned interface, the core-sheath heterostruc-
tures can combine the advantages of both and bring addi-
tional synergistic effects to improve the gas sensing proper-
ties. This enabled the generation of active oxygen species

under visible light, significantly lowering the operating
temperature to RT. Detailed studies on the sensing perform-
ances of TiO2@(NH2)x-MIL-125 (x = 0, 1, or 2) revealed
that increasing -NH2 groups significantly improved the
response and selectivity to NO2. Specifically, TiO2@NH2-
MIL-125 demonstrated excellent comprehensive gas-sensing
performances for NO2 detection, including a LOD at the
ppb-level, response time in the second-level, long-term
stability over years and good selectivity. These findings
could pave the way for designing sensing materials with
excellent comprehensive performance through MOF-MO
cooperation.
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