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Ultra-sensitive and highly selective iodine gas sensors play a crucial role during the nuclear radiation
leak for a timely detection and mitigation of pollution, ensuring the safety of a vast number of
operators and subsequent integrity of the facility. Herein, we rationally designed a metal–organic
framework (MOF) that exhibits an outstanding performance with an almost billionfold enhancement
in the electrical response due to its optimized hydrophobicity, which allows the easy migration of
iodine molecules through the channels and the presence of suitable interaction sites, temporarily
anchoring the target molecule for ultra-trace sensing. The prototype sensor tested in demanding
environments demonstrates its high selectivity, ultra-trace parts per billion (ppb)-level sensitivity, good
reversibility, and a very fast response time even at high frequencies compared to existing adsorbents,
including commercially available materials. Further, the iodine sensing at the atomic level was studied
in detail by measuring the electrical response of a single crystal and, the optimal thickness of the MOF
layer was identified for an industrially-viable prototype sensor by using inkjet printing. In a wider
perspective, we propose a general strategy for engineering electrically efficient sensing materials that
will enable the construction of high-sensitivity iodine sensors targeting a safe and sustainable future.
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Introduction
Nuclear is the backbone of greenhouse gas-free energy, providing
up to 10% of the global energy demand [1]. To meet the ever-
increasing energy demand of society, it is considered the most
promising alternative source over fossil fuels due to its high
energy density, low operational cost, and low greenhouse gas
emission, which leads to a reduced carbon footprint [2,3].
Despite these advantages, in developed countries, the age of
nuclear energy starts to fade away due to the concerns associated
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with the emission of radioactive gases during nuclear accidents
and fuel reprocessing that has severe long-term impacts on both
the environment and human health [4]. Mostly, radionuclides
are emitted in the form of gases and can enter our food chain
through contaminated air, which deposits these radioactive
molecules on agricultural soil and into drinking water supplies.
One of the major gases of concern is iodine, with its isotopes
including 131I (half-life: 8 days) and 129I (half-life: 1.7 million
years), which adversely impact human metabolism and are a
major cause of thyroid cancer [5–8]. Conventional iodine sensors
have certain shortcomings that must be tackled, i.e. low sensitiv-
ity, poor selectivity, short-term reusability, and sensing only at
higher temperatures [9–12]. To address these long-standing chal-
001This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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lenges, a more effective technology needs to be developed to
selectively detect the ultra-trace levels of radionuclides in the
case of a nuclear breach or fuel preprocessing facilities to main-
tain a hazard-free working environment and to ensure safety
for the wider community.

Metal-organic frameworks (MOFs) are ideal candidates for
sensing studies, which have started to gain the attention of the
scientific community due to their high surface area, tunable pore
size, design versatility as well as with their exceptional combina-
tion of structural, thermal, and chemical robustness. MOF mate-
rials can be tailor-made to incorporate specific interaction sites to
selectively accommodate target gas molecules [13–16]. Currently,
optical techniques are widely studied in the field of gas-phase
sensing in MOFs, but for industrial applications, a direct electric
response far outweighs it due to the real-time highly compact
setup with low-cost manufacturing, and high readability, and
better assimilation with modern electronics [11,17–19]. How-
ever, electrical sensing of non-polar gases such as I2 remains an
immense challenge due to the shortfall of effective materials to
afford practical designs. In this regard, a material with a judicious
combination of optimal hydrophobicity and interaction sites
could be an ideal candidate for ultra-trace (ppb level) I2 detection
in the gas phase, but this has yet to be achieved.

Herein, a series of prototype sensors was prepared by drop-
casting, in-situ growth of single crystals, or inkjet printing MOFs,
on a platform of interdigitated electrodes (IDEs) to fabricate a
highly selective and ultra-trace (ppb-level sensitivity) gas-phase
iodine sensor. A ppb-level high sensitivity was realized in a
MOF material through a rational tuning of the optimal
hydrophobicity and guest–host interaction sites (Scheme 1). In
the presence of iodine, a very fast reversible millionfold enhance-
ment in alternating current (AC) signals and a remarkable bil-
lionfold enhancement in direct current (DC) was achieved for
the electrical response of the prototype sensor due to its high
adsorption capacity. Here, the optimal hydrophobicity allows
adsorption of the non-polar iodine gas molecules and suitable
interaction sites selectively trap them to the host framework,
accomplishing a ppb-level sensitivity. Furthermore, the gas
phase ultra-high selectivity of the MOF material was tested by
studying the cyclic electrical response in different volatile
organic compounds (VOCs) and water-saturated environments,
in addition to the optimal thickness of the MOF layers on the
prototype sensor to standardize the system for potential indus-
trial application. Finally, a room temperature electrical response
study was conducted to simulate a real-time sensing application.
Results and discussion
The prototype sensor platform consists of interdigitated comb-
like electrode (IDE) structures on a glass substrate coated with
an insulating polymeric film. For the qualitative comparison
between the sensors, the electrical response (impedance, capaci-
tance, and phase angle) from the empty IDE was measured in
addition to their response toward the iodine gas, which remained
unchanged as shown in Fig. 1. Later, thin films of different MOFs
were prepared on the sensors via various methods i.e., drop cast-
ing, in-situ single crystal growth, and inkjet printing (controlled
layered deposition) and then dried in the presence of inert N2 gas
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(see SI Section 1.2). Powder X-ray diffraction (PXRD) was carried
out for all the MOFs to confirm their crystalline structure, before
characterizing the electrical response from the prototype sensors
(see Fig. S2). The variance in the electrical response of empty and
MOF-deposited sensors was non-existent, which confirms the
insulating nature of MOFs (as a low–k dielectric). The effect of
hydrophilicity, hydrophobicity, and interaction sites of candi-
date MOF materials on high selectivity and ultra-trace sensitivity
toward the specific gas was monitored to study their individual
impact, and subsequently those individual parameters are com-
bined to ascertain the final optimized material.

The different prototypical MOFs: MOF-808 and F300 for
hydrophilicity, ZIF-11 and ZIF-71 for hydrophobicity, ZIF-65
for its functional nitro-group, and ZIF-68 and ZIF-70 for their
interaction site and optimal hydrophobicity, were selected as a
sensing material for gas phase detection of I2 (see Fig. 1(a)–(d)
and Figs. S4–S7). MOF-808 is a zirconium-based MOF with an
spn topology, formed by corner-sharing tetrahedral subunits
comprising secondary building units (SBUs) on vertices and link-
ers on faces [20]. This structure contains two types of pore: one
big adamantane-shaped pore with a pseudohexagonal pore win-
dow within each tetrahedral tertiary building unit, and a cage
within each tetrahedral tertiary building unit. Because of this
geometry, each linker unit points directly into a large pore.
F300 is a trade name for the Fe-BTC MOF, which is constructed
from Fe(III) octahedral trimers connected by benzene-1,3,5-
tricarboxylic (BTC) linkers [21]. F300 has a super tetrahedron
structure, with big and small pore sizes ranging from 24 to
29 Å. ZIF-11 has an extended 3-D network with a rho topology,
where each Zn(II) ion is tetrahedrally-coordinated to four nitro-
gen atoms in benzimidazole (bIm) linkers. The framework is
composed of truncated cuboctahedron cages comprising the 8-,
6-, and 4-membered ring windows [412 � 68 � 86], where larger
cages are linked to smaller openings in the rho topology. ZIF-
11 has excellent thermal and chemical resistance to water and
organic solvents. ZIF-71 also features a rho topology, with pore
diameters of 16.5–16.8 Å and is constructed by Zn(II) cations
bridged by 4,5-dichloroimidazolate (dcIm) linkers. In addition
to its four- and six-membered rings (4MR & 6MR) pore apertures,
the big cages are connected by eight-membered rings (8MR) with
a cage window size of 4.2–4.8 Å [22]. The topology of ZIF-65 is
sodalite (sod), with pore sizes and window apertures of 10.4 Å
and 3.4 Å, respectively. The structure comprises Zn(II) cations
connected by nitroimidazole (nIm) linkers. ZIF-68 and ZIF-70
both have the gmelinite (gme) topology with large pore chan-
nels (10.2 and 15.9 Å in diameter for ZIF-68 and ZIF-70, respec-
tively) penetrated by smaller window apertures (7.5 and 13.1 Å)
[23]. These MOFs are composed of an equimolar amount of
two distinct linkers, one of which is nIm and the second linker
is the unsubstituted imidazole (Im); the incorporation of mixed
linkers is crucial for determining different pore sizes and func-
tions. Unlike the other MOFs, which showed a lack of H2O-
induced contribution in the sensor response, the hydrophilic
MOFs: MOF-808 and F300 exhibited a significant shift in the
electrical response under room conditions in contrast to the
empty IDE sensor, suggesting that the high conductivity and
polarizability of the H2O molecules absorbed on the hydrophilic
sites of the porous framework greatly influence the sensor perfor-



SCHEME 1

Summary of optimal chemical and physical properties to yield highly selective and sensitive MOF for gas phase iodine sensing. The Z number denotes the
enhancement in the electrical response achieved by each of the MOF structure relative to the “empty” IDE substrate at 4 Hz (i.e. MOF-free IDE as a control
sensor).
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mance. To evaluate the impact of moisture on the sensor
response, F300@IDE was tested at 2 different relative humidity
conditions (35 and 46% RH), validating that a higher electrical
response is associated with the increasing RH (see Fig. 1(a) &
(c) and Fig. S4).

In the presence of iodine gas, the overall sensitivity of hydro-
philic prototype MOFs: MOF-808 (mass change of �50%) and
F300 (mass change of �48%) is a combination of both H2O
and I2 molecules (present in the MOF pores), decreasing the
impedance response further by 656 and 2,439 folds, respectively
(see Fig. 1 (f)) and showed a noticeable transition in the phase
angle (h) from �42� (MOF-808) and �37� (F300) to almost 0� at
lower frequencies, indicating a transition in electrical response
from a capacitive to resistive type (see Fig. 1(d)). The slightly
higher sensitivity of F300 MOF over MOF-808 can be ascribed
to its higher iodine adsorption capacity (see Fig. 1(e)). The pres-
ence of H2O molecules in the hydrophilic pore negatively affects
the inbound target molecules (shrinks the adsorption capacity of
the framework) and decreases the overall sensitivity as well as
reusability of the sensor devices, rendering them ineffective for
the real time gas phase sensing except for application as a humid-
ity sensor. In consideration of these factors and to eliminate the
impact of moisture on sensor sensitivity, we selected ZIF-11 and
ZIF-71 as a prototype hydrophobic MOF for I2 sensing, which
showed no alterations in the electrical response under ambient
conditions (see Fig. S5). Despite the advantages of not being
affected by the moisture, the hydrophobicity causes a decrease
in the iodine adsorption, which in turn leads to an unwanted
lowering of the electrical response of the sensor. Unlike the
extreme hydrophobicity of ZIF-11, which brings about a decline
in the iodine adsorption (mass change of �11%), and causes an
exceedingly low enhancement in the impedance ratio of only 6-
fold; the ZIF-71 framework has a comparatively higher iodine
adsorption capacity (mass change of �27%), enhancing its elec-
trical response to 622-fold, which is comparable with the hydro-
philic MOF sensors (see Fig. 1(e) & (f)).

In addition to the characterization of the hydrophilicity and
hydrophobicity of the MOF candidates, the interaction sites
can also play a key role in the selective capture of the targeted
molecules. In this regard, ZIF-65 was chosen to evaluate the
impact of interaction sites on iodine adsorption and its electrical
sensing response, because it has a nitro-group as part of its linker
molecule. The ZIF-65@IDE is unaffected by the presence of mois-
ture, and it adsorbs a notable amount of iodine molecule yielding
a mass change of 47% when exposed to the iodine gas (see Fig. 1
(e)). The electron deficient nitro-group acts as an anchor point
93



FIGURE 1

Electrical response from the MOF@IDE prototypes at room temperature: before and after iodine adsorption: (a), (b) Impedance signal and (c), (d) phase angle
as a function of frequency, respectively. (e) Percentage change in sample mass, and (f) the change in impedance ratio of various MOF structures, after iodine
exposure.
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for the inbound iodine molecules and partially polarizes them.
An increase in the polarization causes a significant rise in the
capacitance value (1876% enhancement) as seen in Figs. S8
and S9, which is comparable to the hydrophilic MOFs, where
water is highly polarizable. For ZIF-65 MOF, the phase angle
showed a slight deviation in the pattern compared to the other
tested MOFs, by not showing a complete transition from almost
�90� to 0�, when exposed to iodine gas. We reasoned that the
effect resulted from the interaction of iodine molecules with
the framework, producing a marked 862-fold enhancement in
the ratio of impedance values at 4 Hz, which is higher than the
values of the hydrophobic MOF ZIF-71 as well as the hydrophilic
MOF F300 (see Fig. 1(f)). Collectively, the data obtained from the
hydrophilic, hydrophobic, and interaction site-based MOFs indi-
cate that to achieve an ultra-high sensitivity I2 sensor, the indi-
vidual properties of MOFs are insignificant. An interaction site-
based MOF with optimal hydrophobicity, which is a combina-
tion of extreme hydrophobicity and hydrophilicity could be a
way forward to harness the MOF potential in the field of electri-
cal sensing for iodine gas detection.

For this purpose, two different prototypical MOFs: ZIF-68 and
ZIF-70 were chosen, comprising the same interaction site (nitro-
group from 2-nitroimidazole) and different hydrophobicity
based on the secondary linker molecule. The hydrophobicity of
MOFs was adjusted by varying the secondary linker molecule,
from the imidazole (Im) to benzimidazole (bIm) for ZIF-70 and
ZIF-68, respectively. The presence of the additional benzene ring
94
in the structure makes the ZIF-68 framework more hydrophobic
compared with the ZIF-70 structure and can provide further val-
idation to the optimal hydrophobicity requirement theory for
the ultra-high electrical gas sensing of non-polar gases. The
hydrophobic linker molecule protects the highly polar water
molecules by impeding their negative impact on sensor perfor-
mance, while the electron deficient nitro-group acts as a tempo-
rary anchor point for the inbound iodine molecules, by partially
polarizing them causing an overall shift in the structural proper-
ties to generate a very high electrical response from the prototype
sensors. The iodine adsorption capacity of ZIF-68 MOF (mass
change �27%) was relatively low compared to the ZIF-70 MOF
(mass change �91%), which was a direct result of its higher
hydrophobic nature (see Fig. 1(e)). In the presence of iodine
gas, the increase in impedance ratio of 5394-fold for ZIF-68 is
impressive and indicative of the formation of a percolation net-
work when exposed to a small amount of iodine, albeit this is
nowhere near the astonishing increase of 0.73-millionfold in
impedance ratio at 4 Hz for ZIF-70, which is an exemplar of an
optimal combination of hydrophobicity and interaction site
(see Fig. 1(f)). We proposed that the adsorbed iodine provides
new and faster charge transfer pathways in the framework caus-
ing a decrease in the material impedance. It is well established
that at higher iodine concentrations upon adsorption in frame-
work pores, they form an interconnected networks of polyio-
dides, which decrease the material resistance by providing the
charge transfer pathways [24,25]. Likewise, for the other mea-



FIGURE 2

Drop-casting of ZIF-70 on an IDE sensor platform for iodine gas sensing: (a) A scheme of real-time iodine sensing setup. (b) Continuous impedance and phase
angle measurements as a function of time, during iodine exposure, and (c) the effect of time-dependent iodine desorption on impedance value of ZIF-
70@IDE as a function of frequency. (d) Recyclability study of prototype sensor over several adsorption–desorption cycles. (e) The change in impedance ratio
of various MOF structures, after iodine exposure. (f) The impedance sensitivity of ZIF-70 prototype sensor at different concentrations of ppb-ppm levels.
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surement for ZIF-70 MOF, such as the phase angle transition
from �90� to 0� was stable up to <103 Hz, implying its potential
as a frequency-dependent sensor material for iodine gas. From
the systematic studies above, it was established that the ZIF-70
MOF, which contains both interaction site and optimal
hydrophobicity is the unrivalled candidate, and it should be
studied in detail to further optimize the different sample prepa-
ration parameters and operational conditions that could impact
its gas phase iodine sensing performance.

To confirm whether the location of iodine is inside or outside
the framework pore, we conducted a controlled experiment,
where the guest is designed to be encapsulated inside the MOF
pore. In this context, the ZIF-71 MOF was chosen due to the ease
of encapsulation of the triethylamine (TEA) guest molecule
inside the pore. From Fig. S10, it is evident that the impedance
value of ZIF-71 is much lower compared to that of the guest-
encapsulated framework and, it keeps decreasing with increased
guest concentration suggesting that the iodine inside the pore
plays a major role in reducing the impedance value. So, it can
be stated that the electrical response obtained for ZIF-70 is con-
tributed by iodine present both on the MOF surface and inside
the pores.

Advancing forward, to reveal the true performance of ZIF-70
MOF, we devised a real-time sensing environment by exposing
the prototype sensor to the iodine gas at room temperature
and continuously collecting the sensor transient electrical
response: impedance and phase angle at 10 Hz frequency as
shown in the scheme of Fig. 2(a). The electrical response of an
empty IDE sensor (without MOF coating) to iodine was also
recorded for comparison, which remained unaffected by the
presence of iodine gas. After iodine exposure, it takes 7.6 min
to register an electrical response from the prototype sensor,
which can be observed in Fig. 2(b). In addition to the iodine
adsorption, a time-dependent iodine desorption response from
ZIF-70@IDE was also measured at room temperature. It is evident
from Fig. 2(c) that, the adsorbed iodine starts to desorb from the
framework structure as soon as it is removed from the iodine-rich
environment. For the initial first few hours, the desorption rate
was much higher, but this decreased as a function of time. After
48 h, most of the iodine had desorbed, causing a significant rise
in impedance value, which is closer to the impedance value of
iodine-free MOFs, suggesting a disruption in the percolation
pathway. To further validate the sensor reversibility, the impe-
dance measurement was carried out for ZIF-70 at 4 Hz for several
iodine adsorption (at 70 �C for 30 min)-desorption (at 70 �C for
overnight) cycles, which remained quite stable and shows a
highly reversible electrical response (see Fig. 2(d)). It further
strengthens the case of adopting ZIF-70 as a sensing material.
Another important factor that can severely impact the sensor
performance is its selectivity toward the targeted molecule. For
this purpose, we investigated hydrophilic MOF F300, hydropho-
bic MOF ZIF-71, ZIF-65 MOF with interaction site and ZIF-70
95



FIGURE 3

Single crystal-based (SC) iodine gas sensing of ZIF-70@IDE: (a) A scheme of increase in electron conduction in single crystal resulted from iodine adsorption.
(b) Optical and SEM images of ZIF-70 crystals grown on an IDE sensor platform, observed at different magnifications. (c) A real-time measurement of the
transient signals of impedance and phase angle at 10 Hz frequency for ZIF-70 crystals, when exposed to iodine gas. (d) A time-dependent desorption study of
ZIF-70 crystals. (e) A cyclic adsorption and desorption data to demonstrate the sensor reusability.

R
ESEA

R
C
H
:O

rig
in
al

R
esearch

RESEARCH Materials Today d Volume 58 d September 2022
with optimal hydrophobic-interaction site, to determine their
solvent-dependent sensitivity for practical use.

As shown the Fig. S12, an enclosed chamber was specifically
designed to carry out the vapor saturation study. The prototype
sensors were first flushed with nitrogen gas to remove moisture
content, subsequently the nitrogen flowed through the solvent
containing bubbler to form a saturated environment to carry
out the electrical measurements. It was clear from Figs. S13 and
S14 that, except for ZIF-70 (see Fig. 2(e)), all other MOFs show
an enhanced capacitance and impedance at lower frequencies
in the presence of common solvent vapors, which will limit
the iodine gas sensing under real-world conditions. Furthermore,
the sensitivity of a sensor is also a key criterion to evaluate its per-
formance, which is dependent upon the adsorbent gas concen-
tration. In this regard, we performed impedance measurements
on ZIF-70 MOF at different iodine concentrations to validate its
potential for sensing the ultra-trace amount of I2 in gas phase,
as shown in Fig. 2(f). It was observed that even at a ppb-level con-
centration the material shows a clear transition from a white
appearance to a yellow color, and the impedance change of the
ZIF-70 MOF is still significantly higher, which confirms its capa-
bility to accomplish ppb-level sensing of iodine gas and further
strengthens the case for deploying ZIF-70 as an ideal iodine gas
sensing material combining ultra-high sensitivity and excellent
selectivity. Additionally, an adsorption–desorption cyclic study
of solvent vapor was carried out on ZIF-70@IDE at 10 Hz fre-
quency to confirm the repeatability of the electrical response
(see Fig. S15).
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For a comprehensive understanding of I2 gas phase sensing in
the ZIF-70 framework structure, we carried out the single-crystal
sensing experiments by directly growing large single crystals of
ZIF-70 (>200 lm) onto the top surface of IDE sensor chips, as
shown in Fig. 3(b). Interestingly, as compared to the drop-
casted sensors, the electrical response of the prototype single-
crystal (SC) sensor is lower due to the crystal thickness, which
delayed the electrical response by extending the I2 adsorption
time. It was further validated by measuring the time-
dependent electrical response of the crystals in the presence of
I2 gas, which showed a time lag in registering the response of
about 13.5 min compared to the 7.6 min observed for the
drop-casted sensor (see Fig. 3(c) vs. Fig. 2(b)). The single crystal
showed a negligible electrical response under room conditions,
which can be attributed to residual solvents trapped in the pores.
In the presence of iodine vapor, the single-crystal sensor showed
a remarkable increase of 0.12-millionfold in impedance ratio at
4 Hz. It was also observed that the I2 desorption rate of single
crystal is much higher than the drop-casted sensors and can be
associated with stress-induced cracks on the crystal surface. It
was further supported by the reversibility experiment, in which
several adsorption–desorption cycles were carried out and it
showed a systemic decline in the impedance of the I2 adsorbed
sensor, suggesting a crack-induced enhancement in iodine
adsorption. To the best of our knowledge, we have demonstrated
for the first time gas phase sensing using MOF single crystals
integrated on an IDE sensor platform with unprecedented
sensitivity.



FIGURE 4

Inkjet printing (IP) of ZIF-70 on an IDE sensor platform for iodine gas sensing: (a) An illustration of the inkjet printing technique. (b) Optical and SEM images of
inkjet-printed prototype IDE sensors. (c) Frequency-dependent change in impedance values for inkjet-printed sensors, before and after iodine adsorption,
where DPC stands for drop-casted technique and SC for single-crystal method. For 3-layer-ZIF-70@IDE: (d) A real-time transient measurement of impedance
and phase angle at 10 Hz frequency, and (e) cyclic adsorption and desorption data for testing sensor reusability at 4 Hz AC.
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Inkjet printing offers several benefits over the commonly used
printing techniques, which include superior print resolution,
higher control of drop volume, ability to deposit material in mul-
tiple layers, scalable, mask less, and additive in nature. To push
the study forward toward real-world sensor implementation, we
standardized the thickness of the deposited MOF thin film by
using piezoelectric-driven drop-on-demand inkjet printing (IP).
In this regard, three different prototype sensors were prepared
by varying the number of deposited layers (1, 3, and 5 layers)
of ZIF-70 as described in the SI (Section 1.2). As can be seen from
Fig. 4(b) and Fig. S17, unlike the 1-layer of ZIF-70, the 3-layer
sample has completely and uniformly covered the IDE sensor
surface with a film thickness of ca. 8 lm. In the presence of the
I2 gas, the electrical response from the 1-layer ZIF-70@IDE is
insignificant, whereas the 3-layer ZIF-70@IDE showed a record-
breaking enhancement of 1.27 millionfold due to its full cover-
age of the IDE and the minimum film thickness, which allowed
the I2 to adsorb more rapidly and efficiently. This was further
supported by two experimental observations: (i) The impedance
values of 5-layer ZIF-70@IDE showed a decline, which can be
associated with the increased film thickness as compared to the
3-layer ZIF-70@IDE, causing an increase in the adsorption time
(see Fig. 4(c)), (ii) A time-dependent electrical response measure-
ments of 3-layer ZIF-70@IDE, which showed a detection time of
3.1 min, revealing its rapid and efficient I2 adsorption (see Fig. 4
(d)). The 3-layer ZIF-70@IDE was also examined for its reversibil-
ity through adsorption–desorption test cycles, revealing the
remarkably stable electric response of the inkjet-printed films
(see Fig. 4(e)). Furthermore, the inkjet-printed MOF film showed
an astonishingly high 2.84-billionfold enhancement in the elec-
trical response in direct current (DC), which is considerably
higher than the drop-casted and single-crystal MOF@IDE
responses discussed above (see Fig. 5(b)). To the best of our
knowledge, this value is the highest reported enhancement in
the iodine detection sensitivity of both the DC and AC frequen-
cies (see Fig. 5(c) and (d)), signifying a new record in the field of
I2 adsorbent sensors [26–29].

The post-capture phase was analyzed by PXRD, Fourier Trans-
form Infrared Spectroscopy (FTIR), Raman spectroscopy and
solid-state UV–visible diffuse reflectance spectroscopy (DRS)
(Figs. S19 and S20). The structural integrity remained intact after
several sensing experiments confirmed by the unaltered PXRD
patterns for both the powder sample and ZIF-70 single crystals,
matching the simulated XRD pattern (see Fig. S19(a) and (b)).
In the presence of iodine, a shift in the characteristic vibrational
bands of ZIF-70 MOF was also observed in the FTIR spectra (see
Figs. S19(c) and S20), indicating its ultra-high sensitivity toward
the detection of iodine molecules. Unlike the blue shift in the
infrared (IR) mode observed at 1174 cm�1 (Fig. S20(h)), most of
the characteristic peaks exhibit a red shift in peak positions along
with peak broadening and a noticeable increase in the intensity
of some vibrational bands, which are in line with literature
reports [30].

The FTIR spectra were also measured for a time- and
temperature-dependent iodine desorbed ZIF-70 MOF to show
the reversibility of the peak shift. The results suggest that the
iodine confined in the framework is interacting with its sur-
rounding, forming a percolation network thus causing a decline
97



FIGURE 5

A comparative bar plot for the impedance-dependent sensitivity response of drop-casted, single-crystal, and inkjet-printed sensors in (a) 4 Hz alternating
current (AC), and (b) direct current (DC). A comparison of the sensor sensitivity between this work and the previously reported IDE-based iodine sensors (data
summarized in Table S5) [21–24] for sensing performance in (c) AC at 50 Hz to emulate Great Britain’s national grid frequency and (d) at DC.
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in the overall impedance. The Raman spectra was also recorded
to confirm the existence of the iodine species. Two distinct vibra-
tions were observed for the iodine adsorbed ZIF-70 MOF, which
are not present in its pristine state (see Fig. S19(d)). The Raman
peak at 112 cm�1 was associated with the existence of polyio-
dide, whereas another peak at 166 cm�1 was ascribed to the
weakly coordinated iodine [31,32]. The underlying higher area
of 166 cm�1 peak over its counterpart suggests that iodine exists
in the solid form rather than in an ionized form. For bandgap
determination, the absorbance spectra for ZIF-70 MOF were mea-
sured by DRS and transformed via the Kubelka–Munk (KM)
method to estimate the optical band gaps. We established the
presence of iodine in the pore channels causes a significant
reduction in the framework bandgap from 2.78 eV (pristine
ZIF-70) to 1.35 eV (I2@ZIF-70), which can be seen in the inset
of Fig. S19(e), further substantiating the observed decrease in
the impedance of the prototype MOF@IDEs described above.
Concluding remarks
To accomplish a highly selective and ultra-trace sensitive electri-
cal sensing of iodine gas, we provided a mechanism to identify
the key combination of physico-chemical properties in a nano-
porous material for the task. The outstanding performance of
98
the prototype MOF@IDE sensors demonstrated here challenges
the existing technologies, it brings about a paradigm shift in
the field of iodine sensing (see Table S5). We show a reversibly
selective and even an ultra-trace ppb-level I2 gas sensor, effective
both at lower (Hz) and higher frequencies (MHz), making it suit-
able for easy integration into commercial AC electronics. This
breakthrough was achieved by optimizing the level of
hydrophilicity-hydrophobicity in the MOF material by leverag-
ing the guest–host interaction sites. The mechanism exploits
the tunable hydrophilicity-hydrophobicity level in a nanoporous
framework, for instance ZIF-70, facilitating an uninterrupted
migration of the inbound target gas species through the pores,
and the presence of interaction sites as a temporary anchor point
to confine gas molecules to allow chemosensing.

In the wider perspective, our work opens the door for the
design of smart electrical gas sensors employing optimal
hydrophobicity and interaction sites for real-time selective sens-
ing of hazardous and toxic chemicals at ultra-trace levels. This
sensing methodology can safeguard against accidents and chem-
ical leaks in numerous industrial and consumer settings, meeting
the ever-increasing demand for engineering advanced thin-film
sensing technologies with supersensitive target molecule
detection.
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