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Four distinct zeolitic imidazolate frameworks (ZIFs) are prepared
using zinc and cobalt ions with 2-aminobenzimidazole and
2-methylimidazole as linkers to explore their electrochemical prop-
erties as platforms for aldehyde detection. The resulting ZIF-based
sensors exhibit high sensitivity, low detection limits, and robust
performance when applied to real-world samples.

Zeolitic imidazolate frameworks (ZIFs) are a subclass of metal-
organic frameworks (MOFs) characterized by the combination of
metal ions (commonly zinc or cobalt) and imidazolate-based
organic linkers, yielding cage-like three-dimensional structures
similar to zeolites." ZIFs combine the high surface area and
tunable porosity of MOFs with the thermal and chemical stability
of zeolites, endowing them with remarkable versatility.” Compared
to traditional MOFs, ZIFs offer significantly enhanced stability in
water and a wide range of chemical environments, including
acidic, basic and solvent-rich conditions. This improved stability
not only prolongs their structural integrity but also increases their
durability in practical applications, where exposure to harsh or
fluctuating conditions is common.”> As a result, ZIFs are better
suited for long-term use in demanding environments, making
them more reliable for industrial, environmental, and sensing
applications.®> Among the different sensing technologies, electro-
chemical sensing offers several advantages: it is typically low-cost,
provides rapid and real-time analysis, can be miniaturized for
portable applications, and requires relatively simple instrumenta-
tion, making it highly suitable for both laboratory and field
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applications. In electrochemical sensing, ZIFs are especially
attractive due to their ultra-high surface areas and tunable pore
geometries and sizes.’> They also offer numerous accessible
metal sites and various grafting functional groups capable of
interacting with target analytes. Within the various ZIFs, ZIF-8
emerges as a pivotal component.* This zinc-based framework
composed of zinc nitrate and 2-methylimidazole, has been
commonly used as an electrochemical sensor for detecting
important small biomolecules,® chemical vapors,” and metal
ions.* Despite significant progress, the electrochemical perfor-
mance of ZIFs remains limited, in particular with respect to
sensitivity and selectivity, when compared to conventional
analytical methods. This underscores the need for further
refinement of ZIF structures and their incorporation into
electrochemical systems to improve detection capabilities.
The challenge in enhancing the sensitivity and selectivity of
ZIFs for sensing applications lies in the need for systematic
studies tailored to each target analyte. Achieving the desired
performance requires careful tuning of both the metal ion and
the organic ligand within the ZIF structure to obtain an
effective interaction with specific analytes. However, such
comprehensive and systematic studies are currently scarce.
Most research tends to focus on general characteristics or
broad applications, leaving a significant gap in the detailed
optimization required to fully realize the potential of ZIFs in
diverse sensing applications. To address this gap, we present a
systematic study focusing on the synthesis of four distinct ZIFs,
evaluating their physicochemical properties, and optimizing
their electrochemical sensing capabilities for the detection of
three aldehydes. The importance of this work lies in addressing
the pressing need for sensitive and selective detection of
aldehydes due to their widespread occurrence and potential
health hazards. Specifically formaldehyde,® acetaldehyde,” and
benzaldehyde,® are chosen as model analytes in the present
case due to their biological significance.” Aldehydes in water
can be generated during chlorination and ozonation processes,
which involve the oxidation of organic matter, or they may leak
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Fig. 1 Schematic structures of (a) ZIF-8, (b) ZIF-67, (c) NH,-ZIF-7 and (d)
NH,-ZIF-9.

from damaged pipes supplying water to households.'® Due to their
reactivity, aldehydes can form DNA-protein cross-links, potentially
leading to carcinogenesis and mutagenesis."" According to a 2022
World Health Organization (WHO) report, the tolerable concen-
tration of formaldehyde is set at 2.6 mg L™ in drinking water.
Acetaldehyde is classified as a probable human carcinogen by the
International Agency for Research on Cancer (IARC). WHO suggest
a limit of 0.3 mg m™> (ca. 0.25 ppm) for acetaldehyde in indoor
environments. Although benzaldehyde is not classified as a carci-
nogen by major health organizations such as the IARC, prolonged
exposure can lead to severe respiratory issues.®

Firstly, ZIFs based on 2-methylimidazole and 2-aminoben-
zimidazole organic linkers with zinc (ZIF-8 and NH,-ZIF-7
respectively) and cobalt (ZIF-67 and NH,-ZIF-9 respectively) ions
are synthesized by employing reported protocols (Fig. 1 and Fig.
S1, ESI¥)."? These four ZIFs will allow us to evaluate the impact of
the metal ion and organic linker structure (i.e., both the presence
or absence of amino group and benzene ring) on the sensitivity
and selectivity toward the detection of three aldehydes. Briefly, a
solution containing the metal salt and the organic linker is
prepared in methanol and is kept for 24 hours at room tem-
perature under stirring (see ESIT for details). The obtained ZIFs
were washed multiple times and finally were thermally activated.
The first proof of the successful ZIFs formation is provided by
powder X-ray diffraction (PXRD) characterization (Fig. 2a and b
and Fig. S2 and S3, ESIf). The XRD patterns of the four ZIFs
exhibit high crystallinity and distinct peaks compared to their
initial organic building blocks, confirming the successful for-
mation of the ZIF structures. To elucidate the crystal structure of
the as-prepared ZIFs and calculate the unit cell parameters
(Table S1, ESIt), simulations of the powder XRD patterns using
density functional theory (DFT) calculations are performed
(Fig. S4, ESIT). The formation of the four ZIFs is then confirmed
by Fourier-transform infrared (FTIR) spectroscopy (Fig. 2¢ and d
and Fig. $5-S7, ESIt), where new bands appear at 420 cm ™" and
531 cm ' for ZIF-8 and 428 cm ™%, 508 ecm ' and 538 cm ™ * for
NH,-ZIF-7, corresponding to the stretching vibrations of N-Zn
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Fig. 2 Normalized PXRD spectra before and after thermal activation of
(@) ZIF-8, and (b) NH,-ZIF-7, normalized FT-IR spectra of (c) ZIF-8 and
(d) NH5-ZIF-7. The simulated PXRD spectra of the ZIFs and the PXRD and
FT-IR spectrum of the corresponding organic linker are included for
comparison for each ZIF, (e) Zn2p XPS spectrum of ZIF-8 and (f) Co2p
XPS spectrum of ZIF-67.

bond, and bands at 421 cm ! and 533 cm ™! for ZIF-67 and

425 cm ™', 502 cm " and 573 em ™" for NH,-ZIF-9 corresponding
to the stretching vibrations of N-Co bond, which are not present
in the organic linkers."* ™"

To further corroborate the chemical composition of the ZIFs,
X-ray photoelectron spectroscopy (XPS) analyses are performed
(Fig. 2e and f and Fig. S8-S10, ESIT). The high-resolution N1s
spectra of all ZIFs is presented in Fig. S9 (ESIt). On the one hand,
ZIF-8 and ZIF-67 show one main peak at 398.9 eV, corresponding
to the delocalized C-N-C bond. On the other hand, NH,-ZIF-7
and NH,-ZIF-9 display an additional peak at 398 eV, attributed to
the primary amines of 2-aminobenzimidazole. Fig. 2e and
Fig. S10a (ESIt) show the high-resolution Zn 2p spectra of ZIF-8
(Fig. 2) and NH,-ZIF-7 (Fig. S10a, ESI{). Both spectra show peaks
centered at 1021.76 eV and 1044.71 eV, attributed to Zn 2p;,, and
Zn 2py, respectively.'® Finally, Fig. 2f and Fig. S10b (ESIt) show
the high-resolution Co 2p spectra of ZIF-67 (Fig. 2f) and NH,-ZIF-9
(Fig. S10b, ESIT). The Co 2p spectra can be deconvoluted into two
distinct peaks and two weak satellites. The peaks located at 780.88
and 796.98 eV can correspond to Co 2ps, and Co 2py,,, respec-
tively. In both cases the space between main and satellite peaks is
~6 eV, which indicates the presence of Co*" in the frameworks."”
The morphology and microstructure of the as-prepared ZIF
materials is evaluated using scanning electron microscopy

This journal is © The Royal Society of Chemistry 2025
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(SEM) (Fig. S11, ESIf). The SEM analysis reveals that the ZIFs
synthesized from 2-aminobenzimidazole (i.e., NH,-ZIF-7 and NH,-
ZIF-9) have crystal-like shapes. Differently, the ZIFs synthesized
from 2-methylimidazole (i.e., ZIF-8 and ZIF-67) have particle-like
shapes, with sizes between 60-110 nm for ZIF-8 and around
500 nm for ZIF-67. Thermogravimetric analysis (TGA) is per-
formed to assess the thermal stability of the samples, as depicted
in Fig. S12 (ESIt). A clear difference can be observed for the ZIFs
based on 2-methylimidazole and 2-aminobenzimidazole organic
linkers. ZIF-8 and ZIF-67 are stable up to temperatures of ca. 530
and 500 °C, respectively. Conversely, NH,-ZIF-7 and NH,-ZIF-9,
begin to decompose at ca. 200 °C. The specific surface area (SSA)
and pore characteristics of ZIF materials are evaluated through
nitrogen adsorption/desorption isotherms, as depicted in Fig. S13
(ESIt). The values of the SSAs and pore sizes can be found in
Tables S2 and S3 (ESIt). The isotherms of the four samples exhibit
a type IV shape, which is usually attributed to mesoporous
materials. However, from the t-plot method values, it is clear that
ZIF-8 and ZIF-67 are composed of a significant majority of
micropores (>93%). Furthermore, while the isotherms of ZIF-8
and NH,-ZIF-9 exhibit an H3 type hysteresis loop, indicating the
presence of loosely assembled particles forming slit-like pores,
ZIF-67 and NH,-ZIF-7 exhibit an H4 type hysteresis loop, which,
likewise H3, also indicates the presence of slit-like pores but with
a higher contribution of micropores, as confirmed in the #plot
method values.'® Interestingly the two ZIFs based on 2-methyl-
imidazole organic linker, ZIF-8 and ZIF-67, display the highest SSA
(ca. 1575 m* g~ " in both cases), together with the largest total pore
volume, 0.84 and 0.59 em® g™, respectively. Finally, through the
Horvath-Kawazoe method, the average micropore diameter for
ZIF-8 and ZIF-67 is calculated to be 1.23 and 1.20 nm, respectively.
Before conducting electrochemical sensing of specific aldehydes,
the chemical stability and aldehyde’s sensing mechanism of the
four ZIFs are assessed. Powder ZIFs are dispersed in aldehyde
solutions and stirred for 24 hours (see ESILi for details)."®
Subsequently, the ZIFs are washed, and their chemical stability
is evaluated using XRD (Fig. S14 and S15, ESIt) and XPS analyses
(Fig. S16-S19, ESIt). As can be seen in Fig. S15 (ESIt), all the ZIFs
demonstrate stability in the different aldehyde solutions, as their
PXRD diffractograms remain unchanged. XPS analysis clearly
confirms the formation of an imine bond between the amino
group of ZIF and the carbonyl group of the aldehyde in the case of
NH,-ZIF-7 and NH,-ZIF-9. This is shown by a decrease in the
intensity of the C-NH, band at 398 eV with a simultaneous
increase in the intensity of the C-N-C band at 398.9 eV. The
small pore volumes of NH,-ZIF-7 and NH,-ZIF-9 prevent the
entrapment of aldehyde molecules within their structure. How-
ever, the presence of the C—O peak at 287.5 eV in their high-
resolution C1s spectra (Fig. S18 and S19, ESIt) suggests that, in
addition to imine bond formation, aldehyde molecules are
adsorbed on the surface. In contrast, for ZIF-8 and ZIF-67,
aldehydes can be captured within their structure due to their
larger pore sizes. This is evidenced by the presence of a much
weaker C—0O0 signal compared to the one obtained for NH,-ZIF-7
and NH,-ZIF-9. This indicates a lower presence of aldehydes in
the ZIFs surface. Importantly, as XPS is a surface technique
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(penetration depth of 3-10 nm), the signals from aldehydes that
are trapped inside the ZIFs cannot be detected. The electrochemical
sensing performance of ZIFs toward specific aldehydes is assessed
in a three-electrode system where ZIFs act as the working electrode,
Pt as the counter electrode and Ag/AgCl as the reference electrode.
These electrodes are immersed in a mixture of electrolyte (ie.,
potassium hexacyanoferrate(mr)) and a certain aldehyde concen-
tration (0-1 mM) (see ESIf for details). After five minutes of
incubation, electrochemical impedance spectroscopy (EIS) is mea-
sured and the performance is expressed as capacitance (Cp) (see
eqn (S1), ESIT). Although the electrochemical performance of MOF-
based sensors is typically reported using ionic conductivity,”® we
select capacitance as the primary measurement parameter because
it allows for straightforward, direct interpretation without requiring
complex fitting or modeling. The electrochemical sensing perfor-
mance of the different ZIFs can be seen in: ZIF-8 (Fig. 3a—c and
Fig. 20, ESIt), ZIF-67 (Fig. S21, ESIT), NH,-ZIF-7 (Fig. S22, ESI{)
and NH,-ZIF-9 (Fig. S23, ESI{). The Cjfrequency response of all
ZIFs indicates that 0.1 Hz is the optimal frequency, displaying the
greatest C;, increase with increasing aldehyde concentration. There-
fore, in order to calculate the sensitivity of each ZIF, the normalized
capacitance at 0.1 Hz is plotted as a function of the specific
aldehyde concentration. As shown in Fig. 3b and Fig. S20-S23
(ESIt), in almost all cases, a saturation level is reached, meaning
the capacitance no longer increases with aldehyde concentration, at
concentrations above ca. 100 uM. The key performance indicators
of the electrochemical sensing performance of ZIFs can be found in
Tables S4-S7 (ESIf) and Fig. 3d. As shown in Fig. 3d, ZIFs
synthesized from 2-aminobenzimidazole (i.e., NH,-ZIF-7 and NH,-
ZIF-9) exhibit higher sensitivity toward the three aldehydes com-
pared to those synthesized from 2-methylimidazole (i.e., ZIF-8 and
ZIF-67). In some cases, the sensitivity difference is modest (e.g.,
between ZIF-8 and NH,-ZIF-7 towards formaldehyde, or ZIF-67 and
NH,-ZIF-9 towards acetaldehyde), but in others, the increase is
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a) —owm. 75:m | b)
4.254 © 5uM. 100 M -
H = + 10uM 150 uM| 3.75 L
3.404 }x o « 15uM - 200 uM|
g ] + 20uM . 300 uM|
© W
; £ - 30uM - q00um| & 300
3 40uM .« 500 M| FH
e souM -+ 1mM[ O 5o5) =
s .
o .
.

oA A0 \QQQ\GQQQ\QO“QQ 0 200 400 600 800 1000

Frequency [Hz] Concentration [uM]

c) 4350 d) B [ JFormaldehyde
» LS [ | Acetaldehyde
3.754 4 JCIBenzaldenyde
' 5
& 3.00- . =3
2 >
5 s
5] =
2 2254 e B2 )
' &
150 ’
. » y=1.0712In(x) - 0.6358| F ‘
075 R’ = 0.9806 ol
0 20 40 60 80 100 2IF-8  ZIF-67 NHyZIF-7 NH,-ZIF-9

Concentration [uM]

Fig. 3 (a) Capacitance response, (b) normalized capacitance response
(ACp/CpO) and (c) logarithmic fitting in the calibration range of 5-100 pM of
ZIF-8 as a function of the concentration of formaldehyde, (d) sensitivity of
ZIF-based sensors to selected aldehydes.
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substantial—ranging from 2 to 5 times (e.g:, ZIF-8 vs. NH,-ZIF-7 for
acetaldehyde, or ZIF-67 vs. NH,-ZIF-9 for benzaldehyde). Although
ZIF-8 and ZIF-67 possess higher surface area and porosity, their
performance in aldehyde detection is inferior to that of NH,-ZIF-7
and NH,-ZIF-9. In ZIF-8 and ZIF-67, aldehydes primarily interact via
hydrogen bonding, while in NH,-ZIF-7 and NH,-ZIF-9, aldehydes
engage not only by hydrogen bonding but also by imine bond
formation and n-m interactions in the case of benzaldehyde,
leading to enhanced detection performance. For Co-based ZIFs, a
notable trend is observed where sensitivity increases with the size
of the aldehyde molecule, with formaldehyde showing the lowest
sensitivity and benzaldehyde the highest. In contrast, Zn-based
ZIFs do not exhibit a similar consistent trend in sensitivity. From
these findings, it can be concluded that NH,-ZIF-7 demonstrates
the highest sensitivity toward smaller aldehydes such as formalde-
hyde and acetaldehyde, while NH,-ZIF-9 excels in detecting larger
aldehydes, particularly benzaldehyde. Additionally, limits of detec-
tion in the micromolar range are achieved for the three aldehydes
(Tables S4-S7, ESIY), highlighting the ZIFs’ effectiveness in
low-concentration detection. Finally, the robustness of ZIF-based
electrochemical sensors is evaluated using a real-world sample,
specifically tap water. Different concentrations of aldehydes
are spiked into filtered tap water, and the capacitance is measured.
The aldehyde concentrations are then determined using the pre-
viously established logarithmic regressions. In agreement with
the previous analysis in Milli Q water, the best results are obtained
for NH,-ZIF-7 and NH,-ZIF-9. As shown in Table S8 (ESIt), the
recovery rates for aldehydes are consistently above 90%, demon-
strating the robustness of ZIF-based electrochemical sensors.>"

In summary, we have revealed that NH,-ZIF-7 and NH,-ZIF-9
show significantly higher sensitivity to aldehydes than ZIF-8
and ZIF-67, despite the latter having larger surface areas
(~1500 m* g~ " vs. < 30 m> g~ ' of NH,-ZIF-7 and NH,-ZIF-9).
The enhanced performance of NH,-based ZIFs is attributed
to both hydrogen bonding and imine bond formation with
aldehydes. Furthermore, these electrochemical sensors demon-
strated limits of detection in the micromolar range and robust
performance in real sample analyses without the need for
complex sample preparation, which is typically required in chro-
matographic methods. This work paves the way for future sensor
optimization to achieve the highest sensitivity in electrochemical
sensors based on ZIFs, enabling their application to a broader
range of environmental and biologically-relevant analytes.
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