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Simultaneously realizing high sensitivity and high selectivity at room temperature is still a big challenge for

designing chemiresistive gas sensing materials. In this work, the first visible-light active MOF sensing

material was rationally designed and prepared to meet this challenge. Different from the reported MOFs,

FIR-120 combines a high stability, permanent porosity and visible light active titanium-phenol functional

motif in one structure through an interpenetrating structure strategy. These features endow FIR-120 with

unique photo-physic/chemistry properties that enable the highest sensitivity, lowest experimental limit-

of-detection (LOD) and excellent selectivity to NO2 among all reported MOFs and MOF composite

materials at room temperature. Moreover, the structure–sensing relationship is studied through

experiments and theoretical calculations. This work provides guidance for the design and synthesis of

high-performance visible-light active MOFs and leads to a new type of gas sensing material.
Introduction

The precise detection of gaseous species is critical to environ-
mental protection, industrial process control, agricultural
production, and public health & safety. Compared with other
gas detection techniques, chemiresistive sensors are superior in
terms of low cost, easy fabrication, not needing a professional
operator, and real-time online monitoring.1–11 However, the
predominant sensing materials, metal oxides, are still limited
by high working temperature, low sensitivity at room tempera-
ture and selectivity.1 Researchers have found that the free
charges generated by light irradiation can effectively enhance
the sensitivity of metal oxides at room temperature.12 However,
the intrinsically wide bandgaps of metal oxides make them
excited only by ultraviolet light which not only requires high
cost equipment but also generates strong interfering
substances such as ozone, due to its high energy.13 Moreover, it
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is still a big challenge for light-assistant sensing materials to
realize highly selective sensing. To develop a new type of room
temperature sensing material that can be activated by visible
light and possess both high sensitivity and selectivity is
extremely desired.

Metal–organic frameworks (MOFs)14 are a new generation of
gas sensing materials that are able to work at room
temperature.15–18 Their highly adjustable porous structures
provided excellent sensing selectivity to target analytes.19

However, the reported MOFs still have low sensitivity at room
temperature, which hinders their further application.19–25

Titanium-based metal–organic frameworks (Ti-MOFs) are
known as one kind of very important photoactive semi-
conductor material and have attracted a lot of research interest
in photocatalysis and other elds.26–38 Thus, it is expected to
obtain high gas sensing sensitivity by utilizing the photoactivity
of Ti-MOFs. Nevertheless, the low electrical conductivity should
be the main challenge that hindered the use of such Ti-MOFs
for resistive sensing. In addition, it is quite difficult to obtain
highly crystalline Ti-MOFs due to the high reactivity of Ti4+ ions.
Stable Ti-MOFs can be constructed by bridging Ti atoms with
carboxylic acid ligands, but most of them show weak visible
light absorption and wide band gaps in the range of 2.5–
3.0 eV.39 To solve this problem, phenolic ligands were intro-
duced to form a titanium-phenol functional motif which
enables metal charge transfer (LMCT) to improve visible light
absorption.40–46 Two reported Ti-MOFs, NTU-9 (ref. 40) and MIL-
167 (ref. 42) synthesized by this strategy exhibit deep red color
and strong absorption in a wide visible region with lower band
gaps (1.7–1.8 eV). Therefore, phenolic ligand based Ti-MOFs are
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Fig. 1 (a) Synthetic route and optical microscope image of single
crystalline FIR-120. (b) View of the 3D framework along the c-axis. (c)
View of the 6-fold interpenetrated srs topology. (d) The calculated
HOMO and LUMO based TiL3 unit. Uncoordinated –OH of the
carboxylate group as potential NO2 adsorption sites.
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considered favorable candidates to realize visible light activated
sensing materials with both high sensitivity and selectivity.
Unfortunately, the poor chemical stability of NTU-9 and lack of
porosity of MIL-167 limit their application in chemiresistive
sensing. Therefore, it is a very challenging task to synthesize
visible light active Ti-MOFs with both permanent porosity and
excellent chemical stability as efficient chemiresistive sensors.

The formation of interpenetrating structures is an effective
means to stabilize the porous structures of MOFs and the
employment of long organic ligands is a common strategy to
realize this aim.47 Based on these considerations, elongated
phenolic ligand, 4,4′-dihydroxy-[1,1′-biphenyl]-3,3′-dicarboxylic
acid (H4dobpdc), was rationally selected to synthesize single
crystal Ti-MOF (denoted as FIR-120, FIR = Fujian Institute
Research), which exhibits a 6-fold interpenetrated srs frame-
work with permanent porosity and excellent thermal and
chemical stability. FIR-120 exhibits strong visible light absorp-
tion (Eg = 1.87 eV) owing to effective LMCT, which signicantly
enhances its sensing performances compared with those in the
dark. As a NO2 sensing material, FIR-120 achieves the highest
sensitivity, lowest experimental limit-of-detection (LOD) and
excellent selectivity among all reported MOFs and MOF
composite materials at room temperature. In addition, the
structure–activity relationship based on the crystal structure is
established through experiments and theoretical calculations.
It is worth noting that this is the rst time that visible light
active MOF chemiresistive sensing materials have been
reported.

In this work, red prism-like single crystals (Fig. 1a) were
obtained by heating a mixture of Ti(OiPr)4 and H4dobpdc in 1,4-
dioxane/acetic acid at 160 °C for 7 days (see the ESI for details†).
Single crystal X-ray diffraction analysis reveals that FIR-120
crystallized in a tetragonal space group I41 (Table S1†). In FIR-
120, each Ti atom is octahedrally coordinated with six oxygen
atoms from phenol hydroxide and carboxylate groups (Fig. 1d),
quite similar to the Ti center in cation$[Ti(SA)3] compounds
(H2SA = salicylic acid)48 as well as in NTU-9 and MIL-167.
Differently, the octahedral Ti center was connected by short
dobdc (2,5-dioxido-1,4-benzenedicarboxylate) ligands to form
a 3D three-dimensional (3D) framework in MIL-167 with 2-fold
interpenetrated srs topology.49 A large amount of counterions in
the pores led to the framework non-porosity. In FIR-120, the
employment of longer dobpdc ligands (Ti/Ti distance from
12.423 to 12.562 Å) led to the formation of a 3D framework with
6-fold (3 + 3) interpenetrated srs topology (Fig. 1b and c). Similar
to NTU-9, parts of the carboxylates retained protons as they were
synthesized under acidic conditions, giving the neutral frame-
work with the formula Ti8(Hdobpdc)8(H2dobpdc)4, which has
cavities of about 4–6 Å free diameter (Fig. S3a†) calculated by
Poreblazer.50 All uncoordinated –OH from the carboxylate
groups point to the 1-D channels. Aer removing guests in the
channels, the solvent-accessible void in the structure of FIR-120
was calculated to be about 55.3% using PLATON.51

The powder XRD (PXRD) pattern of as synthesized FIR-120
shows that most of the main peaks are well consistent with
the simulated pattern, which conrmed the phase purity of the
material (Fig. S1†). The highly interpenetrated framework
966 | J. Mater. Chem. A, 2023, 11, 965–971
endows FIR-120 with excellent stability. Powder XRD measure-
ments demonstrate that FIR-120 was stable aer soaking in
common solvents such as DMF, ethanol, acetonitrile, ethyl
acetate (EA) and 1,4-dioxane at room temperature for 24 hours
(Fig. 2a). FIR-120 also exhibited good water stability in water for
21 days at room temperature or in boiling water for 1 day
(Fig. S2†). The thermogravimetric (TG) results (Fig. 2b) of the as-
synthesized samples in an N2 atmosphere indicated a ca. 8%
weight loss from 25 to ca. 120 °C, which was assigned to the
guest molecules such as CH3CO2H, 1,4-dioxane and iso-
propanol, respectively. Then the clear platform extending to
230 °C suggested good thermal stability and porosity of FIR-120.
The CO2 adsorption at 195 K further proved the permanent
porosity of FIR-120. The BET surface area of FIR-120 is ca. 544
m2 g−1 (Fig. 2c and S3†), which is much higher than that of most
metal oxide sensing materials.

UV-vis diffuse reectance spectroscopy shows that FIR-120
has strong absorption in visible light ranging from 400–
800 nm (Fig. 2d). The band gap of FIR-120 is calculated to be
1.87 eV according to the Tauc plot (Fig. S4†), suggesting its
semiconductor nature. I–V curves of FIR-120 at different
temperatures show linear contours, indicating ohmic contact
between the sample and the electrode (Fig. S5†). The conduc-
tivity of FIR-120 increases with an increase in temperature and
this together with the good linear relationship of ln s ∼ 1000/T
This journal is © The Royal Society of Chemistry 2023



Fig. 2 (a) Powder XRD patterns of FIR-120 treated with different
solvents for 24 h. (b) Thermogravimetric (TG) curve of as synthesized
and activated FIR-120. (c) CO2 adsorption–desorption isotherm of
FIR-120 at 195 K. (d) UV-vis diffuse reflectance spectra of FIR-120. (e)
Fitting of conductivity–temperature data to the Arrhenius equation. (f)
Photo-current of FIR-120 under visible light periodic illumination (l $
420 nm, 300 W; 15 A, Fig. S6†).
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conrms the semiconductor characteristics of FIR-120 (Fig. 2e).
The photo-current of FIR-120 can be reversibly modulated by
periodic visible light irradiation with little degradation for 5
cycles, indicating its excellent visible light activity (Fig. 2f).

The integration of large amounts of free –OH, excellent
stability, permanent porosity and visible light activity of FIR-120
makes it a good candidate for gas sensing. Therefore, the NO2

gas sensing performance of FIR-120 was studied at room
temperature. When exposed to 10 ppm NO2 under dark condi-
tions, the current intensity of FIR-120 increased and returned to
the initial value aer purging with dry air (Fig. 3a). However, it
takes a long time (30 minutes) to fully recover under dark
conditions indicating a slow desorption process (Fig. S7†).
Considering that FIR-120 exhibits strong visible light absorp-
tion (Eg = 1.87 eV) owing to effective LMCT, visible light was
utilized to optimize performance. As shown in Fig. 3a and c,
compared with those under dark conditions, recovery time is
efficiently shortened and the response to 10 ppm NO2 is
increased by 2 times and reaches 2040% under visible light
(Fig. 3b and c). The reversible response and recovery time are
2.48 and 2.60 minutes, respectively (Fig. S8†). What's more, FIR-
120 exhibited the dynamic response and recovery curve to
a wide concentration range of NO2 (Fig. 3c) and it showed the
highest response among all reported MOFs and MOF compos-
ites under visible light (Fig. 3f and Table 1). The experimental
limit of detection (LOD) for FIR-120 to NO2 was 40 ppb which is
This journal is © The Royal Society of Chemistry 2023
also the best one among those of all reported MOFs and MOF
composites (Fig. 3d and Table 1). Due to the strong interaction
between the reported MOF and NO2, MOF sensing materials
usually require high temperature for recovery.19 Thus, FIR-120
represents the rst pure MOF sensing material that shows
high sensitivity and can reversibly detect NO2 at room
temperature.

FIR-120 also shows excellent selectivity to NO2 over other 15
interfering gases (Fig. 3e and S10†). It has 26 times higher
response to 10 ppm NO2 than to 100 ppm SO2, the strongest
inference (Table S2†). The continuous cycling tests of FIR-120
(Fig. 3c) showed that the response coefficient of variation (CV)
was only 2.8% in 5 cycles toward 10 ppm NO2, which suggested
its excellent repeatability. The PXRD results aer illumination
and NO2 exposure (Fig. S11a†) conrm the good stability of FIR-
120. In addition, the retention rate of response values toward
10 ppm NO2 aer storage for 70 days was ca. 100%, indicating
that the FIR-120 sensor has good long-term stability
(Fig. S11b†). In addition, FIR-120 maintains high response
values in a wide range of relative humidity (Fig. S12†). These
results further prove the excellent gas sensing performance of
FIR-120.

In theory, NO2 can diffuse into the pores of FIR-120 because
the calculated molecule size of NO2 (0.37 nm) was smaller than
the pore size of FIR-120 (0.4–0.6 nm).61 Furthermore, the CO2

adsorption isotherms of activated FIR-120 are also measured at
ambient temperatures (Fig. S3c†) in consideration of the similar
sizes of NO2 (0.37 nm) and CO2 (0.33 nm). The obvious CO2

uptake of FIR-120 at room temperature further conrms this
point.

To better understand the high NO2 sensitivity of FIR-120,
theoretical calculations are performed. Ti(SA)(SAH)2 (H2SA =

salicylic acid) was adopted as the structure model for simplicity
(Fig. S13†). The most stable model showed that oxygen from
NO2 and H from the uncoordinated –OH of the carboxylate
group formed an O]N]O/H–O hydrogen bond with a length
of 1.709 Å. The calculated IR spectra showed that a new peak at
1595 cm−1 (Fig. 4a and Movie S1†) corresponding to O–H
bending vibration was attributed to the O]N]O/H–O
hydrogen bond, suggesting that the free –OH groups are the
main NO2 absorption sites. In situ diffuse reection infrared
Fourier transform spectroscopy (DRIFTS) of FIR-120 under
a NO2 atmosphere (Fig. 4a and S13†) further proved the
formation of this hydrogen bond. Two peaks at 3486 and
3024 cm−1 are assigned to free carboxyl –OH on FIR-120
(Fig. S13a† corresponding calculated IR spectra: 2957 cm−1,
Movie S2†). With the increase of NO2 exposure time, the
intensity of these peaks decreased gradually. At the same time,
a new absorption peak was observed at around 1600 cm−1,
which was consistent with the calculated results and strongly
proved the formation of the O]N]O/H–O hydrogen bond
(Fig. 4a and S13b†). The intensity of these peaks gradually
increased suggesting that NO2 has a high affinity on FIR-120.
Similarly, the vibration peak of the NO2 product during the
reaction was also observed, which further indicates that NO2

interacts with FIR-120 (Table S3†).
J. Mater. Chem. A, 2023, 11, 965–971 | 967



Fig. 3 (a) Response–recovery curve of FIR-120 to 10 ppmNO2 under dark and visible light conditions. (b) Column charts of responses, response
times and recovery times of FIR-120 to 10 ppm NO2 under dark and visible light conditions. (c) Normalized response–recovery curve of FIR-120
to 10 ppmNO2. (d) Linear log–log plot of response vs. concentration to NO2 for FIR-120. (e) Selectivity of FIR-120 towards 16 interference gases.
(f) Response of FIR-120 sensor as a function of NO2 concentration and its comparison with reportedMOF chemiresistor sensormaterials working
at room temperature: [1] Cu3(HHTP)2-thin film,17 [2] Cu3(HHTP)2-powder,17 [3] Cu3(HHTP)2-nanoflakes-dark,18 [4] Cu3(HHTP)2-nanoflakes-
bluelight,18 [5] Cu3(HHTP)2-thick film,52 [6] Pt@Cu3(HHTP)2-thin film,17 [7] Fe2O3–Cu3(HHTP)2-nanoflakes,18 [8] Pd@Cu3(HHTP)2-thick film,52 [9]
Pt@Cu3(HHTP)2-thick film,52 [10] MIL-101(Cr)IPEDOT,53 [11] ZIF-8/Au NW,54 [12] ZIF-67 derived carbon composite-loaded MWCNTs,55 [13] ZIF-
67 derived WS2 functionalized carbon composites,56 and [14] SWCNT loaded PdO–Co3O4 derived from Pd@ZIF-67,57 see details in Table 1.

Table 1 Gas-sensing properties toward NO2 of various pure MOFs and MOF derivative chemiresistive sensing materials working at room
temperature, as obtained in this study and reported in the literature

Material Structure
Light
source R

tresponse
(min)

trecovery
(min)

Experimental
LOD (ppm) References

FIR-120 Powder Visible
light

116% (1 ppm) 2.48 2.60 0.04 This work
2040% (10 ppm)

Pt@Cu3(HHTP)2 Thin lm — 89.9% (3 ppm) 8.2 Non 0.1 17
Cu3(HHTP)2 Thin lm — 53.7% (3 ppm) 14 Non 0.1
Cu3(HHTP)2 Powder — 11.8% (3 ppm) 17.3 Non 1
Cu3(HHTP)2 Nanoakes Dark 79.8% (5 ppm) ∼30 Irreversible — 58

Nanoakes Bluelight 68.9% (5 ppm) ∼30 Irreversible —
Fe2O3–Cu3(HHTP)2 Nanoakes Bluelight ∼62% (5 ppm) ∼30 >60 0.2
Cu3(HHTP)2 Thick lm — 5% (1 ppm)/29.95% (5

ppm)
18 Non — 52

Pd@Cu3(HHTP)2 Thick lm — 13.5% (1 ppm)/62.11% (5
ppm)

13.8 Non 1

Pt@Cu3(HHTP)2 Thick lm — 12.1% (1 ppm)/57.38% (5
ppm)

14 Non 1

MIL-101(Cr)IPEDOT Pellet — ∼4% (1 ppm)/46% (20
ppm)

0.5–2.5 Irreversible 0.2 59

ZIF-8/Au NW Thick lm — 0.9% (20 ppm) 0.12 ∼11.5 0.19 54
ZIF-67 derived carbon composite-loaded
MWCNTs

Hybrid
bers

— 1% (5 ppm) ∼3 >3 0.1 60

ZIF-67 derived WS2 functionalized carbon
composites

Pellet — 48.2% (5 ppm) ∼7 >10 0.1 56

SWCNT loaded PdO–Co3O4 derived from
Pd@ZIF-67

Film — 27.3% (20 ppm) ∼1.5 Irreversible 10 57
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Based on the above calculations and experiments, a possible
sensing mechanism for FIR-120 is proposed as follows (Fig. 4b
and S14†). FIR-120 shows a P-type semiconductor behavior in
968 | J. Mater. Chem. A, 2023, 11, 965–971
NO2 sensing, which means that the hole is its main charge
carrier. In the dark, NO2 adsorbs on FIR-120 through O]N]
O/H–O hydrogen bonding and captures electrons from FIR-
This journal is © The Royal Society of Chemistry 2023



Fig. 4 (a) IR spectrum of FIR-120 (top), in situ diffuse reflection infrared Fourier transform spectroscopy (DRIFTS) spectra of activated FIR-120
under NO2 (middle), and calculated IR spectra of Ti(SA)(HSA)2 and Ti(SA)(HSA)2 under NO2 (bottom). (b) The proposed NO2 gas sensing
mechanism of FIR-120.

Paper Journal of Materials Chemistry A
120. This process increases holes in FIR-120, corresponding to
the sensing response under dark conditions. Calculations
reveal that each NO2 receives 0.217 electrons from Ti(SA)(SAH)2.
Meanwhile, the strong interaction between Ti(SA)(SAH)2 and
NO2 (Eads(NO2) = −0.34 eV) makes it hard to desorb, explaining
the slow recovery. Under visible light irradiation, LMCT
promotes the generation and separation of electrons and hole
pairs of FIR-120 to show obvious photocurrent. Calculations
clearly show that the photogenerated electrons are delocalized
on the structure moiety including the –OH group, which facil-
itates the adsorption of more NO2 and produces more holes.
Moreover, light can provide additional energy to promote
molecule vibration and weakens the interaction between NO2

and FIR-120 leading to easy desorption of NO2, which remark-
ably shortens recovery time.
Conclusions

In conclusion, a visible-light active Ti-MOF with high stability
and permanent porosity was rationally designed and prepared.
The visible-light activity was realized by designing a LMCT
functional motif through titanium-phenol bonds. The high
stability and permanent porosity were achieved via an inter-
penetrating structure strategy realized using extended bridging
ligands. These features endow the obtained Ti-MOF, FIR-120,
with great potential as a visible-light active semiconductor. As
an exemplary application, FIR-120 was used as a chemiresistive
gas sensing material for trace NO2 detection. As a result, under
visible-light irradiation, it shows a response of 2040% to 10 ppm
NO2 and an experimental LOD of 40 ppb, both of which are the
best among those of all reported MOFs and MOF composites at
room temperature. Moreover, FIR-120 also shows excellent
selectivity to NO2 over other 15 commonly existing interfering
gases. Notably, FIR-120 represents the rst visible light active
MOF chemiresistive sensing material, which provides guidance
for the design and synthesis of high-performance visible-light
active MOFs and also leads to a new type of gas sensing material.
This journal is © The Royal Society of Chemistry 2023
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