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This study proposes a solvothermal method for synthesizing sulfate-functionalized hafnium-organic frameworks
(Hf-BTC-SO4) for application in low-temperature NH3 gas sensors. Prior to the gas-sensing studies, solvothermalprocessed Hf-BTC-SO4 is characterized using various techniques to obtain structural, elemental, morphological,
and thermal stability information. Results of structural and thermal-stability analysis demonstrate that Hf-BTCSO4 exhibits good crystallinity and high thermal stability with the functionalization of SO4 in the Hf-framework.
Microstructural analysis reveals that nanoparticles aggregated to form compact clusters of Hf-BTC-SO4. In
addition, Hf-BTC-SO4 has an ultra-high specific surface area of 1100 m2g− 1 (with a pore size of 15 Å), suitable for
gas detection owing to enhanced surface reactions. Gas-sensing studies confirm that the fabricated Hf-BTC-SO4
sensor exhibits selective detection of NH3 gas at a lower working temperature of 100 ºC. Notably, the Hf-BTC-SO4
sensor detected up to 1 ppm of NH3 (response = 1.41), with excellent response reversibility. The functionalized
sulfate bonds and Hf-clusters within the framework form strong bonds with NH3, enhancing their interaction
with the metal-organic frameworks. This study can motivate future research on the synthesis of functional
organic frameworks for applications in low-temperature NH3 detection devices.

1. Introduction
Ammonia (NH3) is an important chemical in the production of
pharmaceuticals, plastics, fertilizers, detergents, and dyes [1,2]. How
ever, it is also one of the most toxic and polluting gases [3–5]. It causes
burns in the respiratory tract [6], and damage to the lungs [7,8].
Moreover, long-term exposure can be fatal [9]. The safe concentration
level of NH3 is specified not to exceed 300 ppm [10]. Therefore, it is
essential to develop processes and materials to detect NH3 gas. Selective
NH3 gas detection systems are needed for monitoring the environment,
human health, and agricultural and industrial zones. Recently, techno
logical advancements in nanomaterials have rendered chemiresistive

gas sensors a key technology for detecting various toxic gases. So far,
carbon- and semiconducting oxide-based nanomaterials were widely
used to sense various toxic gases and volatile organic compounds [11].
Despite significant efforts, several challenges remain related to the
performance of gas sensors, particularly their higher operating tem
perature and inability to distinguish specific target gases (i.e., selec
tivity) accurately. Consequently, several studies have focused on
advanced sensing materials with improved detection performance for
target gases. Thus, metal-organic frameworks (MOFs) with exceptional
surface areas and porosity are replacing conventional materials and
receiving attention as promising detecting materials for use in
next-generation gas sensors with improved performance, given that the
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Fig. 1. Structure of Hf-BTC and Hf-BTC-SO4: 6-connected Hf6O4(OH)4(CO2)6 clusters (a) are linked together via tritopic linkers (b), 1,3,5-benzenetricarboxylic acid
(H3BTC) to form the porous structure of Hf-BTC (c). Sulfation on Hf6-clusters yields the Hf-BTC-SO4 (d) for use as NH3 sensor. (Atom colors: C: black; O: red; S:
yellow; Hf: light blue).

chemiresistive sensors are highly dependent on the surface reactions
[12].
MOFs are typically composed of metal-containing units and organic
linkers that form crystals with porous structures [13–15]. Recently,
MOFs attracted a significant attention owing to their desirable charac
teristics, including excellent crystallinity with diverse structures
[16–19], ultrahigh surface area [20,21], and large pores [22–24].
Therefore, MOFs are extensively used in catalysis [25–27], adsorption
[28], drug delivery [29,30], and gas separation [31,32]. Recently, MOFs
have been utilized in sensors to detect environmental pollutants such as
chemicals in water and air. The excellent structural features of MOFs can
enhance the surface reactions and adsorption of target gas molecules
during the sensing process. MOFs with microporous structures have also
been used and achieved many good results; for example, Ni-MOFs for
sensing carbon monoxide (CO) gas [33,34], Bi-MOFs for the detection of
Cd and Pb ions [35], and MOF-5-NH2 for the detection SO2 [36].
Among the several MOFs, hafnium (Hf) based-MOFs have received a
great attention for their thermal and chemical stability, large surface
area, high porosity, and easy surface-functionalization [37,38]. Nguyen
et al. demonstrated that supplementation of the Bronsted-acid center
increases the catalytic efficiency of Hf-MOFs in organic synthesis [39].
In addition, Hf(IV) clusters are regarded as strong Lewis acid sites, being
suitable for NH3 sensing applications [39,40]. This suggest that Hf-MOFs
have a good potential for NH3 sensing. Therefore, the fabrication of
Hf-based MOFs with gas-sensing potential serves as motivation for this
study.
In this study, we synthesized Hf-BTC (BTC: 1,3,5-benzenetricarboxy
late linkers) MOFs and functionalized the SO4 group on its Hf6-clusters
to enhance the sensing capability of NH3 gas (Fig. 1). After the func
tionalization of SO4 group, the material is referred to as Hf-BTC-SO4
[39]. It combines HfO4(OH)4 clusters and H3BTC linkers together an SO4
group mounted on the clusters to generate a superacid MOF. The
structure, morphology, thermal stability, and surface area of the syn
thesized materials were characterized before evaluating their sensing
capabilities. Subsequently, the sensing potential of the Hf-BTC-SO4
sensor was tested for the different target gases at various temperatures.
Owing to its ultrahigh surface area, porosity, and superacidic character,
the sensor fabricated with Hf-BTC-SO4 exhibited selectivity towards NH3
gas at a low temperature of 100 ºC.

tetrachloride (HfCl4), 1,3,5-benzenetricarboxylic acid (H3BTC), N, Ndimethylformamide (DMF), anhydrous acetone, formic acid, sulfuric
acid, and chloroform were obtained from Merck and Acros Co. and used
without purification.
2.2. Synthesis of Hf-BTC-SO4
A simple solvothermal approach was used to synthesize Hf-BTC
samples. In a typical process, Hf-BTC was prepared by heating a
mixture containing H3BTC (2.50 mmol, 537 mg), HfCl4, and DMF/for
mic acid (160 mL/160 mL) at 120 ◦ C for 3 days. After the reaction, a
white precipitate was collected and washed three times with 100 mL of
fresh DMF. Then, it was solvent-exchanged with DMF, water, and
anhydrous acetone (each solvent was used thrice per day for three days).
The obtained solid was dried under vacuum at room temperature for
1 day and at 150 ◦ C for 1 day to obtain the activated Hf-BTC sample. The
SO4 functionalization was performed by immersing 200 mg of activated
Hf-BTC sample in sulfuric acid for 24 h. The immersed solid was washed
with 20 mL of distilled water for three days. The material was then
exchanged five times with 20 mL of anhydrous acetone and 20 mL of
anhydrous chloroform for three days. Finally, the Hf-BTC-SO4 was
activated under vacuum for 24 h at room temperature and for 24 h at
150 ◦ C, (synthesis schematic is presented in Supporting Information,
Fig.SI1). The procedure for the synthesis procedure of Hf-BTC-SO4 is
shown in Fig. 1.
2.3. Characterization methods
The crystallinity of the synthesized materials was analyzed using
Bruker-D8 Advance powder X-ray diffractometer (P-XRD, CuKα radia
tion, λ = 0.15418 nm). A Bruker Vertex 70 spectrometer was used to
obtain Fourier transform infrared (FT-IR) spectra. Thermogravimetric
analysis (TGA) was performed using a TA Q500 thermal analyzer under
airflow. Nitrogen adsorption/desorption isotherms were measured at
77 K using a Quantachrome Autosorb iQ2 analyzer to determine the
Brunauer-Emmett-Teller (BET) surface area. The microstructure and
elemental composition of the synthesized materials were analyzed using
Hitach-S4300 scanning electron microscope, Philips-CM200 trans
mission electron microscope (TEM), and Horiba EX-250 energy-disper
sive spectrometer (EDS). Surface chemistry studies were performed
using a Thermo-Scientific K-Alpha X-ray photoelectron spectrometer
(XPS).

2. Experimental
2.1. Materials
All the materials and solvents/reagents, including hafnium
2
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Fig. 2. (a) P-XRD patterns of Hf-BTC and Hf-BTC-SO4. Calculated pattern from single-crystal data (black) is compared with the experimental patterns corresponding
to Hf-BTC (green) and Hf-BTC-SO4 (red) powder samples. (b) Infrared spectra of activated Hf-BTC (green) and Hf-BTC-SO4 (red).

Fig. 3. (a, b) SEM, (c, d) TEM, and (e) EDS images of the activated Hf-BTC-SO4.
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Fig. 4. (a) N2 isotherms at 77 K for activated Hf-BTC-SO4. Closed and open circles represent the adsorption and desorption branches, respectively. (b) TGA curve of
the activated Hf-BTC-SO4.

2.4. Gas sensor fabrication and measurements

interdigital electrodes on SiO2/Si (100) substrates, as in our previous
study [40]. Subsequently, Ti and Pt layers were deposited onto the
SiO2/Si substrate using a sputtering technique, wherein a Ti layer was

Initially, a photolithographic approach was used to deposit patterned

Fig. 5. (a) Wide-energy survey spectrum, (b) Hf 4f, (b) C 1s, (d) S 2p, and (e) O 1s core-level XPS spectra of the Hf-BTC-SO4.
4
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applied to enhance the adhesion between the SiO2/Si substrate and
Pt-electrodes. Next, a small amount (~5 mg) of as-synthesized
Hf-BTC-SO4 powder was mixed with α-terpineol solvent in a mortar
and grounded gradually until the formation of a paste/slurry. Subse
quently, the resulting slurry was printed on the pre-patterned substrates
and dried at 70 ºC for 1 h. Prior to gas-sensing measurements, the
as-fabricated Hf-BTC-SO4 sensor was heated at 220 ºC for 2 h to remove
α-terpineol. A schematic illustration of the preparation of the
Hf-BTC-SO4 sensor is provided in Supporting Information (Fig. SI2).
Sensing measurements of the printed Hf-BTC-SO4 sensors, for various
target gases, were carried out using a horizontal quartz-heating gas
chamber. The known levels of the target gases, obtained by mixing an
air-balanced gas and dry synthetic air, were then introduced into the gas
chamber using a mass-flow controller (overall flow = 500 sccm). In this
study, the changes in the electrical resistance of the Hf-BTC-SO4 sensors
upon exposure to various gases were recorded over time. The gas
response of the sensors (R) was calculated as R=Ra/Rg, where Rg and Ra
are the resistances of the Hf-BTC-SO4 sensor in gas and air, respectively.
3. Results and discussion
3.1. Structural elucidation
We successfully synthesized Hf-BTC using a solvothermal technique
and Hf-BTC-SO4 via Hf-BTC immersion in sulfuric acid. After activation,
both the chemical and physical properties of both materials were
analyzed. The P-XRD patterns of the Hf-BTC and Hf-BTC-SO4 samples
are shown in Fig. 2a, along with the simulated Hf-BTC diffraction
pattern. The resulting structures were resolved using direct methods and
improved via full-matrix least-squares using the SHELXL-97 program
package. The diffraction patterns of Hf-BTC and Hf-BTC-SO4 samples
were compared with the simulated patterns. The consistency between
the Hf-BTC and Hf-BTC-SO4 diffraction peaks confirmed the crystalli
zation of the materials in the pure phase. As is evident from Fig. 2a, the
well-crystallized diffraction peaks of both Hf-BTC and Hf-BTC-SO4
possess a face-centered cubic system with a space group of Fd-3 m (CCDC
numbers for Hf-BTC and Hf-BTC-SO4 are 1560539 and 1560540,
respectively) [39]. The bonding nature and related interactions of the
Hf-BTC and Hf-BTC-SO4 samples were examined using FT-IR, and the
resulting spectra are shown in Fig. 2b. The presence of the SO4 group in
Hf-BTC-SO4 is observed in the FT-IR spectrum when comparing the
Hf-BTC-SO4 and Hf-BTC patterns (Fig. 2b). Some signals were in the
–O
wavenumber range of 1000-1200 cm− 1, signifying the presence of S–
bond oscillation in the SO4 group. Hence, the structural elucidation in
dicates the formation of pure crystalline phases of Hf-BTC and
Hf-BTC-SO4.

Fig. 6. Temperature-dependent transient resistance curves of the Hf-BTC-SO4
sensor exposed to 1, 5, and 10 ppm NH3 gas.

1100 m2g− 1 with a pore size of 15 Å. The observed ultra-high surface
area and adequate porosity of Hf-BTC-SO4 are expected to promote
accelerated surface reactions with target gas molecules via rapid diffu
sion to achieve excellent gas-sensing performance. In addition, we per
formed N2 adsorption/desorption measurements on the Hf-BTC sample
(Supporting Information (Fig. SI3)).
Thermogravimetric analysis yields the range of weight loss with
varying temperature of the Hf-BTC-SO4 (Fig. 4b). A mass reduction of
approximately 10% below 200 ◦ C was attributed to the materials water
vapor and solvents release. The organic constituents collapsed at a
temperature between 500 and 600 ◦ C, indicating the existence of the
material over a wide temperature range below 500 ◦ C. Moreover, the
material was tested for Bronsted acidity using the Hammett indicator
test for NH3 gas sensor applications, and the material was found to be a
superacid with H0 ≤ − 14.5. The Supporting Information presents the
details of the Hammett indicator tests and related results (Table SI1).

3.2. Microstructure and elemental analysis
The scanning electron microscope (SEM) image of activated Hf-BTCSO4 (Fig. 3a) shows a highly aggregated surface morphology. A
magnified view of Fig. 3a (shown in Fig. 3b) shows that numerous
nanoparticles are congregated compactly to form clusters. Moreover, the
TEM images of Hf-BTC-SO4 (Fig. 3c–d) also support the highly compact
arrangement of aggregated nanoparticles (diameters of ~15-20 nm).
The EDS spectrum of Hf-BTC-SO4 is shown in Fig. 3e. The presence of C,
O, Hf, and S (respective wt% are listed in the table shown in Fig. 3e) in
the as-synthesized Hf-BTC-SO4 is corroborated by EDS studies. Thus,
metallic nodes (i.e., Hf) and sulfur support the successful sulfatefunctionalization of the Hf-organic frameworks. These results are sup
ported by those obtained using structural elucidation studies.

3.4. Surface chemistry by XPS
XPS measurements on the activated Hf-BTC-SO4 were also performed
(Fig. 5).
A typical wide-energy survey XPS spectrum of activated Hf-BTC-SO4
(Fig. 5a) exhibits the characteristic peaks of Hf 4 f, C 1 s, S 2p, and O 1 s.
A high-resolution XPS spectrum of Hf 4 f is shown in Fig. 5b, comprising
two doublets of Hf 4 f7/2 and Hf 4 f5/2. Each doublet is deconvoluted into
two peaks distinctly at the binding energies of 16.65 (Hfx+ 4 f7/2), 17.27
(Hf4+ 4 f7/2), 18.23 (Hfx+ 4 f5/2), and 18.96 eV (Hf4+ 4 f5/2), respec
tively. These deconvoluted peaks correspond to the Hf-O bond and/or Hf
metal [41]. The C1s core-level spectrum (Fig. 5c) was deconvoluted into
four peaks at 284.36, 284.76, 285.67, and 288.72 eV, respectively.

3.3. Surface area and thermogravimetric analysis
The N2 adsorption/desorption isotherms of the Hf-BTC-SO4 are
provided in Fig. 4a, indicating the ultra-high BET surface area of
5
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Fig. 7. Change of NH3 responses of the Hf-BTC-SO4 sensor with varying the
working temperature.

– C, C-O, C-C, and O–
– C-OH
These C 1 s peaks are associated with C–
bonds, respectively [42]. The core-level S 2p spectrum is shown in
Fig. 5d, confirming that the sulfate was successfully functionalized. The
deconvoluted S 2p peaks at 165.15, 168, and 170.20 eV were attributed
– O/(SO3)-) [43,44]. The O 1 s
to the presence of sulfate groups (S–
core-level spectrum (Fig. 5e) was deconvoluted into three peaks at
529.60, 532.00, and 532.36 eV, respectively. The peak at 529.60 eV can
be assigned to the oxygen linked to Hf (O-Hf). However, the peaks at
532 eV and 532.36 eV are due to the carboxylate group and Hf-O-C
bonds in MOFs, respectively [45]. The observed XPS peaks and their
positions are consistent with those obtained in previous studies [41–45],
which supports the formation of Hf-BTC-SO4.

Fig. 8. Transient resistance curves of the Hf-BTC-SO4 sensor when exposed to
different target gases.

3.5. Gas sensing studies

sensor deteriorated. The low response observed at temperatures below
100 ºC is due to the inadequate activation of NH3 gas molecules to react
with the adsorbed oxygen species. However, a high temperature (above
100 ºC) hinders the adsorption of gas, reducing the exploitation rate of
the sensing material and a deterioration of the NH3 response.
At the optimal temperature of 100 ºC, the increased molecular ac
tivity and conversion of chemisorbed oxygen species contributed
equally to achieving a maximal NH3 response [46]. The observed
response values for the Hf-BTC-SO4 sensor at 1, 5, and 10 ppm NH3 at
different temperatures are listed in the Supporting Information
(Table SI2). The maximum NH3 response (2.12–10 ppm) was achieved
at 100 ◦ C, referred to as the optimal temperature of the Hf-BTC-SO4
sensor. Prior to gas sensing studies of the Hf-BTC-SO4, the NH3 sensing
capability of the pristine Hf-BTC MOF was investigated (Fig. SI5). Sensor
responses of the Hf-BTC MOF sensor to 5 and 10 ppm of NH3 are
observed to be 1.20 and 1.30, respectively. On the other hand, the
SO4-functionalized MOF sensor exhibited improved response of 1.73
and 2.12–5 and 10 ppm of NH3, respectively. Accordingly, SO4-func
tionalization improved the NH3 response of the Hf-BTC, being associated
with the formation of strong bonds of NH3 with the functionalized sul
fate bonds and Hf-clusters within the framework. This eventually in
creases its interaction with the MOFs [39,47–52].
Different target gases, such as NH3, benzene (C6H6), toluene (C7H8),
CO, ethanol (C2H5OH), carbon dioxide (CO2), hydrogen sulfide (H2S),
and nitrogen dioxide (NO2), were used to study the selectivity of the asfabricated Hf-BTC-SO4 sensors. A selectivity study was performed at an
optimal temperature of 100 ◦ C at fixed concentrations of 1, 5, and
10 ppm of the target gases. The plot of the change in the electrical
resistance of Hf-BTC-SO4 sensor to 1, 5, and 10 ppm exposure to various
target gases at 100 ºC is presented in Fig. 8 (the response versus time plot
is presented in Fig. SI6). After the injection of different reducing gases, a
reduction in the sensor resistance was observed, suggesting a semi
conducting n-type sensing character of Hf-BTC-SO4 [47]. As is evident

Based on the ultra-high surface area of 1100 m2g− 1 and a high
density of acidic sites, the novel SO4 functionalized Hf-organic frame
work, composed of numerous nanoparticles, ensures an enhanced con
tact area with target gases for surface reactions and promotes efficient
gas diffusion during adsorption and desorption processes. Gas-sensing
potential of the as-fabricated Hf-BTC-SO4 sensor was examined for
various target gases at different temperatures and is discussed thor
oughly in this section.
Initially, the sensing performance of Hf-BTC-SO4 was tested at
different temperatures. A plot of the transient resistance curves of the
Hf-BTC-SO4, with an exposure of 1, 5, and 10 ppm of NH3, at various
temperatures is shown in Fig. 6. Evidently, the electrical resistance of
the Hf-BTC-SO4 sensor reduces upon the interaction with NH3 gas. The
resistance of the as-fabricated Hf-BTC-SO4 sensor decreased rapidly at
each NH3 exposure and reached a steady state. Subsequently, the sensor
reached its baseline resistance level when exposed to air, confirming
complete recovery of the sensors. A significant change in the electrical
resistance of the Hf-BTC-SO4 was observed at very low levels of NH3,
indicating its potential for chemiresistive NH3 sensing. A plot of the
response and recovery times of the Hf-BTC-SO4 sensor exposed to 1, 5,
and 10 ppm NH3 at 100 ◦ C is presented in the Supporting Information
(Fig. SI4). The calculated response times of the Hf-BTC-SO4 sensor for 1,
5, and 10 ppm NH3 were 26, 44, and 72 s, respectively. The corre
sponding recovery times were 130, 135, and 138 s, respectively. The
response and recovery times for the Hf-BTC-SO4 sensor increased as the
NH3 level increased from 1 to 10 ppm. The increase in response and
recovery time is primarily caused by decrease in rate of NH3 with
adsorbed oxygen molecules as NH3 levels increase.
A plot of the response of the Hf-BTC-SO4 sensor to various NH3
concentrations at various temperature is shown in Fig. 7. The Hf-BTCSO4 sensor begins to react with NH3 at 25 ◦ C and reaches its maximum
response at 100 ◦ C. Above 100 ◦ C, an NH3 response of the Hf-BTC-SO4
6
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in Supporting Information). The observed response values for the HfBTC-SO4 sensor at 10 ppm NH3, CO, C6H6, C7H8, CO2, C2H5OH, and H2S
at 100 ºC were 2.12, 1.17, 1.08, 1.1, 1.22, 1.046, and 1.202, respec
tively. The Hf-BTC-SO4 exhibited a selective sensing to NH3 gas. The
response values for the Hf-BTC-SO4 sensor at 1, 5, and 10 ppm NH3
concentrations at 100 ºC were 1.41, 1.73, and 2.12, respectively. The
sensor response tended to increase with increasing the levels of NH3. As
the concentration of NH3 increased, an increasing number of NH3 gas
molecules were involved in the surface reactions with chemisorbed
oxygen species, contributing to the increase in response. A notable
feature of the Hf-BTC-SO4 sensor is its ability to detect up to 1 ppm of
NH3 concentration with a response of 1.41 at a lower operating tem
perature of 100 ºC, which demonstrates its potential in the development
of low-ppm NH3 detection devices. In addition, a response reversibility
study on the Hf-BTC-SO4 sensor was performed at successive high and
low NH3 concentrations at 100 ◦ C (Fig. SI7). The as-fabricated Hf-BTCSO4 sensor demonstrates excellent response reversibility upon succes
sive exposure to 10, 1, and 5 ppm NH3. In addition, gas-sensing mea
surements on the Hf-BTC-SO4 sensor towards NO2 gas (1–10 ppm) were
performed at 100 ◦ C (Fig. SI8 in Supporting Information). Due to the
oxidizing nature of NO2 gas, the electrical resistance of the Hf-BTC-SO4
sensor was enhanced by interaction with NO2 gas. The response values
for 1, 5, and 10 ppm NO2 were 1.118, 1.184, and 1.222, respectively.
Reproducibility and long-term-stability studies on the Hf-BTC-SO4
sensor were also performed (Fig. 10). Five successive cycles of dynamic
resistance curves for 1 ppm NH3 at 100 ◦ C showed that the Hf-BTC-SO4
sensor exhibited nearly identical response values at each NH3 exposure,

Fig. 9. Histogram of the selectivity of Hf-BTC-SO4 sensor to different target
gases at 100 ºC.

from Fig. 8, the Hf-BTC-SO4 sensor exhibits excellent reversibility
following the successive injection of different target gases. A selectivity
histogram of the response of the Hf-BTC-SO4 for various target gases is
presented in Fig. 9.
It is noteworthy that the resistance was decreased by the introduc
tion of CO2 gas, being similar to other reducing gases (Text SI1 in Sup
porting Information). Although the reduction behaviors of CO2 gas have
been observed in several sensing systems, being regarded to be associ
ated with the production of surface compounds such as carbonates, the
exact sensing mechanism has not been clearly established yet (Text SI1

Fig. 10. (a) Reproducibility and (b) stability studies of the Hf-BTC-SO4 sensor to 1 ppm NH3 gas at 100 ºC.

Fig. 11. (a) Dynamic resistance curves and (b) resulting response plot of Hf-BTC-SO4 sensor at 1 ppm NH3 under 0–90% RH conditions.
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Fig. 12. Schematic of the sensing mechanism of Hf-BTC-SO4 sensor (a) in air and (b) in NH3.

suggesting excellent response reproducibility with complete recovery
features (Fig. 10a). Stability studies on the Hf-BTC-SO4 sensor were
conducted for up to 15 days, with an interval of five days, with fixed
1 ppm NH3 at 100 ◦ C (Fig. 10b). The observed response values of the HfBTC-SO4 sensor to 1 ppm NH3 on 1st, 5th, 10th, and 15th day measure
ments were 1.408, 1.375, 1.352, and 1.340, respectively. A slight
reduction in the response of Hf-BTC-SO4 was observed over time, sug
gesting an acceptable stability.
Humidity affects the response of chemiresistive gas sensors; thus, we
studied the effect of relative humidity (RH) on the response properties of
the Hf-BTC-SO4 sensor. To study the influence of RH, we examined the
sensing behavior of the Hf-BTC-SO4 sensor in dry and humid air (0–90%
RH, measured at 25 ◦ C), at the sensing temperature of 100 ◦ C. The
actual temperature (25 ◦ C) and RH of the mixed humid gas were
quantified before being introduced into the chamber through the RH
probe. Fig. 11 shows a time-dependent resistance plot (Fig. 11a) and the
corresponding response plot (Fig. 11b) of the Hf-BTC-SO4 sensor at
1 ppm NH3 under 0–90% RH conditions. Fig. 11b clearly shows that the
response of the Hf-BTC-SO4 sensor decreased as the RH level increased.
This is mainly because water molecules may be adsorbed on Hf-BTCSO4, reducing the adsorption sites available for NH3 gas and thus
decreasing the sensor response [49,51].

the surface of the sensor samples, accompanied by an enlargement of the
electron-depletion layer and a higher sensor resistance. When the
Hf-BTC-SO4 sensor was exposed to NH3, it responded to the formerly
chemisorbed species and released the captured electrons in the
following manner.
2NH3

+ 3O−

(ads.)

→3 H2 O +

3e−

(1)

After the surface reactions between NH3 and chemisorbed oxygen,
the remaining electrons are released into the MOF and thus decreasing
the size of the electron-depletion layer (Fig. 12b), decreasing the
resistance.
The excellent NH3 selectivity of the Hf-BTC-SO4 sensor can be
explained in terms of the following factors: (i) the ultra-high surface
areas offer numerous active sites for accelerating surface reactions be
tween chemisorbed oxygen and target NH3 gas molecules. (ii) The
observed crystallinity of the Hf-BTC-SO4 allows NH3 molecules to adsorb
through strong host-guest interactions [12,52–54]. (iii) The function
alized sulfate groups (Brønsted acid) and Hf-clusters (Lewis acid) in the
framework, with high affinity for oxygen atoms and polar molecules,
could form strong acid-base interactions with polar NH3 and ultimately
enhance their interaction with the MOFs [39,40,48,55,56]. In summary,
the role of SO4 functionalization of Hf-clusters is to improve the acidity
of Hf-MOFs. These SO4 groups are considered Bronsted acid sites that
combine with the Lewis acid sites of the Hf6-cluster to generate super
acidic MOF [39,52–55,57–60]. Therefore, the functionalized sensor
shows better sensing characteristics towards alkaline NH3 gas than the
original MOF, because the SO4 groups give the MOF the ability to form
strong bonds with alkaline NH3 gas and enhance the subsequent surface
interactions with the MOFs [57,60]. (iv) The observed NH3 selectivity of
the Hf-BTC-SO4 sensor over other gases can be ascribed to the insignif
icant adsorption of C6H6, C7H8, NO2, CO2, H2S, C2H5OH, and CO mol
ecules by the framework because of the lack of interactions between the
MOF surface and weakly interacting molecules. In contrast, the greater
selectivity of NH3 relative to the other gases tested can be attributed to
the promising interactions of lone pairs of NH3 with active metal sites
exposed to the framework’s pore system [49,52–55]. Furthermore,
H-bonding between the adsorbed NH3 gas-molecules may also enhance
the significance of NH3 adsorption, leading an improved response [49].
(v) Additionally, the NH3 selectivity of Hf-BTC-SO4 sensor was explained

3.6. Gas sensing mechanism
In this study, the typical n-type sensing behavior of Hf-BTC-SO4 is
confirmed, as the electrical resistance of the sensor is reduced during
NH3 interaction. Therefore, the NH3 detection mechanism of the HfBTC-SO4 sensor is described based on the adsorbed oxygen species on
the surface of the MOFs and the resulting electron transfer dynamics
during the adsorption/desorption process to changes in the sensor
resistance [40,47,49]. In ambient air, the oxygen species from the air are
adsorbed on the surface of the MOFs, by extracting electrons from the
MOFs, and generating chemisorbed species (i.e. O− or O2-) [49–51]. This
process results in forming an electron-depletion layer on the sensor
surface (Fig. 12a). Group four elements (herein Hf4+) are reported to
have very strong interactions with oxygen molecules [40]. Therefore,
oxygen molecules from air are likely to adsorb favorably onto Hf4+ in the
framework structure. This process lowers the electron concentration at
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Table 1
Comparison of the chemiresistive sensing characteristics of the fabricated Hf-BTC-SO4 sensor with those of previously reported MOF-based sensors.
Sensing material

Surface area
(m2 g− 1)

Operating temperature (ºC)

Target gas

Response (Rg/Ra)/Gas concentration (ppm)

Ref.

Ni-MOFs-II
ZnO@ZIF-8 nanorods
ZIF-67
NH2-UiO-66
ZIF-67 templated Co3O4 concave nanocubes
ZnO@ZIF-8 nanowire
Cu3(HHTP)2
ZnO@ZIF-CoZn
Pd@ZIF-8 templated Pd@ZnO-WO3
nanofibers
HKUST-1 templated Cu2O/CuO cages
SnO2@ZIF-67
ZIF-8
Cu-BTC/Carbon-graphene
Cu3(HHTP)2
ZIF-67/rGO
Magnesium–organic framework
ZnO-ZIF-8 core shell
ZIF-8@ZnO NWs
Hf-BTC-SO4

2350
4813
1832.2
1073
120.9
NA
NA
NA
NA

200
250
150
150
300
300
RT
250
350

CO
H2
CH2O
SO2
C2H5OH
H2
CH3OH
CH3COCH3
C7H8

1.75/50
3.28/50
15/100
22% (ΔRg/Ra)/1
3.25/200
1.44/50
9%(ΔG/G0)/200
27.5 (ΔR/Rg)/10
22.22/1

[34]
[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]

150.3
501
525
NA
NA
1080
1010
NA
NA
1100

150
205
RT
RT
RT
RT
RT
160
250
100

C2H5OH
CO2
NH3
NH3
NH3
NH3
NH3
NH3
NH3
NH3

6.5/200
16.5% (ΔRg/Ra)/5000
1.33/10
4% [(Rp-R0/R0)*100)/100
129%[(Rg/Ra)-1]/100
1.22/20
~1.3/5
1.2/100
75% [(Ra-Rg/Rg)*100)/20
1.41/1

[66]
[67]
[68]
[69]
[70]
[71]
[72]
[73]
[74]
Present work

by the kinetic diameters of gases. The kinetic diameters of the target
gases used in the present study are 0.59 nm, 0.58 nm, 0.37 nm, 0.26 nm,
0.45 nm, 0.33 nm, and 0.36 nm for C7H8, C6H6, CO, NH3, C2H5OH, CO2,
and H2S, respectively [40,47,50]. It is reported that the smaller kinetic
gas molecules have a greater possibility of penetrating through deple
tion regions [50,51]. Interestingly, NH3 gas has a smaller kinetic
diameter than C7H8, C6H6, CO, C2H5OH, CO2, and H2S gases, which
allow NH3 molecules to penetrate the pores of Hf-BTC-SO4 and facilitate
rapid diffusion. Consequently, the number of adsorption sites for NH3
was significantly higher than that for other gases, making it possible to
adsorb more NH3 molecules onto the surface of the frame
work-structure. Despite the aforementioned observations, further
research is required to clarify the sensing interactions between NH3 and
a novel SO4-functionalized Hf-BTC structure, which is the subject of the
current study.
In addition, we compared the sensing properties of the as-fabricated
Hf-BTC-SO4 sensor with those of previously reported MOF-based
chemiresistive-type gas sensors (Table 1) [34,58–67]). There have
been no reports on the NH3 sensing of Hf-based MOFs and the present
study is the first attempt. As shown in Table 1, the Hf-BTC-SO4 sensor
delivers excellent NH3 sensing characteristics in terms of a higher sur
face area, lower working temperature, and capability to detect
low-levels NH3 (1 ppm herein), in comparison to other MOF-based
sensors. Despite these detection results, the operating temperature of
the Hf-BTC-SO4 sensor (100 ◦ C) is one of the disadvantages that could be
reduced by fabricating appropriate Hf-BTC-SO4-comprised composites
blended with other materials, which is the subject of future research.

oxygens and NH3 gas molecules. In addition, high crystallinity was
observed, and the functionalized sulfate bonds enabled the NH3 mole
cules to adsorb by strong host-guest interactions to achieve low-level
NH3 detection. The observed NH3 selectivity of the Hf-BTC-SO4 sensor
can motivate future research on using functional MOFs as low-energy
consuming practical sensors for different applications.
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4. Conclusions
In this study, the performance of Hf-BTC-SO4 as a low-ppm NH3 gas
detection component was successfully demonstrated. The characteriza
tion results confirmed the high crystallinity, good thermal stability,
aggregate cluster-like morphology, and ultra-high surface area of the
synthesized Hf-BTC-SO4. The as-fabricated Hf-BTC-SO4 sensor exhibited
a selective NH3 sensing at 1–10 ppm, with excellent reversibility, at a
low working temperature of 100 ºC. A low working temperature for a gas
sensor advantageous because it provides low energy consumption,
thereby simplifying the integration and production of sensor devices and
minimizing the operational costs. The low-ppm NH3 sensing capability
of the Hf-BTC-SO4 sensor is related to the ultrahigh surface area and
acidic Lewis sites of Hf-based MOFs with a high affinity for oxygen
atoms, which enhanced the surface reactions between chemisorbed
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