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ABSTRACT

Although some of the human senses can nowadays be replaced by low-cost electronic sensors such as microphones and image
sensors, a compact low-cost electronic nose (E-nose) remains elusive. In this work, an E-nose is presented that can capacitively
detect volatile organic compounds (VOCs). The E-nose consists of an array of 1024 capacitive microelectrodes on a complementary
metal-oxide-semiconductor (CMOS) chip, functionalized by inkjet printing. The pixels are coated with a UV-curable ink and
metal-organic frameworks (MOFs: ZIF-8, MIL-101(Cr), MIL-140A) to create chemically diverse microdomains that generate gas-
specific response patterns through adsorption-driven dielectric loading. ZIF-8 exhibits the highest response to 2-butanone, whereas
the UV-curable layer responds most strongly to toluene; both show low cross-sensitivity to water vapor, enabling operation
under humid conditions. After calibration in pure gases, reproducible responses to controlled binary mixtures of toluene and
2-butanone are observed. The device operates at low power, combines a large 1024-pixel array with CMOS integration, and offers
application-specific functionalization by inkjet printing, providing both low cost and versatility. By further extending the range
of functionalization materials, the E-nose can be applied to analyze a wide variety of gases, with potential applications in safety

monitoring, health, agriculture, and robotics.

1 | Introduction

Identification of volatile organic compounds (VOCs) is important
for food quality control, health monitoring, and pest management
[1]. Various VOC detection techniques exist, including infrared
(IR) spectrometers [2], laser absorption spectroscopy (LAS) [3],
and gas chromatography coupled with mass spectrometry (GC-
MS) [4]. However, these techniques require instruments that
are not easily portable, consume substantial power, and are
relatively expensive. Since many applications require detectors
that can continuously monitor the gas composition in situ, for
example in early pest management in agriculture, indoor air-
quality monitoring, and food spoilage detection, there is a strong
need to develop compact, low-cost electronic noses (E-noses).

Electronic noses combine arrays of broadly responsive chemical
sensors with pattern-recognition algorithms to generate odour
fingerprints that enable discrimination of complex VOC mix-
tures. They have been applied in diverse domains, including
breath analysis for medical diagnostics and disease screening
[5-7], environmental and indoor air-quality monitoring, food
and beverage quality control, and industrial or safety-related
VOC surveillance [8]. Recent work has also demonstrated robust
chemical classification using advanced chemosensor platforms
coupled with machine learning, for example graphene-based sen-
sor arrays [9]. In these scenarios, E-noses complement analytical
techniques such as GC-MS and spectroscopic methods, which
remain the gold standard for detailed laboratory analysis but are
less suited to compact, low-power, continuous field deployment.
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Recent studies have set steps toward this goal by demonstrating
real-time VOC detection with E-nose sensors that electronically
detect gases via property changes in sensing materials, affecting
capacitance [10-14], resistance [15], or luminescence [16] of ded-
icated functionalization materials, which are deposited between
the electrodes of the E-nose sensor. Most of these works focus on a
single or low number of sensing elements per chip. In the present
work, we deliberately employ a capacitive transducer architecture
rather than a resistive one. In our CMOS implementation [17],
the metal electrodes are fully covered by a dielectric layer and
are therefore not in direct contact with the sensing film. This
configuration protects the electrodes from electrochemical attack
and contamination, which improves the long-term stability and
chemical robustness of the device. Moreover, the capacitive
signal originates from adsorption-driven changes in the effective
dielectric constant of the functional layer, without any DC current
flowing directly through the sensing material. As a result, Joule
heating and electrically induced degradation of the sensing film
are avoided, leading to more stable and reproducible responses
over many exposure cycles.

In typical E-nose concepts, individual vapor sensors are not
designed as highly specific “lock-and-key” receptors for a single
analyte. Instead, each sensor element is broadly responsive to a
range of vapours and exhibits a characteristic response pattern
across different analytes. By combining the parallel outputs of
an array of such partially-specific sensors, an odour fingerprint is
obtained that can be used to discriminate and quantify complex
gas mixtures after appropriate training [18]. This principle was
already demonstrated by Persaud and Dodd, who showed that
a model electronic nose can reproducibly distinguish a wide
variety of odors without requiring highly specific receptors [18].
Consequently, the role of a large sensor array is not to provide
one unique sensor per gas, but to span a multidimensional
response space in which different VOCs and mixtures map to
separable patterns.

As sensing layers, we employ MOFs, a class of porous crystalline
materials composed of metal nodes and organic linkers that can
offer high surface areas, tunable pore structures, and chemical
robustness, making them attractive for VOC sensing. In this work,
we focus on three representative MOFs: ZIF-8, MIL-101(Cr), and
MIL-140A. ZIF-8 is a zeolitic imidazolate framework with small
hydrophobic cages and narrow windows; MIL-101(Cr) features
large three-dimensional cages with coordinatively unsaturated
metal sites; and MIL-140A is a one-dimensional channel system
with ZrO backbones. These materials were selected because
they combine distinct pore architectures and hydrophilicity
with good thermal and water stability, allowing us to study
how different MOF structures influence VOC adsorption and
sensor response. The detailed structural and adsorption char-
acteristics of these MOFs are summarized in the Supporting
Information.

To realize such an E-nose with multiple sensor elements requires
addressing two key challenges:

1. Realizing a large number of sensor elements that can
be individually read out on a small area with low-cost
electronics.

2. Providing multiple different functionalization materials in
the sensor area.

Here, we present a pixelated capacitive CMOS electronic
nose with on-chip readout and inkjet-printed MOF-based and
polymer-based functional layers. After calibration in pure gases,
the E-nose yields reproducible, gas-specific response patterns
and supports concentration estimation for single-component
exposures using linear or quadratic calibration models. Responses
to binary gas mixtures are reported qualitatively.

2 | Experimental
2.1 | Nanoparticle Synthesis and Characterization
2.1.1 | Chemicals

Three types of metal-organic framework (MOF) nanoparticles
were synthesized in powder form, of which ZIF-8 was found to
be the most suitable, and was therefore used for the final E-Nose
experiment. The synthesis of MOF nanoparticles was carried
out using the following high-purity chemical reagents. Zinc
nitrate hexahydrate (98%, Sigma-Aldrich) and 2-methylimidazole
(98%, TCL) were used as precursors for ZIF-8 synthesis. For
the preparation of MIL-140A, N,N-Dimethylformamide (DMF)
(>99.9%, Sigma-Aldrich), terephthalic acid (98%, Merck Sigma),
and zirconium chloride (99.5%, Thermo Fisher Scientific) were
employed. Chromium chloride hexahydrate (96%, Merck Sigma)
and terephthalic acid (98%, Merck Sigma) were utilized for MIL-
101(Cr) synthesis. Additionally, methanol (>99.9%, Honeywell),
and ethanol (99.5%, Thermo Fisher) were utilized in the respec-
tive synthesis processes. All aqueous solutions were prepared
using ultrafiltrated deionized (DI) water with a resistivity of 18.0
Mcm, obtained from an LWTN Genie A system (Laboratorium
Water Technologie Nederland).

2.1.2 | Synthesis of ZIF-8

ZIF-8 was synthesized following a previously reported method
[19], with slight modifications. First, 1.17 g of Zn(NO,),-6H,0
was dissolved in 8 mL of deionized (DI) water. Separately, 22.7
g of 2-methylimidazole was dissolved in 80 mL of DI water.
The two precursor solutions were mixed and stirred at room
temperature (22°C) for 5 min. The resulting product was observed
to immediately become a milky suspension. The precipitate was
collected by centrifugation, washed three times with methanol at
15 000 Relative Centrifugal Force (RCF) for 30 min, and finally
dried in a vacuum oven at 65°C overnight.

2.1.3 | Synthesis of MIL-101(Cr)

MIL-101(Cr) was synthesized hydrothermally using 1.26 mmol
of CrCl;-6H,0 and 1.26 mmol of terephthalic acid. These com-
pounds were combined in a 40 mL autoclave and dispersed in
20 mL of deionized (DI) water using 10 min of sonication. The
autoclave was then sealed and placed in an oven at 180°C for
48 h. After cooling to room temperature (RT), the autoclave
was opened, and the precipitate was manually stirred using a
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disposable spatula to redisperse the particles. The product was
transferred to 50 mL centrifuge tubes and centrifuged at 15 000
RCF for 30 min. The resulting supernatant was removed, and
further washing was performed to eliminate residual reactants
and unreacted precursors: the sample was resuspended in 30 mL
of N,N-Dimethylformamide (DMF) using 10 min of sonication.
The mixture was poured back into the autoclave, resealed, and
heated at 60°C for 3 h. After cooling to RT, the mixture was
transferred back into centrifuge tubes and centrifuged at 15
000 RCF for 30 min. This washing process was repeated twice
with DMF and once with ethanol (EtOH) to ensure thorough
purification. After the final washing step with ethanol, the
residue was dried overnight in a vacuum oven at RT. The dried
as-synthesized samples were weighed and collected in 5 mL glass
sample vials. The final activation step was carried out by drying
the powder in a vacuum oven at 150°C for 8 h under vacuum,
ensuring complete removal of residual solvents and achieving full
activation of the material.

2.1.4 | Synthesis of MIL-140A

MIL-140A was synthesized by dissolving 1.75 mmol of ZrCl, in
10 mL of DMF and 1.75 mmol of terephthalic acid in 10 mL
of DMF. Both solutions were ultrasonicated for 20 min, then
combined and sonicated for an additional 5 min. The resulting
solution was transferred into a 40 mL PTFE-lined autoclave and
heated at 140°C for 24 h. After synthesis, the product was washed
three times with DMF. A solvent-exchange step was performed
by soaking the powder in methanol for 24 h, after which the
methanol was discarded. The powder was then dried in a vacuum
oven at RT for 24 h, followed by an additional drying step at 80°C
for 24 h.

The structural and chemical characteristics of ZIF-8, MIL-140A,
and MIL-101(Cr), including their formulas and pore dimen-
sions, are summarized in Table S2 and in the Section S2 and
Table SI.

2.1.5 | Characterization

Powder X-ray diffraction (PXRD) was performed using a Bruker
D8 Advanced diffractometer with a Cu K, source (1 = 1.5418
A). The measurements were conducted over a 20 range of 3-
70, allowing for phase identification and crystallinity assessment.
Thermogravimetric Analysis (TGA) was carried out using a
Mettler Toledo 1600 TGA/SDTAS851 under synthetic air conditions
within a 30-800°C range, with a 100 mL/min gas flow rate. The
pre-treatment involved heating at 30°C for 30 min, followed by
a temperature ramp of 10°C/min up to 800°C, providing insight
into the thermal stability of the materials. The morphological
characterization of the MOF particles was conducted using
Scanning Electron Microscopy (SEM) on a Jeol JSM-IT700HR.
The imaging parameters used for SEM analysis are detailed in
the corresponding figure. Energy Dispersive X-ray (EDX) analysis
was performed using a Thermo Fisher Helios G4 UXe PFIB
dual beam system. The EDX detector was an Ametek EDAX
Octane Elite 65 mm, operated with the EDAX APEX EDS software
suite, with acceleration voltages of 2 and 5 kV, and the beam

current was 50 pA. Optical microscopy images of the chip and
inks were captured using a Keyence VHX-600 digital microscope.
MOF crystal structure images were generated by VESTA software,
which is a three-dimensional visualization system for electronic
and structural analysis.

Gas adsorption studies were carried out to evaluate the porosity
and surface area of the MOFs. N, adsorption isotherms were
obtained using a Micromeritics Tristar II at 77 K. Before the
N, adsorption measurements, ZIF-8 was degassed under N, gas
flow at 120°C for 16 h, while MIL-101(Cr) and MIL-140A were
degassed under the same conditions but at 150°C for 16 h to
ensure complete removal of adsorbed species. The BET surface
area was calculated following Rouquerol criteria using the BETSI
program [20, 21]. To study CO, uptake, CO, adsorption isotherms
were recorded using a Micromeritics Tristar IT at 298 K across a
pressure range of 0-120 kPa. Before conducting CO, adsorption,
ZIF-8 was degassed at 120°C for 3 h under N, flow, whereas
MIL-101(Cr) and MIL-140A were degassed at 150°C for 3 h under
N, gas flow. Water adsorption behavior was evaluated using
a Micromeritics 3Flex Surface and Catalyst Characterization
system at 293 K. Before the H,O adsorption measurements, ZIF-
8 was degassed in a vacuum degasser at 120°C for 16 h, whereas
MIL-101(Cr) and MIL-140A were degassed in a vacuum degasser
at150°C for 16 h to eliminate any residual moisture. All adsorption
isotherms have been converted to the AIF format and provided as
Supporting Information [22].

2.2 | Functionalization by Inkjet Printing
2.2.1 | Ink Solvents

High-purity solvents were used in the ink formulation experi-
ments. Ethanol (>99.5%, Thermo Fisher) was used to prepare
the inks, selected for its compatibility with the MOF materials
and its effectiveness in dissolving the ink components. 2-propanol
(= 99.7%, Sigma-Aldrich) was used for surface treatment of the
CMOS chip.

2.2.2 | Ink Formulation

A commercially available Canon 1JC257 UV-curable ink, referred
to as UV ink, is used in this study. The ink is a mixture of mul-
tifunctional acrylate monomers/oligomers; mainly 3-methyl-1,5-
pentanediol diacrylate, neopentyl-glycol diacrylate, 2-ethylhexyl
acrylate, and trace acrylic acid, together with a benzophenone-
type photoinitiator and proprietary additives. After UV expo-
sure, the acrylate groups cross-link into a densely packed
polyester/urethane network whose matrix is largely hydrophobic
but still contains ester carbonyls that act as weak dipole sites. In
this section, we explain how the MOF-based inks were prepared.
To prepare the ZIF-8 ink, 0.5 g of dried ZIF-8 nanopowder was
mixed with 2 mL of a 50:50 (v/v) water-ethanol solution. The
mixture was sonicated for 20 min at an intensity of 270 W using
a sonication probe in an ice bath to prevent overheating. The
solution was then filtered using a 0.1 um syringe filter to remove
larger particles. A similar preparation method was applied for
MIL-101(Cr) and MIL-140A. MIL-140A required a slightly longer
sonication time of 60 min to achieve complete dispersion. Next,
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2% (v/v) of the UV ink was added to the ink solution, followed
by brief sonication to ensure thorough mixing using a Nanografi
Ultrasonic Probe Sonicator at 30% power intensity in an ice bath
to minimize mechanical and thermal damage to the MOFs. This
step was observed to enhance the adhesion of MOF particles to
the CMOS chip.

The final mixture consisted of 2% UV ink and 98% MOF suspen-
sion, a ratio selected to preserve accessibility to the MOF’s high
porosity, while ensuring compatibility with the inkjet printing
process. This composition also helped maintain the MOF ink
on the chip surface for an extended period and prevented
MOF particles from detaching after drying. After printing on
Si wafers or CMOS chips, an annealing process was performed
using Memmert UN30 at 100°C for 30 min in air to eliminate
residual solvents and improve film stability. The selection of low-
boiling-point solvents, such as water and ethanol, in this study
was intentional. This approach helps to avoid high-temperature
annealing of the CMOS chip for extended durations, thereby
preventing potential damage to wire bonding and electronic
components. Moreover, higher annealing temperatures require
a higher UV ink polymer content to ensure MOF stability on
the CMOS chip. However, this increase in polymer content
could negatively impact the porosity of the MOF-based ink and,
consequently, its VOC selectivity.

2.2.3 | Substrate Pretreatment

Pristine (100) silicon or silicon/silicon dioxide (Si/SiO,) wafers
with a 300 nm thermal SiO, layer, a 4-inch diameter, a thickness
of 525 + 25 wm, and a resistivity of 10° to 10° Q-cm were
obtained from MicroChemicals (Germany). These wafers served
for testing the inkjet printing parameters before starting the
printing procedure on the CMOS chips. Before inkjet printing, the
substrates were cleaned by sonicating them in acetone for 15 min,
followed by 2-propanol (2IPA) for another 15 min. The substrates
were then rinsed with deionized (DI) water and dried using an N,
gun. It is important to note that no plasma treatment was applied
to increase the surface hydrophilicity, in order to avoid potential
electrostatic discharge (ESD) damage or degradation of the chip’s
wire bonds during vacuum plasma exposure.

Before inkjet printing on the CMOS chips, the chip surface was
rinsed with 2-propanol and dried using a N, gun to remove any
organic residues or dust, thereby ensuring optimal ink adhesion
and print quality.

2.2.4 | Inkjet Printing Setup and Parameters

The PIXDRO LP-50 inkjet printer, equipped with Dimatix Mate-
rials Cartridge (DMC)-11610 cartridges, was used for the precise
deposition of MOF nanoparticles and UV inks. This printer oper-
ates using a piezo-driven drop-on-demand mechanism, allowing
fine control over the printing process with high resolution. The
DMC printhead consists of 16 individually controlled nozzles, but
in this study only a single 10 pL nozzle was activated for each ink.

The inkjet printing process was optimized for uniform deposition
of UV and MOF-based inks on the CMOS chip and on Si/SiO,

wafers. A piezo-actuated nozzle was used for each ink under
different voltages and back-pressure conditions to ensure precise
ink delivery. The distance between the print head and the
substrate was set at 7.7 mm for the CMOS chip and 1 mm for
the Si wafer, as these values provided optimal ink spreading
and adhesion. The substrates were fixed on an x-y stage to
prevent movement during printing, and all depositions were
performed at room temperature (~29°C). After the printing
process, UV curing was applied for 5 s using the built-in UV
light source of the PIXDRO LP-50 to enhance ink adhesion and
stability.

The detailed printing parameters are provided in Table 1, which
lists the printhead type, voltage settings, print speed, ink pressure,
resolution, droplet volume, and pulse-shape characteristics. The
pulse-shape voltages and time durations (Idle Before, Fill Ramp,
Time Low, Fire Ramp) are crucial factors affecting droplet
formation and deposition quality. The UV ink and MOF-based
inks (ZIF-8, MIL-101(Cr), and MIL-140A) were all printed using
a DMC-11610 printhead, with the driving voltage, back pressure,
and waveform timings optimized to generate stable, satellite-free
droplets. This printing approach allows for the precise formation
of ink patterns with minimal variation in thickness and ensures
good repeatability across different printed attempts, as shown
in Figure S13.

To further control ink deposition during printing, the printhead-
substrate distance, print speed, and substrate temperature were
kept constant for all prints, and droplet sizes and shapes
were first optimized on Si/SiO, wafers before printing on the
CMOS chip. Optical microscopy and FESEM images (Figure S10)
and patterned arrays (Figure S13) confirm well-defined circular
droplets and uniform droplet distributions, ensuring a repro-
ducible deposited volume per droplet. On the CMOS chip, the
number and spacing of droplets per functional region are defined
in the printing software so that each region receives a controlled
number of overlapping droplets, leading to a consistent effective
coating thickness over the selected pixel ensembles (see also
Figure 5b-g; Figure S15).

Although single-droplet FESEM images on SiO,/Si (Figure S10f)
show a ring-like profile indicative of a coffee-ring effect, the actual
coatings on the CMOS chip are formed by overlapping many
droplets to create continuous films over ensembles of pixels. The
resulting lateral response maps in Figure 5b-e and the averaging
over selected regions (Figure 5f-g) demonstrate that, at the scale
of the sensing pixels, the coatings are effectively homogeneous
and do not exhibit detectable electrical response segregation.
Remaining non-uniformities can be corrected for by calibration
measurements at the individual pixel level.

2.3 | VOCs Gas Sensing Setup of Pure and Mixed
VOCs

In this study, the pixelated capacitive sensor (PCS) CMOS plat-
form detects VOCs via adsorption-induced permittivity changes
in inkjet-printed MOF/polymer layers on capacitive pixels. This
capacitive transduction is fundamentally different from the O,-
driven band-bending mechanism of resistive metal-oxide sensors
[23]. Consequently, under dry conditions, dry synthetic air (O, in
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TABLE 1 | Printing recipes for the inks.

Parameter UV Ink ZIF-8 Ink MIL-101(Cr) Ink MIL-140A Ink
Printhead DMC 11610 DMC 11610 DMC 11610 DMC 11610
Voltage Raw B 40 40 40 100
Print speed (mm/s) 50.8 50.8 50.8 50.8
Ink pressure (mbar) -1 -6 -5 -5
Resolution (DPI) 500 500 500 500
Native droplet volume (pL) 10 10 10 10
Measured droplet volume (pL) 9 8.9 9.2 9.3
Nozzles used during printing 1 1 1 1
Pulse Shape Voltages (V)

High Voltage 27 25 20.0 26
Medium Voltage 9 13 13.0 9
Low Voltage 3 3 1.5 3
Pulse Shape Time Duration (us)

Up Down 0.1 0.1 20.0 20.0
Idle Before 6 0.5 3.0 0.5
Fill Ramp 5 0.5 3.0 3.0
Time Low 6 1 6.0 10.0
Fire Ramp 2 4 2.4 2.4
Time High 3 0.5 2.0 2.0
End Ramp 5 0.5 2.0 2.0
Idle After 7 10 5.0 5.0

N,) and dry N, are expected to yield equivalent PCS responses.
We verified this at the outset (dry synthetic air vs. dry N,)
and observed indistinguishable signals; therefore, all subsequent
measurements used dry N, as the carrier at constant total flow.

The CMOS sensor chip operated at a self-heated steady temper-
ature of 30 = 1 °C, measured on the package adjacent to the die
(thermocouple). The chamber air was 23 + 2°C.

The VOC gas sensing experiments were conducted using a
controlled exposure system, as illustrated in Figure 1. The system
comprises a VOC bubbler, a dilution stage, and a test chamber
where the sensor is positioned for real-time measurements. This
setup is designed to test both pure and mixed VOCs under con-
trolled environmental conditions. The switching time remains
fixed throughout the experiment to systematically evaluate the
ON/OFF behavior of the sensor. Figure S14 shows a photograph
of the actual experimental gas sensing setup.

The setup operates by pumping N, through three individual
pumps, numbered I-III, using independent syringe pumps (NE-
4000 Two Channel). The setup operates by delivering dry N,
via three independently controlled syringe pumps (NE-4000 Two
Channel), designated I-III. The carrier gas is dry N, at a constant
total flow (maintained throughout the experiments).

Pump II is designated for VOC, (for pure gas measurements),
while pump III is reserved for VOC, (in cases of mixture

experiments). The entire setup utilized standard microfluidic
polytetrafluoroethylene (PTFE) tubing (1/16” OD x 1/32” ID).
Pump I is used for dilution in both pure and mixing experiments.
The flow rate over the CMOS capacitive sensor array chip is
kept constant at 2 mL/min throughout the entire experiment.
Note that pumps II and III each contain two identical syringes
filled with N,. Consequently, pump IT and pump III deliver equal
volumetric flow rates, V, and V;, respectively, which are split into
two branches: one branch passes through the VOC bubbler, while
the other bypasses the bubbler(s).

To efficiently generate vapor at the saturated pressure (P;),
we used a two-stage bubbling train (glass bottles) followed by
a third, empty knock-out bottle to prevent VOC condensate
from reaching the sensor chip. The physical and chemical
properties of all VOCs in this study, including their P, are
summarized in Table 2. Where all solvents were of high purity:
Ethanol (>99.5%, Thermo Fisher) and 2-Propanol (> 99.7%,
Sigma-Aldrich), Methanol (>99.9%, Honeywell), 1-Butanol (>
99.4%, Sigma-Aldrich), 2-butanone (>99.5%, Sigma-Aldrich),
and toluene (> 99.8%, Merck) were used in the gas-sensing
studies.

The experiments were conducted at a constant temperature of
1°C, maintained using an ice bath, and precisely controlled
via a thermocouple. By controlling the temperature, we can
estimate the saturated vapor pressure of the gas using the Antoine
equation (see Section S1), and use this to estimate the VOC
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FIGURE 1 | Pure and mixed VOCs gas sensing setup. The setup comprises three syringe pumps (I-11I) that deliver N, to the dilution, VOC;, and
VOC, channels, respectively. Each VOC channel includes a shut-off valve to select VOC;, VOC,, or their mixture. A four-way diagonal valve (shown in

pink) switches the flow sent to the sensor between pure N, and N, mixed with VOCs. The schematic depicts the pure N, case. To expose the chip to a
VOC, /VOC, mixture, rotate the diagonal valve by 90° to enable VOC delivery. The experimental setup is shown in Figure S14.

TABLE 2 | Physical and Chemical Properties of VOCs. MW: Molecular weight (g/mol), Ps: Vapor pressure at 1°C (mmHg), DC: Dielectric constant,
MD: Molecular diameter (A), BP: Boiling point (°C), DM: Dipole moment (D), P: Polarity, SI: Solubility interactions.

voc MW Ps[24] DC[25] MD BP DM P SI[26]

Ethanol 46.07 15.23 24.55 ~4.4 780 1.69 Polar Dipolarity, Hydrogen Bonding
2-TPA 60.10 8.96 18.3 ~4.8 82.0 1.66 Polar Dipolarity, Hydrogen Bonding
Methanol 32.04 3151 32.7 ~4.0 65.0 1.70 Polar Acidity, Dipolarity

Water 18.02 4.89 78.3 ~31 100.0 185  Highly Polar Strong Hydrogen Bonding, Acidity
2-butanone 7211 26.70 18.5 ~4.5 79.6 2.78 Polar Dipolarity, Weak Hydrogen Bonding
1-Butanol 74.12 1.72 17.8 ~5.1 17.7 1.66 Polar Dipolarity, Hydrogen Bonding
toluene 92.14 7.54 2.38 ~58 110.6  0.37 Non-Polar Polarizability, Dispersion Forces

concentration in the gas flow. A third bottle after the 2 bubbler
is used to bring the gas to room temperature. Before each
experimental run, pure dried nitrogen was flushed through the
system for one hour to remove any residual gases and prevent
humidity accumulation. Simultaneously, the bubblers were acti-
vated to ensure the VOCs reached their saturated vapor pressure
before entering the measurement setup. We change the volume
flow rates of the pumps to reach the desired concentrations as
explained in equations Equation (2) and Equations (S1).

During the measurement process, a four-way diagonal valve
(IDEX 4-Port Switching Valve) was used to switch between
exposing the sensor to VOC vapors and pure N,. The valve and
pump settings are configured such that we ensure the gas flow
rate over the sensor is constant during the experiment, with
only the composition of the gas being changed. This reduces
flow-rate-dependent effects on the sensor response. Multiple
microfluidic Y connectors made of PEEK were used to connect
the different lines.

During the gas sensing experiments, the gas concentrations and
of both VOC1 and VOC2 are varied by controlling the flow rates
V, and V, using syringe pumps II and III, while the flow rate V;
of pump I is adjusted to maintain the total gas rate over the sensor
constant at V., = 4 mL/min according to this equation:

Vto[al = Vl + Vz + V3 = 4 mL/min. €))

To calculate the concentration of each of the VOCs on the
sensor surface, we first need to calculate its concentration after
it leaves the bubbler. For this purpose, we use the Antoine
equation to determine the saturated vapor pressure P, of the
VOC at the temperature of the ice, and then use the following
equation to determine the VOC concentration that reaches the
sensor:

Ps,l Vz

Cyvoc1 = B X = x 10° ppm 2

total
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FIGURE 2 | Working principle and CMOS pixelated sensing chip. (a) Working principle of the capacitive gas sensor. The capacitance changes
when exposed to VOCs due to the effect of the gas on the dielectric constant of the sensing ink. A more detailed CMOS device cross-section is shown
in Figure 3. (b) Packaged CMOS pixelated sensing chip mounted on readout PCB (c) Close-up optical image of the CMOS pixelated chip in a ceramic

package. (d) Microelectrode arrays of the pixelated capacitive sensing chip. The dimensions of the microelectrodes in the three sensor matrices are shown
in Figure S15. (e) SEM top-view image showing the pixelated microelectrode structures. (f) Display of the capacitance distribution over all 1024 pixels,

with corresponding ADC values indicated by the colorscale.

Where Cyqc; is the VOC concentration, P, is the saturated
vapor pressure of VOC1 at 1 °C as determined from the Antoine
equation (see Section S1), and P is the atmospheric pressure.
The first factor in Equation (2) accounts for the concentration
of the VOC in the bubbler, while the second factor accounts for
the dilution by mixing with the nitrogen flow. For VOC2 the
V3

. P,
equation becomes Cy ¢, = %2 X x 10° ppm.

Viotal

3 | Results

3.1 | Working Principle and E-nose Chip
Electronics

The capacitive E-nose operates by detecting capacitance varia-
tions between its electrodes that are caused by changes in the
dielectric properties of the sensing ink upon exposure to VOCs.
The working principle and CMOS pixelated chip design are illus-
trated in Figure 2, showcasing both the functional mechanism
and the hardware integration.

The operation mechanism is illustrated in Figure 2a. Under
reference conditions, where only N, gas surrounds the sensor,
the sensor detects a reference capacitance value (C,). However,
when exposed to VOCs, interactions of the gas with the sensing
ink lead to a change in the effective dielectric constant [12],
thereby changing the capacitance to (C, + AC). Microscopically,

this capacitance change can originate from changes in the charge,
conductivity, and dielectric constant distributions in the ink that
change its effective dielectric constant when the gas molecules
diffuse through the material or adsorb on the porous surface of the
functional layer. By engineering functional layers whose effective
capacitance is affected more by certain gases than by others, the
sensor’s selectivity can be enhanced. The capacitance changes
are detected by switching the voltage on the switch (S) electrode
between 0 and 0.9 V at a frequency of 40 MHz. This causes a
capacitive current proportional to the capacitance between the S
and G (grounded) electrodes (See Figure 1a), which is digitized by
an analog-to-digital converter (ADC) in the CMOS chip.

In this work, we describe the CMOS pixelated sensing chip and
readout electronics that we designed, fabricated used for gas
sensing, utilizing the described capacitive operation principle.
Photographs and micrographs of the capacitive pixelated CMOS
E-nose are shown at different magnifications in Figure 2b-e and
in Figure 3. Figure 2b presents the printed circuit board (PCB),
with a socket for mounting the packaged CMOS pixelated sensing
chip, providing a USB connection between the sensor array and
a computer. Figure 2c shows an optical image of the CMOS chip
that is mounted in a ceramic package and electrically connected
by bondwires.

The pixelated capacitive sensor array that resembles our work
most is the recently reported MOF-integrated e-nose that realizes
high-density pixel arrays with a pixel dimension of 45x45 um?

Advanced Electronic Materials, 2026
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FIGURE 3 | Artist impression, based on SEM images, of cross-section of CMOS sense electrodes by sensing ink. (a) The electrodes, made in the
top-metal layer of the CMOS process, are connected vertically by vias and intermediate metal layers to pairs of switching transistors at the bottom (not
visible). The middle electrode is selected by toggling (switching) its potential between 0 and 0.9V at high frequency. This makes it the active plate
of the selected sense capacitor. Electric field lines emerging from it pass through the green sensing ink and terminate mainly on grounded adjacent
electrodes that collectively constitute the counter electrode plate of the selected sense capacitor. Note that Figure (a) is an artist’s impression that has
been constructed by cut-and-pasting SEM cross-section images from various parts of the chip. (b) SEM image of a reference bare electrode. (c) SEM image
of a functionalized electrode with a UV ink. Note that one ink droplet covers several electrodes. (d) A focused-ion-beam (FIB) SEM cross-section image
of a single electrode pixel. Thinner CMOS backend metal layers that connect the pixel to the transistors are visible below the thick top electrode. An ink
meniscus is adhering to the edges on both sides of the pixel.

(electrode spacing ~2 wm), operating at 156.25 kHz [27]. The using Sensor Matrix 1. Details on the electronic design and CMOS
platform features 4096 pixels with integrated temperature sensors fabrication process can be found in refs. [17, 28].
and heaters for recovery. In this work we present a platform that
features 3 pixelated matrices, each having 1024 capacitive pixels, Figure 2e displays a top-view SEM image of the microelectrodes in
operating at 40 MHz, enabling detecting capacitance changes less Sensor Matrix 1, and Figure 3 an image of their cross-section, illus-
than 1 aF. The smallest pixel dimensions are 4x4 um? with a pixel trating the structural topography of the sensing electrodes. The
spacing of 10um. Furthermore, all sensing layers are deposited by =~ undulating surface of the CMOS chip, characterized by valleys
solution-based inkjet printing directly onto the passivated CMOS around the electrodes, is a direct result of the CMOS fabrication
surface, providing a wet-process-compatible and purely additive process, where silicon-oxide and silicon-nitride passivation layers
route to multi-material functionalization. The same printing protrude upward at the location of the electrodes. The capillary
workflow can be extended to larger arrays and a broader range forces in the valleys between these protrusions help localize the
of inks without additional lithography or etching steps, which is printed ink in the areas between the microelectrodes, as will be
advantageous for low-cost, scalable deployment of high-diversity explained in the next section.
e-nose systems.

Figure 2f demonstrates the pixelated sensor readout, showing a
Figure 2d highlights the three pixelated microelectrode sensing spatial map of the measured response by each of the pixelated
matrices on the chip, which serve as the detection interface electrodes under exposure to VOC. The color scale-bar indi-
where the sensing functional layer interacts with VOCs. This cates the ADC capacitance readout value under VOC exposure.
figure shows three distinct sensor matrices, each designed with The ink-coated areas exhibit a stronger capacitance change
different electrode geometries to support various sensing con- (yellow pixels) compared to the non-coated areas (dark blue
figurations. Sensor Matrix 1 (bottom right) consists of square pixels).
electrodes with dimensions of 5x 5 um and an interelectrode
spacing of 15 um. Sensor Matrix 2 (top right) features electrodes To electronically read-out the pixelated sensor, the E-nose chip
with dimensions of 4 x4 um and an interelectrode spacing of  contains analog-to-digital converters (ADC) that convert the
10 pum, while Sensor Matrix 3 (bottom left) has electrodes of  capacitive signals to digital ADC values that are sent by the
5 x 5 um with an interelectrode spacing of 10 um. These different chip via the PCB and USB connection to the computer. For this
sensor matrices were designed to investigate and optimize the purpose, the capacitive current is amplified by a factor of 100 by a
electrode design. The experiments in this work were performed current mirror, after which the voltage it generates across a 68 kQ
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FIGURE 4 | Graphical summary of the material synthesis, deposition, and characterization. Various MOF powders, which are selected for their gas

sensing potential, were synthesized, characterized, and mixed with ethanol/water solvent to make them printable ink. Later, it was mixed with UV-light

curable ink to improve the stiction of the MOFs to the sensor array. Droplets of the mixed inks containing the MOF powder are inkjet printed on the
sensor chip, UV cured, and characterized. The details of these steps, and the improvement of the ink formulation, can be found in Section 2.

resistor is digitized by a 12-bit (4096 values) ADC. With respect
to a calibrated reference ADC value ADC,;, the relationship
between the digital ADC readout and the measured capacitance
Cmeasured Of the sensor is given by:

1
e = x
measured 100 X 0.9V x 40 MHz x 68 kQ

(ADC,ypu — ADC,e) X 3.3V
4096

C

©)

According to this equation, a change of 1in the value of ADC,y
corresponds to a capacitance change of 3.3 aF of the sensor, and
the 12-bit capacitance detection range is 4096 x 3.3 aF = 13.5 {F.
Note that by averaging, even smaller capacitance changes can
be achieved, as shown in Section S4.2. A dedicated MATLAB
code has been developed to analyze pixelated responses, as
shown in Figure S16, and to generate figures such as Figure 2f.
The software enables continuous analysis of the average capaci-
tance change over user-selected sets of pixels, e.g., to separately
analyze and compare the effect of gases on functionalized
and non-functionalized electrode areas in different parts of the
pixelated array.

The effective thermal noise is reduced by averaging the responses
of multiple pixels covered by the same functional layer and by
applying a moving average over time to the resulting traces. No
further digital filtering is used, thereby preserving all relevant
dynamic features of the sensor response. From repeated measure-
ments in nitrogen, the standard deviation of the residual noise in
Figure 7 corresponds to an input-referred capacitance fluctuation
of approximately 1 aF per sensor element, which is already very
small compared to the baseline capacitance.

3.2 | Sensor Functionalization by Inkjet Printing

The pixelated capacitive sensor array is functionalized via direct
inkjet printing of pre-synthesized MOF [29]. The functionaliza-
tion workflow is summarized in Figure 4. It illustrates Metal-
Organic Framework (MOF) synthesis, characterization, ink for-
mulation, inkjet printing, and printed ink analysis. The details

of the material preparation and characterization are described in
Section 2 and Sections S2, and S3. The synthesized MOFs, namely
ZIF-8 (zeolitic imidazolate framework-8), MIL-101(Cr) (Materials
of Institut Lavoisier-101, chromium; Cr(III) terephthalate), and
MIL-140A (Materials of Institut Lavoisier-140A; Zr(IV) terephtha-
late) were structurally analyzed using X-ray diffraction (XRD),
scanning electron microscopy (SEM), and Thermogravimetric
analysis (TGA) before being formulated into Ultraviolet (UV)-
curable inks for printing onto Silicon wafer and chip. The printed
structures were characterized by field emission scanning electron
microscopy (FE-SEM) and energy-dispersive X-ray (EDX) analy-
sis. To evaluate sensor selectivity, we tested a panel of VOCs and
additionally measured hydrophobicity as explained in the next
sections.

The structural and adsorption analyzes of the MOFs ZIF-8, MIL-
101(Cr), and MIL-140A are discussed in detail in Section S2.
Further discussion focusing on ZIF-8 and the UV-curable inks
is provided in more detail here. To functionalize the chip, ZIF-
8 ink was pre-mixed with UV ink at a 2:98% mixing ratio. Initially,
inkjet printing parameters were optimized for droplet shape,
distribution, and diameter by printing on SiO,/Si wafers. The
optical microscopy images of both inks are shown in Figure S10,
revealing well-patterned circular droplets with average diameters
of 29.9 + 0.2 um for the UV ink and 64.7 + 0.9 um for the ZIF-8
ink

To further assess printing uniformity, additional patterned arrays
were inkjet-printed on SiO,/Si wafers for both inks, as shown
in Figure S3.3. These patterned matrices demonstrate a uniform
droplet distribution, highlighting the inkjet printing process’s
repeatability, uniformity, and precision. Surface characterization
of the individual droplets containing ZIF-8 nanoparticles was
carried out using FE-SEM, as shown in Figure S11. The FE-SEM
images confirm that the ZIF-8 nanoparticles retain their expected
morphology, consistent with their structure before printing, as
depicted in Figure S12. EDX analysis was conducted on the total
EDX intensity images of the inkjet-printed UV and ZIF-8 inks.
Elemental mapping results of a selected area for UV and ZIF-
8 inks are shown in Figure Sl12c,d, confirming the successful
printing and uniform elemental distribution within the deposited
inks.
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EDX analysis was conducted to investigate the total EDX inten-
sity image of the inkjet-printed UV and ZIF-8 inks. Selected
area analysis and the corresponding spectrum for the UV ink
(Figure S12a,c) confirm the presence of carbon (C), nitrogen (N),
and oxygen (O), as expected for the organic matrix. For ZIF-8,
the grayscale elemental mapping in Figure S12b,d highlights the
distribution of zinc (Zn), O, and C across the printed area at high
magnification. Zn appears to be well-distributed throughout the
scanned region.

After optimizing the printing conditions on Si wafers, the inkjet
printing process was applied to CMOS microelectrode chips.
Figure 5a shows 4 droplets of UV ink and 4 droplets of ZIF-
8 ink deposited on Sensor Matrix 1 by inkjet printing; the
droplets are observed to cover roughly circular regions on the
chip having a diameter of around 50 um. The layer thickness
and surface coverage are not always optimal, as is e.g. visible in
the UV ink droplet on the bottom-right of Figure 5a. Therefore,
to increase ink layer height and chip coverage uniformity, we
deposit multiple ink droplets at the same position to improve
sensing signals.

3.3 | Measurement Method

To illustrate the basic operation principle of the pixelated capac-
itive sensor (PCS) array, Figure 5b-e, illustrate the spatial distri-
bution of the capacitance change AC under various gas exposure
conditions. The colorscale indicates AADC iy = ADC iy (£) —
ADC ¢ (£), the difference between ADC,p, (£) and the refer-
ence at t,, the difference of the value of ADC,,,(t) compared
to its reference value in nitrogen gas at atmospheric pressure
at the start of the measurement sequence at time ¢,. Figure 5b
shows the sensor response in a nitrogen environment, with the
observed spatial variations giving a qualitative impression of
the sensor stability. Figure 5c,d highlight the localized sensor
responses of UV ink and ZIF-8 ink when exposed to toluene
(methyl benzene, C4,H;CH;) and 2-butanone (methyl ethyl
ketone, CH,C(O)CH,CHs;), respectively. The UV ink shows the
strongest response to toluene, while the ZIF8 ink shows the
strongest response to 2-butanone. When both VOCs are present
together, as shown in Figure 5e, both inks exhibit a response,
confirming the sensor’s ability to detect VOCs individually and in
a mixture. This demonstrates that our pixelated CMOS microar-
ray is a multi-sensing platform for detecting multiple VOCs by
integrating different ink materials. Each ink selectively interacts
with specific VOCs, enabling continuous detection of multiple
gases with the same sensor matrix.

In the final transducer configuration shown in Figure 5b-g,
only two functional layers are therefore used on the CMOS
array: a ZIF-8 ink region and a region coated with the neat UV-
curable resin, which serves as the polymer reference. MIL-101(Cr)
and MIL-140A were employed in the initial humidity-screening
experiments (Figure 6a,b) but were not used in the final VOC
calibration and mixture measurements because their strong water
uptake leads to large humidity cross-sensitivity outside the scope
of the present study.

To evaluate the response of only specific pixels that are located
beneath the ink’s functionalized layer, software allows users

to manually select the relevant pixels and is programmed to
average the value of AADC, . 1o Of the selected pixels Figure 5f,g,
which is then plotted in the graph of the sensor response.
The same software is also used to select and average the
ADC value over an empty, non-functionalized region on the
chip to get AADCgypuiempy- Then the average and background
subtracted response of the functionalized region is calculated
using AADC s = AADCoypurro — AADCoyput.empty- ThiS aver-
aging procedure over a large number of the (in total) 1024 sensing
pixels significantly reduces noise.

3.4 | Demonstration of Gas Sensing in Pure Gases
and Gas Mixtures

A dedicated setup was used to control individual gas concentra-
tions of the two VOCs in a nitrogen gas background flow. Details
of this setup and the experimental procedure can be found in the
experimental section (Figure 1) and Section 2.3.

This setup measures the humidity responses of various MOFs
and evaluates VOC selectivity; details are provided in the
following sections.

3.4.1 | Humidity Response

For many applications, such as greenhouses and animal farms,
it is important that the E-nose signal is independent of the air
humidity level. For this purpose, it is important to verify the
response of the sensor to humidity for different functionalization
inks. It is expected that hydrophobic sensing materials can reduce
the effect of humidity variations on the E-nose reading.

To check the response to humidity, the sensor was exposed to
nitrogen gas that was humidified with 6000 ppm of water vapor.
The test was performed for MIL-101(Cr), MIL-140A, ZIF-8, and
UV inks. The real-time response curve in Figure 6a shows the
ADC readout of MIL-101(Cr), MIL-140A, ZIF-8, and UV ink.
Upon water vapor exposure, MIL-101(Cr) and MIL-140A exhibit
a significant increase in response, indicative of a high water
adsorption capacity.

In contrast, ZIF-8 and the UV ink exhibit only minor capaci-
tance shifts, confirming a more hydrophobic nature and lower
humidity cross-sensitivity. This trend matches the water-sorption
isotherms of the MOFs: ZIF-8 takes up virtually no H,O until
~80% RH, ZIF-8 takes up virtually no H,O until ~80% RH
(Figure S2c), in agreement with previous computational and
adsorption studies [30-33]. Whereas MIL-140A and MIL-101(Cr)
adsorb progressively across the RH range (Figures S5c and S8c).

In these tests, the water concentration of 6000 ppm corresponds
to ~ 20% relative humidity at 23 °C, i.e., a typical lower end
of indoor humidity. The small capacitance changes observed
for ZIF-8 and the UV ink at this level are consistent with the
independent powder water adsorption isotherms: ZIF-8 remains
essentially dry up to ~ 80% RH (Figure S2c), whereas MIL-101(Cr)
and MIL-140A show much higher water uptake (Figures S8c and
S5¢) and were therefore not used in the final VOC calibration and
mixture experiments.
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FIGURE 5 | Sensorresponse of the pixelated sensor matrix to VOCs after functionalization by inkjet printing. (a) Optical microscopy image of inkjet-
printed ZIF-8 (ink 1) and UV-curable ink (ink 2) single droplets spaced by 15 wum on part of the CMOS microelectrode array. Details of the microelectrode-
array structures for the different sensor matrices are explained in Figure S15. The image shows individual droplets after UV light curing, followed by
multiple droplet depositions, leading to their merging as in (b-e). (b-e) Lateral distribution of the capacitance change AADCpy under gas conditions.
The scale bar represents the change in the ADC code (I), where 1 ADC code represents a capacitance change of 3.3 aF as expressed in Equation (1). The
dashed lines indicate different ink regions: ZIF-8 ink (white) and UV ink (black). This sensor chip is different from that shown in (a). (b) Response under
N, (reference). (c) Exposure to toluene. (d) Exposure to 2-butanone. (e) Mixed toluene and 2-butanone exposure. (f,g) Selected regions over which ADC
values are averaged for determining AADCy gy, for ink 1 and ink 2 functionalized areas and AADCyygpyt empty in the reference region.
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FIGURE 6 | Water vapor and VOC selectivity analysis of different MOFs. (a) Dynamic ADC response of MIL-101(Cr), MIL-140A, ZIF-8, and UV ink

under exposure to 6000 ppm water vapor. Arrow lines indicate the switching between the N, baseline and water vapor exposure. To reduce electronic
noise, signals are averaged over a large number of pixels, which affects noise but not the actual sensor response. (b) Quantified water vapor response of
inkjet printed samples calculated as the difference in ADC signal between steady-state exposure to water vapor and the baseline under dry N,. Higher
values indicate higher water adsorption, reflecting the relative hydrophilicity of the sensing materials. (c) Dynamic sensor responses of UV ink toward
different VOCs. (d) Dynamic sensor responses of ZIF-8 ink toward different VOCs. (e) sensor response of UV ink and ZIF-8 ink upon VOC exposure.
Bars show AADC = ADCygc — ADCy;, (I); light blue corresponds to the UV ink and dark blue to the ZIF-8 ink. Higher AADC values indicate stronger
responsivity toward the analyte. (f) Selectivity of the two inks toward individual VOCs, defined as the ratio of their responses. Dark bars (left axis) plot
the ratio AADCyip.g ink /AADCyy ink and identify analytes for which the ZIF-8 ink is more responsive. Light bars (right axis) show the reciprocal ratio

AADCyy ink /AADCyrg ink and identify analytes for which the UV ink is more responsive.

The low water response of the UV ink can be rationalized by
its composition and cross-linked structure. The cured film is a
dense polyester/urethane network formed from multifunctional
acrylate monomers and oligomers (Section 2.2.2), with a very
high aliphatic carbon content (97.5 wt.% C and only 1.6 wt.%
O, see Table S3 and Figure S12). This implies a predominantly
non-polar environment with only a sparse distribution of polar
ester carbonyl groups and hydrogen-bonding sites. The resulting
hydrophobic matrix suppresses strong water sorption but still
allows appreciable uptake of apolar VOCs such as toluene, as
evidenced by the stronger capacitance response of the UV-ink
layer to toluene compared to 2-butanone in Figure 7g.

Figure 6a displays the full time-resolved response, while Figure 6b
shows a histogram of the averaged AADC between 6000 ppm
water vapor and the dry N, baseline.

These observations can be accounted for by the large hydrophilic
cages of MIL-101(Cr) and the 1-D channels of MIL-140A that host
open metal sites and hydroxylated surfaces, promoting strong

water uptake. MIL-101(Cr) offers Cr’* coordinatively unsatu-
rated sites, whereas MIL-140A presents Zr-OH groups; both act
as potent hydrogen-bond donors/acceptors (see Section S4 for
details).

These results confirm that ZIF-8 and UV ink are advanta-
geous for gas sensing in humid environments because of their
lower response to water vapor. Given their reduced water-vapor
response, ZIF-8 and the UV ink were chosen for the subsequent
gas-sensing measurements.

3.4.2 | VOC Response

E-nose responses to several VOCs were measured to assess
the selectivity of the ZIF-8 and UV-based functional layers. In
addition to the MOF-based inks, the neat UV-curable resin
(without MOF nanoparticles) was also printed on the CMOS
chip and used as a polymer layer. This UV ink was subjected
to the same humidity and VOC exposure protocols as the ZIF-8
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ink, enabling direct comparison of the polymer matrix response
with that of the MOF-loaded composite. No additional polymer
matrices were investigated in this study. Figure 6c-f presents
the dynamic responses of ZIF-8 ink toward different VOCs,
including 2-propanol (2IPA), ethanol, methanol, water, 1-butanol,
2-butanone, and toluene. The ADC readout is plotted against
time, illustrating the sensor’s behavior during exposure to each
VOC and subsequent N, purging. Water exhibits the weakest
response, confirming that only a trace amount is adsorbed in
the framework. The experiments show that VOC absorption is
favoured over H,O, in agreement with earlier reports by Pandey
etal. and Sann et al. [34, 35]. In contrast, ZIF-8 shows its strongest
response [36] toward 2-butanone and the series of C,-C, alcohols.

Toluene induces only a moderate change in capacitance.
Although its kinetic diameter exceeds the 3.4 A aperture of ZIF-8,
framework “gate-opening” might permit uptake, as demonstrated
by Khudozhitkov et al. [37] The reduced signal could originate
from toluene’s very low dielectric constant (2.38 vs. 1878 and its
modest electronic polarizability compared to that of the other
VOCs [25]). The observed differences in sensor response can arise
from a combination of dielectric matching, pore-size exclusion,
and guest-host interactions, as detailed in Tables 2 and Table S5.

The sensor response (AADC) of both inks toward all VOCs and
water is shown in Figure 6e, demonstrating distinct interaction
behaviors between ZIF-8 and UV ink. The results indicate that
ZIF-8 ink exhibits a significantly stronger response for all VOCs
except toluene, compared to UV ink. This behavior suggests
that UV ink interacts more weakly with VOC molecules, likely
due to the absence of microporosity compared to ZIF-8. The
enhanced response of ZIF-8 ink to ketones (such as 2-butanone)
and alcohols (including ethanol, methanol, 2-propanol, and 1-
butanol) suggests its preferential adsorption for molecules with
these functional groups. The ratios of responses to a gas across
the different inks in Figure 6f provide more detailed insight into
the sensor’s selectivity. This highlights their relative interactions
with different VOCs. The ZIF-8/UV ratio peaks for 2-butanone,
whereas the reciprocal ratio is largest for toluene, indicating that
the UV ink responds more strongly to it than the ZIF-8 ink.

Thus, in Figure 6f selectivity is expressed as the ratios
AADCyjpgink/AADCyy ip and  AADCyy i /AADCyjp g for
each VOC. The high ZIF-8/UV ratios for 2-butanone and the
C,-C, alcohols reflect ZIF-8’s stronger response to these polar
VOCs, consistent with their favourable adsorption and higher
dielectric constants. Conversely, the largest UV/ZIF-8 ratio is
observed for toluene, confirming that the neat UV resin is more
sensitive to toluene than the ZIF-8 ink. This can be attributed to
the non-porous, carbon-rich polymer matrix of the UV ink, which
favours sorption of non-polar aromatic molecules, whereas ZIF-8
provides microporous adsorption sites that favour smaller, more
polar VOCs.

It should be emphasized that neither ZIF-8 nor the UV-curable
ink is specific to a single vapour. Rather, each ink exhibits
a characteristic response pattern across the VOC panel, and
selectivity arises from comparing these patterns in an array
context. The relatively low response of ZIF-8 to water and toluene
in Figure 6e can be understood by considering both uptake and
dielectric properties. ZIF-8 is strongly hydrophobic and its water

uptake remains negligible up to about 80% relative humidity, as
shown by the water adsorption isotherm in Figure S2c; at the
~20% RH corresponding to 6000 ppm H,O in our experiments,
only a trace amount of water is adsorbed, leading to a very small
capacitance change. For toluene, the combination of limited
uptake in the ~3.4-4 A windows of ZIF-8, and the very low dielec-
tric constant of toluene (g, ~ 2.38) results in a modest signal. In
contrast, the UV-curable polymer matrix is non-porous but highly
carbon-rich, and can swell and absorb toluene more effectively,
which explains its larger response to toluene. Other VOCs in
the test set exhibit both higher uptake in ZIF-8 and higher
dielectric constants, producing the stronger signals observed in
Figure 6e.

3.4.3 | Sensor Calibration for Single VOC Gas

Based on the initial multi-gas screening, we selected 2-butanone
and toluene for subsequent analyzes. A typical measurement
is shown in Figure 7a, where the concentration of 2-butanone
is stepwise increased and decreased stepwise between 2000
and 10000 ppm and, in between, set to 0 ppm. To check the
reproducibility of the measurement, each test is performed twice,
as indicated by the black and red lines in the graph.

To enable quantification of gas concentrations, we first perform
a calibration of the pixelated sensor for the two pure gases, 2-
butanone and toluene. The response of the sensors functionalized
with ZIF-8 ink and UV ink to both VOCs is characterized as
outlined in the previous subsection. The results are shown in
Figure 7a-f. The AADC values from these measurements are
averaged over multiple pixels. Two tests (Test 1 and Test 2) are
performed, indicated by black and red lines in Figure 7a-d,
resulting in four values per gas concentration for each ink-VOC
combination, which are plotted as circles in Figure 7e,f.

Three of the four datasets exhibit a linear trend and were fitted
with a linear model, AADC;x voc = Cinkvoc. - Cvoc- The response
of ZIF-8 to 2-butanone shows a saturation effect and was there-
fore fitted with a quadratic model, AADC 1z pytanone = CziFBu1 *
Chutanone + CzIEBu2 * Cﬁumone. All fits were performed using the
least-squares regression method. The resulting fit parameters
from this calibration procedure are summarized in Table 3,
which shows in particular that the response of the ZIF-8 ink
to butanone is much stronger than its response to toluene,
providing selectivity.

Thus, the E-nose is calibrated for its response to two pure gases,
2-butanone and toluene. The measured AADC values for the
two inks provide reproducible and distinguishable responses for
each VOC, enabling quantitative calibration curves as shown in
Figure 7e,f. These calibration results form the experimental basis
for distinguishing different analytes.

To further evaluate the response of the pixelated capacitive
sensor under binary gas exposure, we exposed it to mixtures of
toluene and 2-butanone at equal concentrations in each cycle.
The mixtures were applied stepwise from 1000 ppm of each gas
up to 5000 ppm of each gas, as shown in Figure 7g. The resulting
AADC values for both inks are plotted, with UV ink shown in
black and blue lines and ZIF-8 ink in red and green lines for two
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FIGURE 7 | Sensor calibration for single VOC (a) ZIF-8 ink-functionalized area response to 2-butanone, (b) UV ink-functionalized area response to
2-butanone, (c) ZIF-8 ink functionalized area response to toluene, (d) UV ink-functionalized area response to toluene. (e—f) Sensor calibration and fits:
(e) Linear and quadratic fit of the sensor responses of the ZIF-8 and UV ink functionalized areas resp. to 2-butanone, (f) linear fits of the responses of the
ZIF-8 and UV ink functionalized areas to toluene. (g) Sensor response of UV and ZIF-8 ink-functionalized areas to mixtures of toluene and 2-butanone
gas in varying concentrations, where concentrations of both VOCs are equal, as indicated in the graph.

TABLE 3 | Extracted fitting coefficients for UV and ZIF-8 ink responses. Concentrations are given in ppm. Since AADC(I) is dimensionless, the
linear coefficients ¢; have units of 1/ppm and the quadratic coefficient ¢, has units of 1/ppm?.

Coefficient Extracted value Description (Units)

CUVTo 1.153x 107 Sensitivity of UV ink to toluene (1/ppm)

Cuv,Bu,1 1.031x 107 Sensitivity of UV ink to butanone (1/ppm)

C21E To,1 1.830 x 1073 Sensitivity of ZIF-8 ink to toluene (1/ppm)

CZIFBu 1.238 x 1073 Linear sensitivity of ZIF-8 ink to butanone (1/ppm)

CZIFBu2 —6.522 %1078 Quadratic sensitivity of ZIF-8 ink to butanone (1/ppm?)
14 of 18 Advanced Electronic Materials, 2026

85U8017 SUOWIWIOD BAIE81D 3|qeot|dde 8y} Aq pausenob ke e O ‘88N JO S9N 10} ArIq1T 8UIUO ABJIA UO (SUORIPUOD-PUE-SWBINI0D" AB 1M AlRIq U1 UO//SANY) SUONIPUOD PUe SWLB | 8U1 89S *[9202/50/20] U0 AkiqiTauliuo A8|IM ‘ e N1 - S9ed aor Aq 2£8005202 W Be/Z00T 0T/I0p/W0o" A3 1M Al jpuljuo"peouepe//Sdny Wolj pepeojumod ‘0 ‘X09T66TZ



independent test runs. The reproducibility between the repeated
exposures confirms the stability of the sensor response to binary
VOC mixtures when the two components are present at the
same concentration.

Besides equimolar mixtures, we also performed a preliminary
experiment in which the total VOC concentration was held
constant while the relative fractions of toluene and 2-butanone
were varied (see Figure S17). In this case, the ZIF-8 and UV-
ink regions respond in opposite directions as the mixing ratio
changes, confirming that the paired responses carry information
on the composition of non-equimolar binary mixtures.

4 | Discussion

In this work, we present an E-nose with chip-integrated capac-
itive readout electronics that can be realized in conventional
CMOS technology. Depending on the required gas sensing capa-
bilities, the sensor area is functionalized by inkjet printing with
dedicated inks. As a proof-of-principle of using the capacitive
pixelated E-nose for sensing, we demonstrate the capability of
the chip for detecting the response to pure gases and to binary
mixtures of VOCs.

For capacitive MOF sensors, dry N, is an appropriate proxy
for dry synthetic air with respect to VOC responses; observed
differences between dry N, and ambient air stem primarily from
humidity and background VOCs. The MOFs employed here
exhibit low water uptake, limiting humidity cross-sensitivity over
the ranges tested.

From these experiments, several key performance indicators can
be inferred. First of all, we note from graphs like Figure 7(c)
that the CMOS chip is able to distinguish very small capacitance
changes of around AADC = 0.1, corresponding to 0.3 aF per
sensor element. Noting that the simulated base capacitance of
a functionalized sensor element is roughly 0.5 fF, this enables
detecting changes in the effective dielectric constant of the order
of 0.1%, contributing to a high sensitivity.

In our experiments, we demonstrated reproducible responses
for toluene and 2-butanone in the 100-1000 ppm range. Using
the rms baseline noise of the averaged AADC signal in dry N,
(rms, i & 0.03 ADC) and the slopes of the calibration curves
in Figure 7e,f, and applying the standard 3¢ criterion LOD =
3rms, . /S, we estimated ink- and VOC-specific limits of detec-
tion (see in Table S6). For the most responsive combination,
ZIF-8 exposed to 2-butanone, the resulting LOD is approximately
7.3 x 10! ppm. For the UV ink, the estimated LODs are about
7.8 X 10* ppm for toluene and 8.7 x 10> ppm for 2-butanone,
whereas the weak response of ZIF-8 to toluene leads to a
higher LOD of ~ 4.9 x 10° ppm. These values reflect the trade-
off between sensitivity and selectivity for different ink-VOC
pairs and are consistent with the relative slopes observed in
Figure 7e,f.

We note, however, that we foresee substantial possibilities for
improving the detection limit. By engineering the electrode
configuration and by improving ink composition, deposition
strategy, and porosity, while also reducing sensor noise levels,

it might well be possible to bring detection limits down to the
1-10 ppm range. A special point of notice is the reproducibility
and fast response of the current sensor. As is seen in graphs
like Figure 7c, the sensor returns rapidly (within ~100 s) and
reproducibly to the initial AADC = 0 value after removing the
VOC gas. This response time depends both on the sensor itself
and on the time it takes to stabilize the gas concentration at
the sensor surface after removing the VOC. The actual sensor
response might even be faster than 100 s, since at the operating
flow rates, the time for replacing the gas in the tubes after
changing the concentration setting is of the order of a minute
and thus might be limiting the response in our experiments. Since
the readout electronics are very fast, we expect response times to
ultimately be limited by diffusion and effusion rates of gases in the
ink functionalized layers. Response times might thus be further
reduced by using thinner functionalization layers, although this
will probably reduce sensitivity.

The reproducibility and absence of large drifts of the sensor
indicate that the gases cause no permanent chemical or physical
changes in the functionalized layers. Most likely, the observed
signals are therefore a result of the diffusion and effusion of
the gas into the materials of which the functionalized layers
consist, onto the external surfaces of the materials, but also
into porous ZIF-8 and absorbed into the deposited polymer of
the UV-ink. The gas that enters the bulk and/or surface of
the functionalization layer, will cause a change in the effective
dielectric constant. It is known [38, 39] that both toluene and 2-
butanone absorb well to ZIF-8 particles. While 2-butanone has a
high relative dielectric constant of approximately 18.5, toluene has
a much lower dielectric constant of 2.38. The high absorption of
2-butanone in combination with its high dielectric constant can
explain the high response in Figure 7h to this gas, especially of
the porous ZIF-8 in the ink. The response of the sensor to toluene
gas is much weaker, and surprisingly, the response of the ZIF-8
functionalized layer to toluene is weaker than the response of the
layer based on UV ink in Figure 7g.

While a hypothetical explanation could be displacement of
residual H,O in ZIF-8 by toluene, this is unlikely because
ZIF-8 is highly hydrophobic and the measurements were per-
formed under dry gas conditions. Instead, the significantly higher
response of the UV-ink functionalized layer suggests that toluene
is absorbed into the acrylate-based polymer matrix, potentially
even swelling the polymer, which would allow higher uptake
compared to ZIF-8, which cannot swell. Furthermore, the UV-ink
shows a stronger response to toluene than to 2-butanone, despite
the latter having a higher dielectric constant. This indicates that
the absorption affinity is governed by chemical interactions: the
high aliphatic carbon content of the UV-ink polymer matrix
favors uptake of the apolar toluene. Elemental analysis by total
EDX intensity-image (97.5% carbon, see Supporting Information)
supports this interpretation, consistent with preferential sorption
of toluene over 2-butanone in the UV-ink layer.

This opposite response of the inks toward toluene and 2-
butanone, with UV ink having the highest response to toluene
and ZIF-8 ink having the highest response to 2-butanone, is ben-
eficial for using these inks for determining the gas concentration
in a mixture of the two gases. In general, for good selectivity of E-
noses, it is important to find combinations of functionalization
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materials that are specifically sensitive to some of the gases
compared to the other gases.

The pixelated architecture with 1024 electrodes per chip is
designed not only to improve signal-to-noise ratio by spatial
averaging, but also to enable a high degree of chemical diversity
on a single CMOS platform. In the present proof-of-principle,
we use four functional layers (three MOF-based inks and one
UV-curable polymer), but the same inkjet-printing approach can,
in principle, be extended to many more materials. Selectivity
can be modulated by combining MOFs with different pore sizes,
topologies, and surface chemistries, by varying the MOF loading
and composition of the polymer matrix, and by printing different
inks in spatially separated microdomains on each sensor matrix.
With a conservative estimate of a ~50 um droplet footprint, a
single ~400 X 500 um? matrix can host on the order of 80 distinct
functionalization regions, so that using all three matrices allows
for up to ~240 different inks on one chip.

Using many partially-specific sensors in parallel increases the
dimensionality of the odour fingerprint and thereby improves
discrimination of complex gas mixtures, analogous to the way
the mammalian olfactory system benefits from a large repertoire
of broadly responsive olfactory receptors. At the same time,
the time-division multiplexed readout architecture ensures that
power and data-rate requirements remain manageable: all 1024
electrodes in a matrix share the same front-end and ADC and
are read out sequentially, so the power consumption does not
scale linearly with the number of pixels. In our implementation,
the full array can be scanned every 0.3-0.5 s, which is compat-
ible with the characteristic adsorption/desorption times of the
VOCs studied.

The present study focuses on the CMOS capacitive E-nose plat-
form itself, its functionalization, and calibration under controlled
laboratory conditions. A further extension will be to upgrade the
gas-mixing manifold with additional independently controlled
VOC lines so that ternary and more complex mixtures (including
interferents such as ethanol) can be investigated systematically
and used to train multivariate models for anti-interference
and decoupling of multi-component gas mixtures. In addition,
translating this platform to specific application scenarios, such
as greenhouse VOC monitoring or food spoilage detection,
will require dedicated sampling and packaging solutions that
account for dust, humidity, temperature variations, and gas-
flow conditioning, including appropriate pre-filters. Designing
and validating such application-specific modules, and conducting
long-term field trials, fall outside the scope of this work and
will be the subject of future studies, in which the chip will be
integrated into complete sensor nodes and tested under realistic
environmental conditions.

5 | Conclusion

We present a pixelated CMOS capacitive sensor chip that is
functionalized by inkjet printing with MOF and polymer inks.
The E-nose is shown to detect volatile organic compounds, with
a response that can be controlled by the ink composition. A
dedicated measurement methodology and analysis software are
developed to process the simultaneous and continuous response

of all 1024 pixel sensors and improve capacitance resolution by
averaging over multiple pixels in selected functionalized regions.
The sensor chip shows a stable and fast response to changes
in VOC concentrations down to 100 ppm within ~100 s under
our experimental conditions. It was found that the ZIF-8 and
pure UV-curable ink were the most hydrophobic compared to
MIL-101(Cr) and MIL-140A. The complementary selectivity of
the inks enables discrimination between 2-butanone and toluene
exposure. After calibration in pure VOCs of known concentration,
reproducible responses were also observed for controlled binary
mixtures of the two gases. The small size, low cost, and high
performance of the CMOS readout, together with the flexibility
of inkjet-based functionalization, highlight the potential of this
approach for further development into a multi-gas sensing plat-
form. A remaining challenge is the synthesis and selection of inks
with both high sensitivity and selectivity to targeted gases. With
further optimization, the presented platform could be applied in
safety monitoring, agriculture, the food industry, and robotics.
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