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Low-temperature operating chemiresistive gas sensors are attractive for a variety of real-time gas monitoring
applications, with benefits such as low power consumption, profitability, and miniaturization of devices. In this
regard, we developed a low-temperature operating H2 gas sensor using solvothermal-processed novel aminefunctionalized zinc-based metal-organic framework (Zn-BDC-NH2) as a detection material. The Zn-BDC-NH2
structure is consists of the Zn4O secondary building units and 2–aminoterephthalate acidic linker that form the
3D frame structure. Prior to sensing studies, various techniques were employed to confirm -NH2 functionalization
and to characterize structure, surface morphology, thermal stability, surface area, and surface chemistry of
synthesized Zn-BDC-NH2 materials. Benefitting from the simple synthesis process and larger surface area (880
m2g-1) with adequate porosity (~13 Å), Zn-BDC-NH2 has proven to be an excellent chemiresistive sensor for the
effective sensing of low concentrations of H2 at 50 ◦ C. Moreover, the sensor shown significant sensitivity to the
detection of lower H2 concentrations of 1–10 ppm, a response value of 2.93–10 ppm H2, and complete recovery
characteristics at 50 ◦ C. We discussed the mechanisms for attaining the excellent H2 sensing. The utilized room
temperature solvothermal approach opens up a perspective for synthesizing Zn-BDC-NH2 material with suitable
functionalities and their use in low temperature H2 sensors.

1. Introduction
Hydrogen (H2) is a clean and high-value gas that plays a significant
part in the economy [1]. In addition, it is expected that H2 gas could be a
source of energy for the next generation since H2 is plentiful in the na
ture and its combustion process results in only water as a by-product [2].
As a result, research into the production of bio-hydrogen and photo
catalytic production of H2 has received a lot of focus over the past
several years [3,4]. Nevertheless, H2 is an odorless and colorless gas that
is highly flammable, whose flammability varying from 4% to 75% in air
and a very low ignition energy of 0.017 mJ with a high flame

propagation rate [2,5]. Hence, early detection and monitoring of H2
leakage at low temperature is very important for safety reasons. In fact,
due to the flammability and odorless characteristics, a special H2
detecting devices are essential to prevent it from being present even at
low levels. In this respect, low temperature operating reliable H2 gas
sensors are necessary in different fields of use, for example in H2 storage
systems and H2-using industries. Low temperature H2 sensors are
appealing in various real-time gas monitoring applications with benefits
like energy consumption and device miniaturization.
It is familiar that the operation of H2 sensors is highly reliant on the
dynamic reactions of H2 with the target sensing materials, which are
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responsible for generating a sensing signal through various means, such
as optical, mechanical, electrochemical, and electrical measurements
[5]. Amongst the various measurement technologies, the electro
chemical and resistive-based H2 sensors are commercialized and
considered to be cutting-edge technologies for H2 sensors [2,5]. How
ever, despite the development, electrochemical sensors suffer from
problems like higher production costs, as a result of complex systems,
and their susceptibility under ambient conditions [2]. In contrast,
chemiresistive sensors offer a number of advantages, such as effective
detection performance, low-cost manufacturing, and portable applica
tions. So far, various semiconducting metal oxides have been commonly
utilized as active detection elements for sensing a variety of toxic gases
in the area of chemiresistive sensors. In addition, some of the chemir
esistive sensors made from semiconducting oxides are successfully
commercialized because they are highly compatible with semiconductor
technologies [6]. There are many studies relating to H2 detection tech
nologies with metal oxides, e.g. SnO2, WO3, TiO2, ZnO and In2O3, that
have been reported using different detection mechanisms [2,5,7]. In
spite of the development, metal oxide-based chemiresistive sensors are
subject to poor selectivity and a disadvantage associated with a higher
working temperature that increases the energy consumption and, ulti
mately, the cost of devices. To overcome aforesaid problems, it is
essential to design nanostructures with larger surfaces and a significant
amount of porosity because the chemical reactions are happening at the
surface of the materials. In this respect, metal organic frameworks
(MOFs), built from organic ligand and metal-clusters (as connection
points), have been getting a lot of attention over the last few years
because of their ultrahigh surface areas, open porosity, and rational
tunability features [8]. Based on these intriguing characteristics, MOFs
can be utilized in various fields of study including chemiresistive sensors
[8], catalysis [9], biomedical [10], gas storage and separation [11], and
energy storage [12]. In particular, the use of MOF as an effective
detection element has undergone extensive investigation with a view to
using their intriguing properties that may favor enhanced surface re
actions and adsorption of various target gases [8,13]. Recently, func
tionalized MOFs have been successfully used to detect various target
gases. However, very few studies have been conducted on functionalized
MOFs for chemiresistive gas-sensing. For example, Davey et al. used
amine-functionalized Zr-MOFs to detect various acidic gases [14].
Pentyala et al. reported CO2 gas sensing properties with
ethylenediamine-functionalized Mg-MOF-74 [15]. Wang and
co-workers described SO2 sensing properties of amino-functionalized
luminescent MOFs [16]. In addition, Lee et al. utilized
sulfone-functionalized Zr-MOFs for the application of H2 sensors [17].
Despite of various studies mentioned above, chemiresistive H2 gas
sensing properties of amine (-NH2) functionalized Zn-MOFs are not re
ported till date. Furthermore, the addition of the -NH2 group to the BDC
framework was identified to increase binding energy for H2 gas [18]. We
therefore focused our research on synthesizing Zn-MOF-NH2 and
examined its potential as a H2 detection element in the area of resistive
gas sensors.
Herein, for the first time, a low-temperature H2 sensing application
of solvothermal-processed -NH2 functionalized Zn-MOFs is reported. Assynthesized Zn-BDC-NH2 is made up of the Zn4O secondary building
units and 2–aminoterephthalic acidic linker that form the 3D framework
[18,19]. Prior to gas-sensing studies, structure, thermal stability,
morphology, surface area, and surface chemistry of solvothermal pro
cessed Zn-BDC-NH2 were systematically analyzed and described. When
utilized as a gas-sensing element, Zn-BDC-NH2 sensor demonstrates
selectivity towards H2 gas over the other target gases, such as carbon
monoxide (CO), benzene (C6H6), toluene (C7H8), and methane (CH4), at
lower temperature of 50 ◦ C. The -NH2 functionalized groups have a
strong affinity towards target H2 gas, which leads to better detection
performance [18]. A key feature of the Zn-BDC-NH2 sensor is its ability
to effectively detect low levels of H2 from 1 to 10 ppm at 50 ◦ C,
demonstrating its potential as a high-performance gas sensor.

2. Experimental
2.1. Materials
All the reagents used to synthesis of Zn-BDC-NH2 were of analytical
grade and utilized similar to those obtained from suppliers. The chem
icals, such as hexadecyltrimethylammonium bromide (CTBA), poly
vinylpyrrolidone (PVP), 2-aminoterephthalic acid (H2BDC-NH2), and
zinc acetate dihydrate (Zn(OAc)2.2H2O), were procured from SigmaAldrich company. Whereas, the solvents ethanol (C2H5OH) and dime
thylformamide (DMF) was bought from Fisher company.
2.2. Analytical methods
Powder X-ray diffraction (PXRD) patterns of the synthesized mate
rials were obtained via Bruker D8-Advance diffractometer (Cu-Kα radi
ation, λ = 0.15418 nm). Thermal gravimetry (TGA) analyses were
conducted on a TA-Q500 thermal analysis system under the influence of
airflow. Fourier-transform infrared (FT-IR) spectra was obtained from
Bruker Vertex-70 spectrometer. In addition, a Quantachrome AutosorbiQ2 analyzer was used to record nitrogen adsorption isotherms at 77 K.
Surface morphology analysis was conducted on Hitach-S4300 scanning
electron microscope (SEM) and Philips-CM200 transmission electron
microscope (TEM). Finally, the information regarding surface chemistry
has been analyzed using Thermo-Scientific (K-Alpha™) X-ray photo
electron spectrometer (XPS).
2.3. Synthesis of Zn-BDC-NH2
A modified solvothermal method was used to synthesis of nano ZnBDC-NH2 at room temperature [20]. In a typical synthesis, CTAB and
PVP were used as modulators for solvothermal-processing of
Zn-BDC-NH2. Initially, H2BDC-NH2 (10.86 mg), CTAB (10.00 mg), and
PVP (10 mg) were dissolved in 3 mL DMF with the help of a 15 mL flask.
Afterwards, the desired solution was kept stirred 15 min at room tem
perature and subsequently added to another solution, that containing Zn
(OAc)2.2 H2O (35.12 mg) and DMF (2 mL), and stirred for 30 min. After
the reaction, the resulting product has been collected by centrifugation
(at 15,000 rpm for 30 min), which was then washed with DMF (5 × 3
mL, each day) for 3 days. The MOF material was exchanged with
C2H5OH for 3 days (5 × 3 mL, each day). Finally, the solvent-exchanged
sample has been activated by heating at 85 ◦ C in a low pressure for 24 h
and the resulting Zn-BDC-NH2 powder product was then used to fabri
cate laboratory-scale gas sensing devices. A structural schematic repre
sentation of Zn-BDC-NH2 is presented in Fig. 1.

Fig. 1. A structural schematic representation of Zn-BDC-NH2.
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2.4. Fabrication of gas sensors and measurement of sensing properties

intense peaks at 2θ values of 6.84◦ (200), 9.69◦ (220), 13.71◦ (400) and
15.41◦ (420), indicating high crystallinity of the synthesized Zn-BDCNH2 [17]. Herein, the PXRD diffraction pattern of Zn-BDC-NH2 was
resolved by means of direct-methods and advanced by full-matrix
least-squares in the SHELXL-97 software package. An excellent match
of the PXRD pattern of synthesized Zn-BDC-NH2 to that of the simulated
pattern is clearly seen from Fig. 2a, demonstrating the phase purity of
the solvothermal-processed Zn-BDC-NH2.
Thermal stability of the Zn-BDC-NH2 was confirmed by TGA mea
surements under airflow (Fig. 2b). TGA curve of Zn-BDC-NH2 shows two
separate weight reduction steps, the equivalent of evaporating organic
solvents and surface adsorbed water (~10%) and frame decomposition.
However, low-weight-loss below 200 oC is ascribed to the loss of solvent
molecules, suggesting that the solvent is completely removed by means
of the activation. The weight-loss is increased in the range 300 oC to
490 oC, corresponding to decomposition of organic linkers. When the
temperature is greater than 490 oC, the weight does not decrease with
increasing the temperature. Accordingly, at temperatures lower than
300 oC, Zn-BDC-NH2 remains stable. This coincides with our expectation
that Zn in Zn-BDC-NH2 will not be oxidized during the H2 sensing in the
range of 25–200 oC (Text S1 and Fig. S2 in Supporting information).
To obtain the information concerning different functional groups
present in Zn-BDC-NH2, the FT-IR measurements were performed in the
wide range of 600–4000 cm-1 and corresponding spectrum is shown in
Fig. 2c. The FT-IR peaks of Zn-BDC-NH2 noticed at 3465 cm-1 and
3583 cm-1 are because of the presence of amino groups of 2-aminoter
ephthalic acid [20]. The peaks observed at 400–1000 cm− 1 and
– O stretching bond,
1655 cm− 1 are owing to the Zn-O bonds and C–
respectively [21]. However, the FT-IR peak located at 1571 cm− 1 shows
the deprotonation of the COOH groups in 2-aminoterephthalic acid
when reacting with metal-ions [20–22]. Thus, the FT-IR analysis sup
ports the -NH2 functionalization as well as the formation of
Zn-BDC-NH2. Since the chemiresistive gas-sensors rely highly on surface
reactions, nanomaterials that have a higher surface area will help to
boost detection performance. As a result, in order to obtain information
on the specific surface area of Zn-BDC-NH2, N2 adsorption/desorption

Sensors based on Zn-BDC-NH2 were fabricated according to our
previous report [17]. First, a well-known photolithographic method was
utilized for the fabrication of patterned interdigital electrodes onto the
SiO2/Si (100) substrate. Subsequently, Ti and Pt layers have been
deposited on the substrate through sputtering method. For sensor
fabrication, ~4 mg of Zn-BDC-NH2 powder was blended with
α-terpineol solvent in the agate mortar and gradually ground to form
slurry, which is then printed over the pre-patterned SiO2/Si (100) sub
strates. Afterwards, as-fabricated sensors were dried at 70 ◦ C for 30 min.
A schematic representation of fabrication of Zn-BDC-NH2 sensor is
presented in supporting information (Fig. S1). Prior to gas-sensing tests,
Zn-BDC-NH2 sensor was annealed in a furnace for 2 h at 220 ◦ C to
remove α-terpineol. Gas detection measurements on Zn-BDC-NH2 sen
sors were conducted in a quartz-heating chamber to different target
gases, e.g. H2, CO, C6H6, C7H8, and CH4, and temperatures. A known
quantity of gas, produced through mixing an air-balanced gas with dry
synthetic air, was inserted in gas-chamber using a mass-flow controller.
Herein, for the response calculation, a variation in the resistances of
Zn-BDC-NH2 sensor in presence of target gases was recorded with
respect to time. The sensor response (R) was derived as R=Ra/Rg, here
Ra and Rg are the of Zn-BDC-NH2 resistances in the air and target gas,
respectively.
3. Results and discussion
3.1. Structure analysis
Solvothermal-processed Zn-BDC-NH2 materials are initially charac
terized through PXRD, FT-IR, TGA, and N2 sorption isotherm techniques
in order to verify successful activation, phase purity, thermal stability,
and surface area of the materials. PXRD pattern of Zn-BDC-NH2 is shown
in Fig. 2a, where the simulated diffraction pattern of Zn-BDC-NH2
(highlighted by black color in Fig. 2a) is also included. The PXRD
(highlighted by red color in Fig. 2a) pattern of Zn-BDC-NH2 shows four

Fig. 2. (a) PXRD pattern of Zn-BDC-NH2 (red) (black line presents the simulated standard pattern of Zn-BDC-NH2). (b) TGA curve of Zn-BDC-NH2. (c) FTIR spectra of
linker 2-aminoterephthalic acid (black) and Zn-BDC-NH2 (red). (d) N2 adsorption/desorption isotherms of Zn-BDC-NH2 at 77 K.
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measurements were performed and the respective isotherms are shown
in Fig. 2d. N2 adsorption/desorption isotherms displayed a typical
reversible type-I character. The Brunauer-Emmett-Teller (BET) surface
area of the Zn-BDC-NH2 was found to be 880 m2 g-1 with average pore
size of ~13 Å. The observed larger surface area of 880 m2 g-1, with
adequate porosity, of Zn-BDC-NH2 can stimulate surface reactions with
target gases to realize excellent gas-sensing performances [2,8,23].

deconvoluted into three peaks at 284.12, 285.40, and 287.60 eV, which
– O bonds of Zn-BDC-NH2, respectively
are credited to C-C, C-N, and C–
[25,28]. The core-level O 1 s spectrum (Fig. 4e) is deconvoluted into
three peaks at 530.16, 531.34 and 533.06 eV, which are due to Zn-O, -C
(O)-NH-, and C-O/O-H/N-O-C bonds respectively [28–30]. All observed
XPS peaks and relating peak positions are well aligned to the
Zn-BDC-NH2 structure.

3.2. Surface morphology

3.4. Gas-sensing properties

The SEM and TEM images of room temperature solvothermalprocessed Zn-BDC-NH2 are shown in Fig. 3. SEM image (Fig. 3a)
shows that numerous nanoparticles of Zn-BDC-NH2 are compacted
together to form an aggregated-type of surface morphology. In fact, the
agglomeration of approximately spherical shaped Zn-BDC-NH2 nano
particles, with empty spaces between them, is obviously seen from SEM
(Fig. S3).
On the other hand, TEM image (Fig. 3b) further confirms the
arrangement of numerous interconnected nanoparticles into the spongelike framework. The TEM image illustrate that the nanoparticles having
a mean-diameter of ~25–30 nm are distributed compactly and fully
integrated into the porous spongy framework. Thus, the morphology
analysis by SEM and TEM supports the formation of nanoporous ZnBDC-NH2. In addition, energy dispersive X-ray (EDX) studies were per
formed to identify the elemental composition present in Zn-BDC-NH2
(Fig. S4). The existence of peaks associated with C, O, Zn, and N ele
ments (specific wt% are given in the table of Fig. S4) are observed from
EDX spectrum. Hence, EDX analysis confirms the existence of metallic
Zn and N (from amines), which support the successful functionalization
and formation of Zn-BDC-NH2.

To examine the chemiresistive gas-sensing potential of as-fabricated
Zn-BDC-NH2 sensor (discussed in Section 2.4), the electrical resistance
change of Zn-BDC-NH2 was measured with respect to different target
gases, e.g. H2, CO, C6H6, C7H8 and CH4, at different temperatures.
Chemiresistive gas-sensing properties of Zn-BDC-NH2 sensor, such as
effect of working temperature, selectivity, effect of gas-concentration,
and response stability, were thoroughly studied and discussed in this
section. The operating temperature is well known to have a considerable
impact on the response properties of chemiresistive sensors [2,31,32].
Therefore, in the beginning, the gas-sensing measurements on
Zn-BDC-NH2 sensor were made at different temperatures to determine
the optimum operating temperature.
A plot of dynamic resistance of the Zn-BDC-NH2 sensor to 1, 5, and
10 ppm of H2 at 25, 50, 100, 150, and 200 ºC is presented in Fig. 5.
Apparently, a sensor based on the Zn-BDC-NH2 has shown excellent
response and recovery with respect to H2 of 1, 5, and 10 ppm at varied
temperatures. From Fig. 5a, the electrical resistance of the Zn-BDC-NH2
sensor was reduced due to exposure to various levels of H2. The resis
tance of Zn-BDC-NH2 sensor was decreased rapidly upon the exposure to
H2, ultimately reaching a stable condition. Subsequently, when exposed
to air, the resistance of Zn-BDC-NH2 sensor returned to its baseline
resistance level with complete recovery. It is well-known that H2 gas is
colorless and odorless, therefore it is not detectable by humans. Addi
tionally, it is highly explosive due to their low ignition energy and wide
range of flammability [2,5]. As a result, low-level H2 detection is highly
required. In this respect, only low H2 gas levels, such as 1, 5 and 10 ppm,
are selected for gas-sensing studies to verify the potential of
Zn-BDC-NH2 in detecting low levels of H2. It is worth noting that even at
low 1 ppm of H2, a significant change in resistance has been observed,
demonstrating the potential of Zn-BDC-NH2 materials as a chemir
esistive sensor. The most significant change in resistance of the
Zn-BDC-NH2 sensor, when exposed to H2, was observed at 50 ◦ C.
Therefore, 50 ◦ C was used as an optimum operating temperature of the
Zn-BDC-NH2 sensor for subsequent gas-sensing studies. The plot of
variation of Zn-BDC-NH2 response with respect to different operating
temperatures is shown in Fig. 5b. From Fig. 5b, the fabricated
Zn-BDC-NH2 sensor efficiently detect H2 concentrations at 50 ◦ C.
However, at higher temperatures (100–200 ◦ C), the response of

3.3. XPS analysis
Information related to surface chemistry of Zn-BDC-NH2 was
analyzed by XPS and presented in Fig. 4. A survey XPS spectrum of ZnBDC-NH2 (Fig. 4a) shows four major peaks belong to Z1 2p, C 1s, N 1s,
and O 1s. To obtain further information on the chemical states, these
observed peaks were fitted with several symmetric peaks using
XPSPEAK41-software with the Shirley background [24]. A core-level
spectrum of Zn 2p is presented in Fig. 4b. A core-level Zn 2p spectrum
displays two characteristics peaks at 1044.38 eV and 1021.38 eV, which
are due to Zn 2p1/2 and Zn 2p3/2, correspondingly. The observed binding
energy difference of 23 eV amongst Zn 2p1/2 and Zn 2p3/2 suggesting
that Zn is in ionic state (+2) in Zn-BDC-NH2 [25]. A high-resolution
spectrum of N 1 s is (Fig. 4c) centered at 399.12 eV, which originates
primarily from an amine functional group (NH2) [25–27]. This once
again confirms the successful functionalization of amine in MOFs. A
core-level C 1 s spectrum is presented in Fig. 4d. The C 1 s spectrum is

Fig. 3. (a) SEM and (b) TEM images of solvothermal-processed Zn-BDC-NH2.
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Fig. 4. (a) Wide binding energy survey spectrum, (b) core level Zn 2 P, (c) core level N 1 s, (d) core level C 1s, and (e) core level O 1s spectrums of the Zn-BDC-NH2.

Zn-BDC-NH2 sensor was found to be deteriorated. In fact, a typical
‘increase-maximum-decay’ response trend was observed for the
Zn-BDC-NH2 sensor following 1–10 ppm exposure of H2. The thermo
dynamics of adsorption/desorption of H2 gas at the surface of
Zn-BDC-NH2 can be responsible for this kind of response trend [17,
31–34]. From Fig. 5b, as-fabricated Zn-BDC-NH2 sensor react to H2 at
room temperature (25 ◦ C), attaining its maximum response at 50 ◦ C.
Above 50 ◦ C, the response of Zn-BDC-NH2 sensor was decreased with
increasing the temperature. In present case, at temperatures below
50 ◦ C, the thermal energies are not sufficient to enable the reaction
amongst the chemisorbed oxygen molecules and the H2 gas on the sur
face of Zn-BDC-NH2. Thermal energy increases as the temperature rises,
facilitating the redox reaction and thus resulting in an increased
response. In contrast, the desorption process of H2 gas exceeds the
adsorption at temperatures above 50 ◦ C, causing a decrease in the sensor
response. However, the obtained maximum H2 response of Zn-BDC-NH2
sensor at 50 ◦ C is credited to the equilibrium effects of chemisorbed
oxygen ions, thermal energy, and H2 gas molecules [31–34]. The
observed maximum response values of Zn-BDC-NH2 sensor for 1,5, and
10 ppm of H2 at 50 ◦ C, are 1.87, 2.30, and 2.93, respectively. The
response values calculated for the Zn-BDC-NH2 sensor at different
temperatures following exposure of 1–10 ppm H2 are provided in the

Supporting Information (Table S1). An increase in response was
observed in relation to the concentration of H2. As the concentration of
H2 increases, more H2 gas molecules become involved in surface re
actions with adsorbed oxygen molecules, contributing to a better
response.
Along with the gas sensor response, the response/recovery times are
significant indicators of gas detection performance. Therefore, the
response/recovery times of the Zn-BDC-NH2 sensor as a function of the
temperature to 1 ppm H2 exposure were calculated by using the dy
namic resistance curves illustrated in Fig. 5a, and presented in Fig. 5c.
The observed response/recovery times of the Zn-BDC-NH2 sensor at
50 ◦ C are 44 s and 160 s, respectively, which are significantly better, in
comparison to other operating temperatures. Additionally, the
response/recovery times of the Zn-BDC-NH2 sensor for 5 ppm and
10 ppm H2 were also calculated and provided in Fig. S5. The response/
recovery times of Zn-BDC-NH2 are reduced when H2 levels increased
from 1 ppm to 10 ppm (see Fig. 5c and Fig. S5). This is because the re
action rate has increased as H2 gas molecules become increasingly
involved in surface reactions, which led to a decrease in response/re
covery times for the sensor. Selectivity is considered to be an important
feature in evaluating the performance of chemiresistive gas sensors and
it should be high in practical sensor applications. In this respect,
5
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Fig. 5. (a) A dynamic resistance plot of Zn-BDC-NH2 sensor to 1–10 ppm of H2 at various temperatures, (b) A plot of the variation of Zn-BDC-NH2 response as a
function of working temperature and (c) Response/recovery times of Zn-BDC-NH2 sensor to 1 ppm H2 at different working temperatures.

selectivity measurements on Zn-BDC-NH2 sensor were performed at an
optimal temperature of 50 ◦ C towards different target gases, e.g. H2, CO,
C6H6, and C7H8.
Dynamic resistance plots of Zn-BDC-NH2 sensor as a function of time
to 1, 5, and 10 ppm exposure of H2, CO, C6H6, and C7H8 at 50 ºC are

displayed in Fig. 6a (equivalent response plot is presented in Fig. S6). An
n-type semiconducting characteristic has been confirmed from Fig. 6a,
as there has been a reduction in resistance when different gases are
injected. The observed behavior is consistent with earlier report on Coincorporated MOFs and substituted Imidazolate based MOFs [32,35]. As

Fig. 6. (a) Dynamic resistance curves of Zn-BDC-NH2 sensor towards 1, 5, and 10 ppm concentrations of different gases at 50 ◦ C, (b) Selectivity histogram of Zn-BDCNH2 sensor towards various target gases at 50 ◦ C, and (c) A typical response verses time plot of Zn-BDC-NH2 sensor towards 1-10 ppm concentrations of H2 at 50 ◦ C.
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shown in Fig. 6a, the Zn-BDC-NH2 sensor displayed excellent response
and recovery features after successive injection of 1, 5, and 10 ppm of
H2, CO, C6H6, and C7H8 gases at 50 ◦ C. A selectivity histogram of
Zn-BDC-NH2 sensor towards 1, 5, and 10 ppm levels of H2, CO, C6H6,
and C7H8 at 50 ◦ C is presented in Fig. 6b. In addition, the gas detection
performance of the Zn-BDC-NH2 sensor was recorded at 1, 5 and 10 ppm
CH4 at 50 oC (Fig. S7 in Supporting Information). The observed response
values for Zn-BDC-NH2 sensor to 1, 5, and 10 ppm CH4 are 1.21, 1.29,
and 1.34, respectively. The calculated response values of Zn-BDC-NH2
sensor to various target gases at 50 ◦ C are provided in Supporting In
formation (Table S2). A selectivity histogram shows that Zn-BDC-NH2
sensor can differentiate H2 from other gases tested, suggesting its
selectivity toward H2. Fig. 6c shows the dynamic response curve of the
Zn-BDC-NH2 sensor to an exposure of 1, 5 and 10 ppm H2 at 50 ◦ C,
clearly exhibiting an increase in response due to increased H2 levels.
Subsequently, the effect of relative humidity (RH) on H2 sensing per
formance of the Zn-BDC-NH2 sensor was investigated and presented in
Fig. 7. Fig. 7a shows a plot of the resistance curves of the Zn-BDC-NH2
sensor for 1 ppm H2 under different RH conditions and the corre
sponding response plot is shown in Fig. 7b. To study the humidity effect,
we studied the detection behavior in dry and humid air (RH 0–90%,
measured at 25 ◦ C), at the sensor operating temperature of 100 ◦ C. The
actual temperature (25 ◦ C) and RH values of the mixed humid gas were
quantified before being introduced into the chamber through the RH
probe. As illustrated in Fig. 7b, the response of the Zn-BDC-NH2 sensor
decreases as relative humidity increases from 0 % to 90 %. This is mostly
due to the fact that water molecules may be adsorbed onto the surface of
Zn-BDC-NH2 sensor, thereby reducing the number of adsorption sites
available for H2 gas and thus decreasing the sensor response in com
parison to the dry condition [35].

resistance. These chemisorbed oxygens were reported to have
temperature-dependent characteristics, e.g. O−2 (>300 ◦ C), O−
(100–300 ◦ C), and O−2 (<100 ◦ C) [38,39]. Thus, O−2 species are domi
nant in the present case because the optimal temperature of
Zn-BDC-NH2 sensor is 50 ◦ C.
Upon the introduction of reducing H2, the surface reactions between
preadsorbed O−2 species and H2 gas molecules would release the trapped
electrons back to the conduction band, consequently increasing the
conductivity and accordingly decreasing the sensor resistance. This
process eventually reduces the thickness of the electron depletion layer
(schematically presented in Fig. 8c). In this way, a high modulation of
the resistance of Zn-BDC-NH2 sensor leads to a better sensor response. A
possible resection between the adsorbed oxygen ion and H2 molecules
on the sensor surface is as follows;.
H2(gas) + ½ O−2

(ads)

→ H2O + e−

(1)

The observed low-ppm selective H2 sensing performance of Zn-BDCNH2 is explained by the following reasons; first, MOFs are known for
their open metal-sites and higher density of open metal-sites is reported
to increase the probability of attaching H2 gas molecules [32,40,41].
Accordingly, the developed Zn-BDC-NH2 sensor with open metal-sites of
Zn could offer further adsorption sites for oxygen and which will
therefore allow more reactive sites for H2 gas molecules, this causes
change in material resistance and a better sensor response. Second, the
observed larger BET surface area of Zn-BDC-NH2 undoubtedly provided
more active sites accessible to oxygen molecules, giving rise to sub
stantial decline in the sensor resistance and an improved sensor
response. The excellent H2 detection performance of Zn-BDC-NH2 is
credited to the higher BET surface area (880 m2 g-1) and adequate pore
size (~13 Å), which provided larger surface sites for the adsorption of
H2 molecules (with lower KD) and facilitated rapid surface reactions,
resulting in better sensor response. The mesoporous nature of the
Zn-BDC-NH2 enables the effective diffusion of target H2 gas molecules
through the pores to interact with inner nanoparticles. Third, the func
tionalization of -NH2 in the Zn-BDC framework has increased the
accessibility of the active sites to H2, thereby improving the adsorption
capacity of H2 [42,43]. The addition of -NH2 group to the BDC frame
work has been reported to increase the binding energy for H2 gas
[43–45]. For example, Sagara et al. [43] described that the binding
energy of BDC linker to H2 has increased from 4.16 to 4.72 kJ/mol by
the functionalization of -NH2 groups. In fact, the nitrogen atoms on the
aromatic rings in the organic framework are responsible for improving
adsorption energy for H2. In Zn-BDC-NH2, the framework nitrogen
atoms and functionalized amino nitrogen atoms are accessible to bind
H2, which could enhance H2 adsorption. This means that the function
alized -NH2 groups introduced the likelihood of increasing H2

3.5. Proposed gas-sensing mechanisms
In the present study, the gas-sensing mechanism is described upon
the basis of well-known surface-related redox reactions between H2 gas
and chemisorbed/ionosorbed oxygen species on the surface of Zn-BDCNH2 [2,8,32–37]. Gas-sensing studies have shown the n-type detection
behavior of Zn-BDC-NH2 sensor, as the electrical resistance of the sensor
decreases following H2 interaction, so a typical concept of electron
depletion layer was used to explain the detection interactions [32–35]. A
schematic illustration of H2 gas-sensing mechanism of Zn-BDC-NH2
sensor is presented in Fig. 8a-b. In the air atmosphere, oxygen molecules
adsorb to the surface of Zn-BDC-NH2, by capturing electrons from the
conduction band, and forming chemisorbed/ionosorbed oxygens such as
O−2 , O−2 , or O− , This process generates an electron depletion layer close
to the surface region (Fig. 8c), which ultimately increases the sensor

Fig. 7. (a) Resistance curves of the Zn-BDC-NH2 sensor to 1 ppm H2 under different relative humidity conditions and (b) Plot of the response of Zn-BDC-NH2 sensor
as a function of relative humidity.
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Fig. 8. Schematic presentation of sensing mechanism of the Zn-BDC-NH2 sensor in (a) air, (b) H2 gas and (c) the variation of electron depletion layer in air and
H2 gas.

adsorption, relative to other gases, and led to better sensing perfor
mance. Fourth, the H2 selectivity of Zn-BDC-NH2 sensor is determined
with reference to the kinetic diameters (KDs) of target gases, as the
smaller kinetic gas molecules are reported to have a greater ability to
penetrate through depletion regions [8,32,35]. The KDs of H2, CO, C6H6,
C7H8 and CH4 gases are 0.289 nm, 0.376 nm, 0.585 nm, 0.590 nm, and
0.380 nm, correspondingly [35,46,47]. It is interesting to note that H2
gas has a smaller KD than CO, C6H6, C7H8, and CH4 gases. The smaller
KD allowed H2 molecules to enter the pores of Zn-BDC-NH2 and facili
tated their rapid diffusion. As a result, the number of adsorption sites for
H2 is relatively higher in comparison to other target gases, which
allowing more H2 molecules to be adsorbed on the Zn-BDC-NH2 surface.
Fifth, reaction of H2 gas molecules with Zn4O(CO2)6 will additionally
contribute to the decrease of sensor resistance. It is possible that H2 gas
molecules are heterolytically chemisorbed on both Zn- and O-sites [48].
The H2 molecules will adsorb on the O-sites of Zn4O(CO2)6, forming
stable O-H bonds by strong hybridization amongst H-s orbitals and O-p
orbitals. In this case, the conducting pathway is mainly contributed by
the 4 s and 3d states of Zn [49]. The delocalization of charge amongst Zn
and O-H bonds will facilitate the metallization of surface Zn atoms,
presumably allowing the semiconducting-to-metallic transition of Zn4O

(CO2)6 surface. Similarly, significant enhancement of H2 sensing in re
gard to ZnO has been explained by the H2-induced metallization of ZnO
surface [50,51]. In spite of the above discussions, further comprehensive
studies are needed to elucidate the detection interactions between H2
gas molecules and amine-functionalized Zn-BDC MOFs that is currently
under investigation.
Finally, we compared the H2 detection performance of our Zn-BDCNH2 sensor with that of the reported studies on MOF-based H2 sensors
(see Table 1) [17,32,52–57]. As shown in Table 1, there are very few
studies on chemiresistive gas-sensing properties of functionalized MOFs.
All the reported H2 sensors in Table 1 are operating at higher temper
atures and capable of detecting H2 concentrations above 50 ppm. A
higher working temperature of the sensor means a high energy con
sumption, which limits its practical application. In contrast, our devel
oped Zn-BDC-NH2 sensor can detect low levels of H2 (1–10 ppm) at a
lower operating temperature of 50 ◦ C, this is advantageous as it provides
low energy consumption and thereby simplifies the integration and
production of sensors and minimizes operating costs. Thus, the
Zn-BDC-NH2 sensor is an attractive tool for detecting low levels of H2 in
all related areas, from small to large-scale industrial applications.

Table 1
Comparison of H2 gas-sensing performance of the Zn-BDC-NH2 sensor with that of MOFs-based H2 sensors.
Sensing material

Surface area
(m2 g-1)

Opt. Temp.
(ºC)

Selective gas

Response (Rg/Ra)

Gas conc.
(ppm)

Ref.

Pd@Zr-BPDC-SO2
Mg-MOF-II
Ni-MOF-II
Co-MOF-II
ZnO@ZIF-8 NWs
Co-MOFs@GO
ZnO@ZIF-8 NRs
ZnO@ZIF-8
core-shell
ZnO@Pd@ZIF-8 NWs
ZnO@ZIF-71 NRs arrays
Zn-BDC-NH2

520
2520
2350
2420
NA
NA
4813
129.4

150
200
200
200
300
85
250
290

H2
H2
H2
H2
H2
H2
H2
H2

1.94
3.9 % [(Ra-Rg/Ra*100)]
2.8 % [(Ra-Rg/Ra*100)]
101 % [(Ra-Rg/Ra*100)]
1.44
10 %
3.28
5.8

100
50
50
50
50
15000
50
1000

[17]
[32]
[32]
[32]
[52]
[53]
[54]
[55]

NA
~350
880

200
250
50

H2
H2
H2

6.7
98 % [(Ia-Ig/Ia*100)]
2.93

GO: Graphene oxide, NWs: Nanowires, NRs: Nanorods, NA: Not Available
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50
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combined with UHPLC-MS/MS for detection of trace sulfonamides in food samples,
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[31] S.T. Navale, Z.B. Yang, C. Liu, P.J. Cao, V.B. Patil, N.S. Ramgir, R.S. Mane, F.
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A chemiresistive gas sensor using solvothermal-processed nano ZnBDC-NH2 materials as detection element, with enormous surface area of
880 m2 g-1, has been developed to detect low levels of H2 at a lower
working temperature of 50 ◦ C. Thanking to the -NH2 functionality to the
Zn-BDC framework, we achieved a sensitive detection of H2 (Respon
se=2.93–10 ppm) with excellent detection characteristics. Additionally,
the fabricated Zn-BDC-NH2 sensor detects a very low 1 ppm concen
tration of H2 with good response and recovery features at 50 ◦ C. Apart
from high surface area, mesoporous nature, and smaller kinetic diameter
H2 molecules, functionalized -NH2 groups in the Zn-BDC framework led
to better H2-detection performance. In addition, we suggested that H2induced metallization of Zn-associated structures helps to enhance the
H2 sensing. The excellent performance of developed Zn-BDC-NH2 sen
sors demonstrates great potential for industrial and related applications
where low ppm H2 detection at low temperature is required.
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