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Humidity-tolerant selective sensing of hydrogen
and n-butanol using ZIF-8 coated CuO:Al film
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Hydrogen and n-butanol are emerging as clean energy carriers, necessitating reliable sensors for their

low concentration detection. This study investigates an aluminium-doped CuO (CuO:Al) sensor coated

with a zeolitic imidazolate framework-8 (ZIF-8) layer for hydrogen and n-butanol detection.

Comprehensive characterization was performed using X-ray diffraction (XRD), X-ray photoelectron

spectroscopy (XPS), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX),

thermogravimetric analysis (TGA), N2-adsorption isotherms, and Raman spectroscopy, collectively

confirming a crystalline structure, intact chemical composition, beneficial surface morphology, uniform

metal–organic framework (MOF) particle distribution, hierarchical porosity, and a high thermal stability of

the synthesized materials. CuO promotes interaction with hydrogen and n-butanol, while the ZIF-8

coating enhances selectivity by mitigating the sensitivity to other gases and confers high immunity to

elevated relative humidity (RH 81%) for hydrogen gas sensing. The hybrid MOF-ZIF-8/CuO:Al (ZIF-8

coated CuO:Al) sensor demonstrates remarkable thermal and temporal stability and maintains consistent

performance even in humid conditions. Electrical activation energy (B0.2 eV), corresponding to hole

trap state (VCu), was calculated, confirming the p-type conduction mechanism. A gas sensing response

of 400% was observed for 1000 ppm hydrogen gas under low relative humidity (RH 11%), remaining

stable over four weeks. The gas sensing response remained at 300% even at a higher relative humidity

(RH 50%) and sustained a response of 200% even after four weeks under the same RH. This shows its

potential for hydrogen detection in industrial safety, environment monitoring, clinical medical diagnosis,

and its reliable deployment in hydrogen generated energy applications.

Introduction

As the world population has increased dramatically in last few
centuries, it is expected to add two billion more in current
population (B8 billion) in next three decades.1 Thus, it is
required to increase the global energy production and its effi-
ciency to meet the upcoming energy requirements. The data
shows global energy demand may increase from 671.5

quadrillion Btu (British thermal unit) to 769.8 quadrillion Btu
in the next decade.2 The utilization of clean energy sources such
as Bio-butanol and hydrogen can become key contributors to
meet the global energy requirements and maintaining climate
neutrality in upcoming decades.3 Bio-butanol demonstrates high
fuel standards like high hydrogen-to-carbon ratio, presence of
high oxygen content,4 which are compatible with internal com-
bustion engines.5 The use of a highly fuel-efficient modern diesel
engine (operated by compression ignition) as compared to a
gasoline engine (operated by spark ignition) is a way towards
energy saving. The high environmental pollution caused by
diesel engines is a major obstacle to their widespread use in
diverse applications. However, the facile method of butanol
blending with diesel lowers the particulate matter and NOx

emission mani-folds.6 Butanol is highly volatile, which can be
harmful to the environment as well as to human health.7 Thus,
efficient sensors are essential for the real-time monitoring of
vaporized n-butanol in industries and laboratories.8

Hydrogen is rapidly emerging as a cornerstone of the clean
energy transition due to its zero carbon emissions and high
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gravimetric energy density, offering a sustainable and environ-
mentally friendly alternative to fossil fuels.9 It holds immense
promise to decarbonize various systems, such as fuel cells,10

industrial processes,11 and energy storage systems.12 However,
hydrogen has safety risks in its production and transportation
due to its explosive, flammable nature, as well as the difficulty
in detecting leaks with natural human senses alone.9 Thus, it is
critical to develop effective sensing technology to ensure its safe
handling to use it as versatile source of energy. Currently, a lot
of hydrogen sensing technologies are being applied to enhance
the sensitivity and selectivity13–15 of hydrogen in diverse envir-
onments containing volatile organic compounds (VOCs),16

ammonia,17 and moisture.18

Chemoresistive gas sensors are crucial for low-cost and
high response solid-state gas sensors. Around 20% of the used
materials are based on metal-oxides which operate in the presence
of oxygen.19 One promising candidate as sensing material is CuO,
which is widely used to detect VOCs,20,21 and a lot of other
reducing analytes22 due to its p-type semiconducting property,23

narrow band gap,24 large surface area,25 cost-effectiveness,26 and
abundance.27 Furthermore, CuO as a p-type metal oxide semi-
conductor, forms an insulating core and a hole accumulation
layer upon adsorption of anionic species.28 After exposure of
reducing gas on its surface, the interaction of reducing gases
with adsorbed oxygen anions lead to the recombination of holes
and electrons, which reduces the hole concentration, and
increases the resistance of CuO.29

Various studies have explored CuO-based gas sensors due to
their promising sensing properties. For example, Zhou et al.30

reported a highly sensitive porous gas sensor based on CuO/
Cu2O mixed phases for the detection of acetone. However,
reports on hydrogen detection using bare CuO remain scarce.
Hoa et al.31 addressed this gap by synthesizing CuO nanowires
on porous single-walled carbon nanotubes, achieving hydrogen
sensing response (B400%) at 250 1C for 6% hydrogen following
high-temperature oxidation treatment. Numerous studies have
investigated VOCs and hydrogen sensing using mixed metal
oxide systems. Lupan et al. demonstrated the selective detec-
tion of hydrogen and n-butanol through surface functionaliza-
tion of TiO2/CuO/Cu2O structures with noble metals.32,33 Their
work showed that Pd functionalization of TiO2/CuO/Cu2O
structures could detect hydrogen concentrations as low as
5 ppm, while Ag and AgPt functionalization enabled selective
sensing of n-butanol molecules.33 Without surface functionali-
zation, TiO2/CuO/Cu2O structures showed ethanol selectivity.32

One of the latest published works based on nano-patterned
CuO nanowire-based hydrogen sensors have demonstrated a
sensing response of B200% at 300 1C for a concentration of
5000 ppm.34 The doping effect in metal oxide semiconductors
plays a crucial role in modulating gas sensing performance. In
CuO, donor doping reduces the hole concentration, resulting in
an increased electrical resistance.

Metal doping significantly influences the surface properties.
For instance, the lattice mismatch between Al3+ (0.53 Å) and the
lattice cation Cu2+ (0.73 Å) induces changes in morphology and
surface area, likely due to the formation of defect states within

the lattice.35 A study by Yoo et al. reported the effect of Al
doping on the gas sensing performance of ZnO/CuO.36 It
demonstrated that the response towards ammonia increases
drastically by increasing the local concentration of ammonia
for the Al-doped ZnO/CuO heterojunction compared to the
undoped ZnO/CuO heterojunction.

Hydrogen detection under high-humidity conditions is criti-
cal for energy-related applications,18 especially in environments
where humidity exceeds 50% RH, such as urban areas in the
United States37 and polar regions of Europe and the North
Atlantic coastal region.38 This requirement extends to electronics
manufacturing facilities, where humidity typically ranges from
30% to 70% depending on process specifications.39 Given hydro-
gen’s extensive use in semiconductor processing,39 reliable leak
detection in these settings is essential for operational safety and
process integrity.40

For instance, Lupan et al. conducted a study on Al2O3 coated
CuO film for hydrogen detection at high RH.41 In this study, a
sensor was fabricated by depositing CuO using sample synth-
esis from chemical solutions (SCS), followed by a deposition of
a 6 nm thick Al2O3 layer using atomic layer deposition (ALD).
This approach enabled detection of hydrogen concentrations as
low as 5 ppm, even at high RH of 84%.41 While noble metal
doping (e.g., Pt, Pd, or Rh) typically enhances metal oxide
selectivity through catalytic action, studies indicate compro-
mised selectivity in SnO2-based sensors under high humidity.42

This limitation arises from competitive interactions between
hydrogen and water molecules at surface reaction sites.

Selectivity is also a crucial parameter in gas sensing. Bare
metal oxides generally face challenges with selectivity.19 How-
ever, coating metal oxides with MOFs can mitigate this issue.
MOFs are highly flexible framework structures due to their
tunable pore sizes which lead to a molecular sieving effect.43

Numerous studies have reported on MOFs and MOF-derived
metal oxides for sensing and related applications.44,45 For
instance, ZIF-8 is a class of MOFs porous materials consisting
of Zn ions as metal nodes and 2-methylimadazolate as an
organic linker. Its three-dimensional framework, composed of
organic linkers and inorganic metal nodes, exhibits a sodalite
topology and features a nominal aperture size of 3.4 Å and a
pore diameter of 11.6 Å.46 The molecular sieving effect of ZIF-8
allows gas molecules with smaller kinetic diameters, such as
hydrogen (2.89 Å),47 to pass through it and makes it difficult
for larger molecules, such as acetone (4.6 Å)47 and ethanol
(4.53 Å)47 to pass through, resulting in highly selective hydro-
gen detection.48

Organic MOFs can be deposited onto inorganic metal oxide–
semiconductor based interdigitated electrode (IDE) devices
using a variety of methods, including controlled deposition
techniques (such as Langmuir–Blodgett) and manual techni-
ques (such as spin-coating, dip-coating, or drop-casting).49

Although in situ growth can be advantageous in terms of direct
integration, it often requires sophisticated synthesis setups.
Alternatively, MOF-layer transfer techniques, including Lang-
muir–Blodgett deposition, may introduce structural defects or
poor adhesion to the substrate during the transfer process.50
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On the contrary, drop-casting offers a simple, cost-effective,
and accessible approach for depositing MOF particles between
the IDE fingers.51 However, this method may lead to non-
uniform coverage and limited spatial control over a distribution
of MOF particles. While repeated iteration on a target region
can improve coverage uniformity, it may simultaneously pre-
serve the sensor’s overall good conductivity.52

In this research, we present an Al-doped CuO gas sensor
functionalized with MOFs ZIF-8 for highly selective hydrogen
sensing under various environmental conditions, as well as for
the selective detection of n-butanol among a set of gases
commonly referred to as ABE (acetone, n-butanol, and ethanol).
The proposed sensor fabrication process involves the formation
of the CuO:Al grains followed by drop-casting a dispersion of
ZIF-8 nanoparticles onto the surface. The fabricated hybrid
sensor shows thermal and temporal stability even in the
presence of 50% humidity. When compared with existing
literature, this work is novel in terms of ZIF-8/CuO:Al based
structure for hydrogen detection with unprecedented selectivity
(44 times), long-term stability of about four weeks, and quick
response/recovery times in the presence of humidity.

Experimental

CuO:Al films were synthesized on the glass substrates (12 mm �
14 mm � 1 mm).53,54 The glass substrates were pre-cleaned using
HNO3 (30%) followed by rinsing in deionized (DI) water. The
purpose of cleaning with HNO3 is to remove organic contami-
nants. Afterwards, the glass substrates were cleaned with ethanol
and acetone to remove hydrophilic acid residues left after the first
step of cleaning. A solution of a copper thiosulfate complex was
used as a cationic precursor, consist of 1 mol L�1 of copper
sulphate pentahydrate (499%, Ecochimie SRL) and 1 mol L�1 of
sodium thiosulfate pentahydrate (498.5%, Ecochimie SRL).
Under continuous stirring at room temperature, the solution
was diluted with DI water to 0.1 mol L�1. Al doping was carried
out by adding 10 mg of aluminium nitrate hexahydrate (Al(NO3)3�
9H2O, Alfa Aesar) dissolved in 100 ml of DI water to the diluted
solution.55 Similarly, under continuous stirring at 80 1C, an
anionic precursor was prepared using 2 mol L�1 of sodium
hydroxide (499%, Ecochimie SRL) in DI water.

The pre-cleaned sample was immersed in the prepared
precursor solutions using an articulated robot, which has been
programmed to immerse the sample for 3 seconds (s) and 6 s in
the cationic precursor and the anionic precursor solution,
respectively. The above process is repeated for 75 number of
cycles using an articulated robot to avoid human errors in
dipping time and repetability.53 The sample was dried under a
dry air flux after successful deposition of the CuO:Al film.
Afterwards rapid thermal annealing (RTA) was performed at
600 1C for 60 s to enhance the crystallinity of the thin film, as
previously reported.54

ZIF-8 dispersion was prepared as follows. 297.49 mg (1 mmol)
of zinc nitrate hexahydrate (99%, Fisher Chemical) and 328.40 mg
(4 mmol) of 2-methylimidazole (99%, Sigma-Aldrich) were

dissolved separately in 20 mL of methanol (Z99%, Fisher
Chemical) each. The latter solution was rapidly added to the
former solution under stirring for 1 minute. After 24 hours, white
solids were separated from the dispersion by centrifugation,
followed by washing two times with methanol and one time with
2-propanol (Z99.5%, Sigma-Aldrich). The resultant powder was
kept in 2-propanol to prevent aggregation.

Following established protocols,56 Au electrodes with a
1 mm gap were fabricated on the CuO:Al film to serve as
electrical contacts before the deposition of ZIF-8 nanoparticles.
The prepared dispersion (3000 ml) containing ZIF-8 at a concen-
tration of 0.75 mg mL�1 was ultrasonicated for 15 minutes,
followed by drop-casting approximately 100 ml on the CuO:Al
film using micropipette. The schematic for illustrating the
fabrication process of ZIF-8/CuO:Al film on the glass substrate
is shown in Fig. 1.

XRD measurements were performed using a Rigaku diffracto-
meter equipped with a high-flux X-ray source (9 kW) and Cu-Ka1
radiation (1.54 Å) in parallel beam (PB) configuration within a 2y
range of 5–1001 with a step size of 0.051. The thin-film XRD unit
operated at 45 kV and 200 mA to capture the diffraction pattern.
HyPix-3000 high photon counting (HPC) 1D detector (line mode)
was used to acquire high resolution diffraction data, for captur-
ing a highly sensitive signal with low noise performance. The
morphological studies of the ZIF-8/CuO:Al samples were done
using SEM using a Zeiss system at 7 kV and 10 mA, equipped with
an EDX detector used for elemental mapping and compositional
analysis. Raman spectra of the samples were acquired using an
alpha300 RA micro-Raman spectrometer (WITec GmbH, Ulm,
Germany) equipped with a triple grating system, a charge
coupled device (CCD) detector with grating parameters set at
600 grooves mm�1 with a blaze wavelength of 500 nm. A green
Nd:YAG laser with a wavelength of 532 nm was used as the
source with an optical power of 8 mW.41,57 Calibration of the
spectrometer was done using a silicon standard with a known
peak at around 521 cm�1. Nitrogen physisorption on bulk ZIF-8
powder was performed at 77 K using a Micromeritics 3Flex 3500
instrument. Prior to the physisorption measurement, the sample
was degassed at 140 1C under vacuum for 12 hours. Thermo-
gravimetric analysis (TGA) was performed using a STA 449 F3
Jupiter instrument (Netzsch, Germany) under a flow of synthetic
air at a flow rate of 50 mL min�1. The measurement was carried
out over a temperature range of 25 1C to 800 1C with a constant
heating rate of 5 1C min�1. Elemental surface analysis of the
ZIF-8/CuO:Al and CuO:Al films was performed using an XPS
ultra-high vacuum (UHV) system (PREVAC sp. z o. o.) equipped
with a non-monochromatic Al Ka excitation X-ray source
(1486.6 eV) operated at 300 W (15 kV, 20 mA). The base pressure
inside the XPS analysis chamber was maintained in the 1 � 10�8

to 1� 10�9 mbar range, which was provided by a turbomolecular
pump and a scroll backing pump. Survey spectra were measured
over a binding energy range from 0 to 1300 eV for three samples
the CuO:Al (reference sample), the ZIF-8/CuO:Al (partially cov-
ered with ZIF-8 coating at a low concentration of B50 ml and
almost completely covered with ZIF-8 coating at a concentration
of B100 ml) with three iterations and a pass energy of 200 eV.

Materials Chemistry Frontiers Research Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 5

/3
1/

20
26

 1
0:

54
:0

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5qm00565e


3428 |  Mater. Chem. Front., 2025, 9, 3425–3442 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025

High-resolution spectra were acquired in the relevant binding
energy regions using twenty iterations and a pass energy of
50 eV. XPS spectra were analyzed using Casa XPS version
2.3.23. A Gaussian–Lorentzian line shape (1 : 1) was used as the
fitting function for peak analysis and the background was
corrected using the Shirley algorithm. Due to differential surface
charging in the ZIF-8 layers, the binding energies were calibrated
against the Zn 2p3/2 line of ZIF-8 at 1021.7 eV, as reported in the
literature.58 For calculating the chemical surface composition,
numerical integration of the spectra with the Shirley background
subtraction and application of the corresponding relative sensi-
tivity factors were utilized.

The prepared samples were exposed to a range of test gases
and VOCs (hydrogen, n-butanol, 2-propanol, ethanol, acetone,
and ammonia) with a concentration of 100 ppm in air at different
operating temperatures (OPTs) in a range from 150 1C to 350 1C at
an interval of 50 1C. The sensing setup consisted of a gas flow
system (carrier gas, bubbler, target analyte, and mass flow con-
trollers (MFCs)), a closed chamber (sample platform, electrodes,
gas inlet and outlet ports, and temperature control), and a
Keithley source meter 2400, controlled via LabView interface.

The test gas was diluted to 100 ppm by mixing air using
MFCs.55 The concentration (C0) can be calculated using the
formula:

C0 ¼ C00 � Fa

Ft
(1)

where C00 is the concentration of the test gas in the bottle, Fa is
the flow rate of analyte, and Ft is the flow rate of the mixture of
test gas and air.

The gas flow rates of both gases (Fa and Ft) in the closed
chamber were kept at 200 standard cubic centimetres per
minute (sccm) using MFCs.

A heater was placed below the sample in which the tem-
perature was controlled using a microcontroller. Samples were

tested in the presence of test gases at RH 11% and RH 50%,
measured using a hygrometer, as previously reported.54 Using a
bubbling system, by passing a carrier air through water at room
temperature, higher RH was generated and injected into a
closed chamber. To investigate the electrical properties of
tested sample, a two-point probe was used.

The gas sensing response (S) was determined using the
following relation:32,59

S %ð Þ ¼ Rgas � Rair

Rair
� 100% (2)

where Rair is the resistance of the sample in air and Rgas is the
resistance of the sample during gas exposure. The error bar
represents 10% of the gas response value.

The response time is defined as the time required for the
sensor to reach 90% of the total change in resistance upon
exposure to the target gas. Conversely, the recovery time is the
time required for the sensor to return to 10% of the total
resistance change after the gas is removed, as it approached
its baseline resistance.

Results and discussion
Structural properties

Fig. 2 shows an indexed XRD pattern of the ZIF-8/CuO:Al film-
based heterostructure. The primary peaks of the pattern are at
2y angles of 38.811 and 35.561. They strongly suggest that the
ZIF-8/CuO:Al film is composed of a CuO phase as they respec-
tively match with the (1 1 1) and (1 1 %1) lattice planes of the
monoclinic CuO pdf map 1526990 reference. Furthermore,
several peaks at higher 2y angles match with this reference as
well which clearly indicates monoclinic CuO to be present in
the ZIF-8/CuO:Al film-based hybrid structure. Additionally, the
diffractogram in Fig. 2 displays six peaks corresponding to Au
used as top-electrode. This was confirmed by the pdf map no.

Fig. 1 Schematic illustration of the stepwise fabrication process for the organic–inorganic metal–organic frameworks ZIF-8/CuO:Al film-based hybrid sensor.
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1100138. The Au peaks present in the diffraction pattern are due
to the Au electrical connections for the measurements. Multiple
ZIF-8 peaks were observed in the 2y range from 71 to 321. The
positions of all MOF ZIF-8 peaks were confirmed using a simu-
lated reference pattern obtained from a crystallographic informa-
tion file (CIF).60 The highest intensity reflection was observed at
2y = 7.201, corresponding to (0 1 1) planes. The crystallite
dimensions of ZIF-8 nanoparticles were quantitatively analysed
through XRD line profile analysis using Scherrer equation.61

d ¼ K � l
b� cos y

(3)

where d represents the crystallite size (coherent diffraction
domain), K is the dimensionless shape factor (0.940 nm for cubic
systems), l denotes the Cu-Ka radiation wavelength (0.15406 nm),
b corresponds to the full width at half maximum (FWHM) in
radians, and y is the Bragg angle.

The Voigt profile was chosen because it provides a best fit
among the three profile functions: Gaussian, Lorentzian, and
Voigt. This conclusion was reached by comparing the coeffi-
cient of determination (R2) values, where R is the correlation
coefficient for all three regression functions. The highest R2

value, indicating the best fit, was 0.98150 for the Voigt regres-
sion function. Peak deconvolution was performed using the
Voigt profile via orthogonal distance regression optimization,
which simultaneously accounts for Lorentzian broadening (wL)
and Gaussian broadening (wG).

The FWHM (b) of the XRD peak corresponding to the plane
(0 1 1) was derived using the empirical approximation:62

b � 0:5346� wL þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:2166� wL

2 þ wG
2

p
(4)

yielding b = 0.0049� 0.02% radians. Application of the Scherrer
Equation yielded an estimated crystallite size of d E 30 nm,
representing the coherently diffracting domains.63 This

contrasts sharply with SEM data showing particle size E 70 nm.
The disparity in crystallite size calculated from the Scherrer
equation and particle size estimation from SEM indicates on
the polycrystalline architecture of ZIF-8 nanoparticles,63 where
macroscopic particles comprise few smaller crystallites. This
structural hierarchy introduce extensive grain boundary interfaces
and implies increase in defect density and active sites, which can
enhance optimization pathways for sensing applications.

No Al-related phases were detected in the diffraction pattern
due to low concentration of Al in films. The sharp peaks
indicate the high crystallinity of the ZIF-8/CuO:Al film-based
structure.

Morphological and micro-Raman properties

Fig. 3(a) shows an SEM image of the CuO:Al film with intergra-
nular structures without ZIF-8 coating on top. It reveals highly
dense triangular shaped CuO:Al grains distributed randomly with-
out any preferential orientation. Moreover, the SEM images of the
CuO:Al film at different magnifications are shown in Fig. S1. The
grain distribution of the CuO:Al film can be observed using SEM,
as shown in Fig. S2(a), which was used for grain size estimation.
The CuO:Al grains appear to be homogeneously interconnected
after thermal treatment at 600 1C for 60 s. ZIF-8 nanoparticles are
uniformly distributed on the CuO:Al film. The corresponding
SEM images of the ZIF-8/CuO:Al film-based structure at several
magnifications are shown in Fig. 3(b)–(d), which reveal the surface
morphologies of the thermally grown CuO:Al intergranular
structures. The dispersion contains rhombic dodecahedral nano-
particles of MOF ZIF-8, which after drop-casting onto a Si sub-
strate, exhibit a particle size of approximately 70 nm (Fig. S2(b)).
Elemental mapping and compositional analysis of the CuO:Al film
was conducted using EDX characterization, as shown in Fig. S3.
SEM image from Fig. S3(a) shows the analyzed region of approxi-
mately 11.3 mm � 8.5 mm size. The results confirm the presence of
Cu, O, and Al, as expected. Although the presence of Al is not
confirmed by XRD due to its low doping concentration, presence

Fig. 2 XRD pattern of the ZIF-8/CuO:Al film-based structure with Au
contacts. The diffraction peaks are indexed to CuO (green), ZIF-8 (blue),
and Au used for electrical contacts (indicated by the symbol ‘‘#’’). The black
bars represent the simulated reference pattern corresponding to the ZIF-8
phase.

Fig. 3 (a) SEM image of the CuO:Al film. (b), (c), and (d) Low magnification
and high magnification SEM images of the ZIF-8/CuO:Al films-based
structure.
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of Al is confirmed by the EDX measurement. EDX analysis revealed
a composition of 45.5 at% Cu, 54.3 at% O, and 0.2 at% Al.

Fig. 4 shows the Raman spectrum of the ZIF-8/CuO:Al and
CuO:Al films. The spectrum of monoclinic CuO displays three
Raman-active modes Ag (286 cm�1), B1

g (327 cm�1), and B2
g

(614 cm�1), which matches well with the reported literature.64

The Raman spectrum of the ZIF-8/CuO:Al film exhibits char-
acteristic peaks in the range of 100–3500 cm�1, which are not
observed in the CuO:Al film. Specifically, peaks at 100.4 cm�1,
146.2 cm�1, and 186.6 cm�1 were observed, which correspond
to the lattice framework of ZIF-8. Peaks at 296.3 cm�1,
688 cm�1, 1146 cm�1, and 1458 cm�1 were also identified,
representing strong vibrational modes. These modes are attrib-
uted to the stretching (n) of bonds between the metal ligand
and imidazole ring (Zn–N), the out-of-plane bending vibration
of imidazolate ring, the C5–N stretching vibration (n), and the
methyl bending vibration, respectively. These observed bands
are consistent with the previously reported values for these
vibrations, specifically 278 cm�1, 686 cm�1, 1146 cm�1, and
1458 cm�1, respectively.65,66 A notable blue shift in the Zn–N
stretching mode may be attributed to localized defects, such as
missing linker or uncoordinated metal sites.67 Additionally, two
bands were observed at the higher end of the measured range,
at 2932 and 3135 cm�1, which correspond to the antisymmetric
C–H stretching vibrations in the methyl group and the imida-
zole ring, respectively.68,69 In addition to the indications given
by XRD and SEM, these findings confirm that ZIF-8 retains its
structure after being deposited on the CuO:Al film.

Thermal, chemical, and adsorption properties

The thermal stability of ZIF-8 powder was investigated under a
synthetic air atmosphere using TGA. As shown in Fig. S4, the
material exhibits negligible weight loss up to B380 1C, indicat-
ing the absence of physisorbed solvents or ambient moisture
and confirming the structural integrity of the framework within
this temperature range. A pronounced mass loss was observed
beyond this temperature, which is attributed to the thermal

decomposition of the organic 2-methyimidazolate linkers and
the subsequent collapse of the framework.70 The decomposi-
tion process resulted in a stable residual mass of B34.9 wt%
reached at around 640 1C. This relatively stable plateau can be
observed up to 800 1C, indicating the formation of thermally
stable ZnO, consistent with previous studies.71,72

We analyzed the surface chemistry of two ZIF-8/CuO:Al
films-based structures with varying ZIF-8 coverages as well as
an uncoated CuO:Al reference sample via XPS. Here, as the two
ZIF-8/CuO:Al films-based structures, a completely ZIF-8 covered
CuO:Al film and a partially covered film were selected according
to the details given in the experimental section. For simplicity in
naming, the completely ZIF-8 covered CuO:Al film is referred to
as ZIF-8/CuO:Al (high coverage) and the partially ZIF-8 covered
CuO:Al film as ZIF-8/CuO:Al (low coverage). Fig. 5(a) shows the
respective XPS survey spectra of all three samples with the main
photoemission lines labelled accordingly. For the ZIF-8/CuO:Al
(high coverage) sample, all characteristic photoelectron lines of
ZIF-8-namely Zn 2p, N 1s, and C 1s were observed, and no Cu
lines were visible, indicating essentially complete coverage of the
CuO:Al film (Fig. 5(a)-(i)). In contrast, the ZIF-8/CuO:Al (low
coverage) sample exhibited additional Cu related photoelectron
features corresponding to the CuO:Al film (Fig. 5(a)-(ii)). The XPS
survey spectrum of the CuO:Al reference sample only shows the
expected signals from Cu, O, and C (Fig. 5(a)-(iii)). Additionally,
the XPS survey scan of the CuO:Al reference and the ZIF-8/CuO:Al
(low coverage) sample exhibit a small Na 1s peak which indicates
residual Na from the sodium thiosulfate pentahydrate used in
the CuO:Al thin film synthesis.

High resolution spectra of the ZIF-8/CuO:Al (high coverage)
sample are shown in Fig. 5(b)–(e). The C 1s spectrum can be
deconvoluted into two components at the respective binding
energies of 287.0 eV (C 1) and 286.1 eV (C 2) (Fig. 5(b)). In the
literature, C 1s spectra associated with ZIF-8 were reported with
varying number of components and line positions. For
instance, Liu et al. reported one line at 284. 8 eV,73 while
Awadalla et al. reported a C 1s line at 285.1 eV, if referenced
to a Zn 2p3/2 line positioned at 1021.7 eV.74 Moreover, Soliman
et al. reported three C 1s components at 284.5 eV, 286.2 eV, and
288.8 eV.58 Therefore, the fitting of the C 1s line and the
assignments appear to be somewhat ambiguous. We assign
the C 1 component at 287.0 eV to the one carbon atom bonded
to two nitrogen atoms in ZIF-8 as well as carbon bonded to
oxygen via oxidation, because we also observe a small O 1s line
in the ZIF-8/CuO:Al (high coverage) sample in Fig. 5(c). Further-
more, we suggest that the C 2 component at 286.1 eV associates
with the two carbons in the ZIF-8 specific imidazole ring
bonded to just one nitrogen neighbour.

Fig. 5(d) shows the corresponding N 1s spectrum in which
two components can be observed. We assign the more intense
peak at 400.1 eV (N 1) to nitrogen in the imidazole ligand
coordinated to Zn2+ within the ZIF-8 framework. Additionally,
we allocate the lower-intensity component at 398.2 eV (N 2) to
the uncoordinated 2-methylimidazole linker. Both, the N 1 and
N 2 component assignment correspond to the ZIF-8 character-
ization study from Tian et al.75 Fig. 5(e) displays the Zn 2p

Fig. 4 Raman spectra of the ZIF-8/CuO:Al and CuO:Al films.
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spectrum with Zn 2p3/2 and Zn 2p1/2 lines at 1021.7 and
1044.7 eV. The binding energies and the difference between
these two lines of approximately 23 eV are consistent with Zn in
the +2-oxidation state present in the ZIF-8, as confirmed in the
corresponding literature.58,75 The presented XPS results which
match with ZIF-8 specific literature as well as the assignments
of the C 1s peak strongly indicate that the ZIF-8/CuO:Al (high

coverage) sample possesses an intact ZIF-8 layer on the CuO:Al
surface.

Fig. S5(a)–(d) shows the XPS high resolution spectra of the
ZIF-8/CuO:Al (low coverage) sample. Here, a differential char-
ging effect can be observed which complicates a thorough
analysis. Nevertheless, the ZIF-8 specific N 1s (Fig. S5(c)) and
Zn 2p (Fig. S5(d)) spectra closely align with the corresponding

Fig. 5 XPS spectra of selected CuO:Al samples: (a) labelled survey spectra of: (i) ZIF-8/CuO:Al (high coverage), the spectrum shows the ZIF-8
characteristic XPS lines of Zn, N and C indicating complete coverage of the substrate. (ii) ZIF-8/CuO:Al (low coverage), the Cu specific substrate lines are
still visible, and (iii) CuO:Al reference sample. (b)–(e) High-resolution spectra of the ZIF-8/CuO:Al (high coverage) sample: (b) C 1s, (c) O 1s, (d) N 1s, and
(e) Zn 2p.
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spectra of the ZIF-8/CuO:Al (high coverage) sample, indicating
that an intact ZIF-8 is also present on the surface of the ZIF-8/
CuO:Al (low coverage) sample.

In addition to these spectra interpretations, the XPS compo-
sition analysis of the ZIF-8/CuO:Al (high coverage) was calcu-
lated to be approximately 56.2 at% C, 25.5 at% N, 16.3 at% Zn,
as well as 2.0 at% oxygen. These values are compatible with
values found for ZIF-8 in the literature.74 Note, that the exact
chemical composition and the resulting XPS spectra can be
slightly influenced by the preparation method employed for the
synthesis and deposition of ZIF-8.

N2 adsorption–desorption isotherm was measured at 77 K to
analyze the surface area of ZIF-8 nanoparticles. Fig. S6 presents
the corresponding graph. The isotherm exhibits type-I behavior,
indicating a microporous structure. BET (Brunauer–Emmett–
Teller) surface area is calculated to be 1647 m2 g�1, which is in
good agreement with reported values.76

Gas sensing investigations

The gas sensing performance of the CuO:Al film-based sensor was
evaluated against a series of gases- hydrogen, n-butanol, 2-
propanol, ethanol, acetone, and ammonia- at different operating
temperatures (OPTs) ranging from room temperature to 350 1C.
No measurable response from these sample sets was observed at
temperatures below 250 1C. At 300 1C, the sensor exhibited gas

responses of 84% for hydrogen, 80% for 2-propanol, and 54% for
n-butanol. At 350 1C, the corresponding responses were 90%
for hydrogen, 70% for 2-propanol, and 60% for n-butanol. These
results indicate that the selectivity between n-butanol and
2-propanol is more pronounced at 300 1C than at 350 1C, as
shown in Fig. 6(a). Fig. 6(b) illustrates the dynamic character-
istics to 100 ppm hydrogen over three cycles at OPT of 350 1C.
Baseline drift observed in the hydrogen response (Fig. 6(b) and
(c)) could be attributed to reaction product residues on the
sensing surface.77 The response/recovery time for hydrogen
was observed as 17.1 s/37.1 s at 350 1C. The associated error in
the response and recovery times is �0.5 s. Fig. 6(c) presents the
dynamic response to 100 ppm tested gases at 350 1C. The highest
gas sensing response as discussed above was observed for
hydrogen (B90%), followed by 2-propanol (B70%) and n-
butanol (B60%). Fig. 6(d) displays the current–voltage (I–V)
characteristics of the CuO:Al film, revealing typical Ohmic
behavior. As the temperature increases from room temperature
to 350 1C, thermal excitation leads to an increase in electrical
charge carriers within the semiconductor-based sensor, resulting
in an increased sensor current.78 However, at 350 1C, a deviation
from linearity emerges in the I–V characteristics at lower and
higher end of voltages, confirmed by the reported study.79

Fig. 7(a) illustrates the gas sensing response of the ZIF-8/
CuO:Al sensor to 100 ppm of hydrogen, n-butanol, 2-propanol,

Fig. 6 Gas response of the CuO:Al film-based sensor: (a) to a series of gases with concentration of 100 ppm at 350 1C, (b) dynamic response to 100 ppm
of hydrogen gas at 350 1C, and (c) dynamic characteristic of all the tested gases at 350 1C; (d) current–voltage (I–V) characteristics at different OPTs.
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ethanol, acetone, and ammonia, at different operating tem-
peratures (OPTs) ranged from 150 1C to 350 1C. The OPT
significantly influences gas sensing by affecting the electrical
conductivity and electrical charge mobility of the sensing
material. At lower OPTs (150 1C, 200 1C), no discernible gas
response was observed, likely due to factors such as slow
reaction kinetics and insufficient thermal energy to overcome
the activation energy barrier for the reaction of analyte with the
sensor surface.80 As the temperature increases from 250 1C to
350 1C, the hydrogen response increases, reaching the max-
imum of 170% at 350 1C. Conversely, the responses to other
gases exhibited a bell-shaped curve, with a maximum at 250 1C,
followed by a decrease likely due to faster desorption at higher
temperatures.81 Notably, among the ABE gases, n-butanol
exhibited the highest response across all the OPTs, indicating
a stronger affinity compared to acetone and ethanol.
This observation is supported by competitive adsorption iso-
therms in ternary ABE systems.82 The fabricated sensor shows
B1.3 and B1.6 times higher selectivity to n-butanol as com-
pared to ethanol and acetone, respectively. The sensing
response to hydrogen gas at 350 1C exceeded that of the other
tested gases by a factor of 44. Fig. 7(b) demonstrates the
dynamic response to 100 ppm hydrogen over three cycles at
350 1C. The corresponding response and recovery times for
hydrogen were observed to be 11.1 s and 27.0 s, respectively,
with an associated error of �0.5 s. Fig. 7(c) shows the dynamic

response to 100 ppm of each gas at OPT of 350 1C. The
increased hydrogen gas response may be due to enhanced
diffusion at higher temperatures. Baseline drift observed in
the hydrogen gas response (Fig. 7(b) and (c)) could be attributed
to reaction product residues on the sensing surface, as
described in eqn (5)–(7).77

H2 + 2CuO - H2O + Cu2O (5)

H2 + Cu2O - H2O + 2Cu (6)

H2 + CuO - H2O + Cu (7)

Part of the H2O molecules produced according to the
Equations above may strongly bond to active sites of the CuO
forming hydroxyl adsorbed species, which can retard hydrogen
desorption completely and lead to a baseline drift in subse-
quent cycles,83 as shown in Fig. 7(b). A slight increase in
sensing response in subsequent cycles may be attributed to
the annealing history (i.e., repetitive high-temperature mea-
surements), as reported in the literature.84

Fig. 7(d) shows the current–voltage (I–V) characteristics of
the MOF ZIF-8/CuO:Al hybrid sensor exhibiting typical Ohmic
behavior. As the temperature increases from room temperature
to 350 1C, the thermal excitation causes the increase of carriers
in the semiconductor sensor, resulting in an increased
current.78 However, at OPT of 350 1C, a deviation from linearity

Fig. 7 Gas response of the ZIF-8/CuO:Al based sensor: (a) to a series of gases with a concentration of 100 ppm, (b) dynamic response to hydrogen at
350 1C, (c) dynamic characteristic of all the tested gases at 350 1C; and (d) current–voltage (I–V) characteristics at different OPTs.

Materials Chemistry Frontiers Research Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 5

/3
1/

20
26

 1
0:

54
:0

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5qm00565e


3434 |  Mater. Chem. Front., 2025, 9, 3425–3442 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025

emerges in the I–V characteristics at lower and higher end of
voltages, confirmed by the reported study.79 CuO is a p-type
semiconductor-oxide material. At constant OPT, the electrical
resistance of the gas sensor depends on the amount of O2

adsorbed on the sensing surface.19

A comparative visualization of the gas sensing responses of
the MOF ZIF-8/CuO:Al and CuO:Al sensors to the tested gases
(hydrogen, n-butanol, 2-propanol, ethanol, acetone, and ammo-
nia), based on data from Fig. 6 and 7, is presented in Fig. S7.
Prior to ZIF-8 deposition on the CuO:Al film, the sensor exhib-
ited B1.5 times higher selectivity for hydrogen compared to n-
butanol at 350 1C. After MOF ZIF-8 deposition, the ZIF-8/CuO:Al
hybrid sensor demonstrated more than a four-fold increase in
selectivity for hydrogen over n-butanol. The enhanced selectivity
for hydrogen over other analytes, as discussed above, can be
attributed to the molecular sieving effect of ZIF-8, which prefer-
entially permits smaller hydrogen molecules (2.89 Å)47 to diffuse
through its pores and reach the CuO:Al surface.

The working temperature affects the gas sensor’s performance.
Fig. S7 shows the sensing performance of the CuO:Al and MOF
ZIF-8/CuO:Al films as a function of OPT for 100 ppm of various
tested gases in our experiments. In case of the CuO:Al film without
ZIF-8 coating, no appreciable variation in response was observed
for tested ABE molecules at different OPTs. For the ZIF-8/CuO:Al
film-based structure, the sensing response to ABE molecules
initially increases as the temperature rises from 150 1C to
250 1C, followed by a decline when the temperature is further
increased to 350 1C. This can be attributed to the thermal effect
influencing the adsorption–desorption process of ABE molecules
on the adsorbent surface.85 Thus, among the tested temperatures,
250 1C appears to be the most favourable temperature for ABE
molecules sensing using the MOF ZIF-8/CuO:Al sensor. The
enhancement in the sensing response after metal–organic frame-
work ZIF-8 coating on the CuO:Al surface can be attributed to the
accumulation of tested analyte due to high porosity and ZIF-8 also
serves as a concentrator for the analyte.86

To study the location of the defect states above the valence
band, the activation energy (Ea) of the ZIF-8/CuO:Al sample was
assessed by measuring current (I) in ambient environment at
different temperatures ranging from room temperature (25 1C)
to 350 1C. By plotting ln (I) versus 1/T (Fig. 8), the slope of the
linear fit can be determined, which corresponds to the activa-
tion energy (Ea) divided by the Boltzmann constant (kB) accord-
ing to the Arrhenius equation:15

Slope ¼ �Ea

kB
(8)

The slope of the plotted curve is �2.4 � 103 K. Thus, the
activation energy from the valence band to the defect state is
approximately B0.2 eV. This activation energy is corresponding
to the trap levels or defect states (VCu).87–89 These trap levels act
as acceptor states and are primarily responsible for CuO’s p-
type conductivity. These shallow trap levels just above the
valence band enables the thermal excitation of electrons from
the valence band into the acceptor level, thereby creating holes
in the valence band that contribute to hole conduction.

Fig. 9(a) illustrates the gas response of the ZIF-8/CuO:Al
film-based structure to varying hydrogen gas concentrations
between 10 to 1000 ppm under operating conditions of RH 11%
at OPT of 350 1C. The sensor detects hydrogen gas at a
concentration as low as 10 ppm, with a response of B50%.
As the hydrogen gas concentration increases, the response also
increases, reaching B400% at 1000 ppm.

Similarly, at RH 50%, Fig. 9(b) shows the gas response of the
ZIF-8/CuO:Al film-based sensor to hydrogen gas concentrations
ranging from 10 to 1000 ppm. Notably, the response at 10 ppm
is nearly identical at both humidity levels. However, differences
are observed at 100 and 1000 ppm. Increasing the RH from 11%
to 50% results in no significant deterioration of the hydrogen
gas sensing response. The response decreases only from
B170% to B152% by increasing the RH from 11% to 50% at
a concentration of 100 ppm. This minimal change can be
attributed to the hydrophobic properties of the ZIF-8 layer on
CuO:Al.90 Moreover, the gas sensing response decreases to
approximately 75% at a concentration of 100 ppm with a
further increase in RH to 81%, as illustrated in Fig. S8.

The theoretical value of lowest detection limit (LDL) of the
sensor is defined as the smallest concentration of an analyte
that can be reliably detected. According to the International
Union of Pure and Applied Chemistry (IUPAC) definition, it is
the smallest distinguishable signal from the noise that can be
detected by a tested sensor after the exposure to the lowest
amount of tested analyte.91 It is a crucial parameter in evaluat-
ing the sensing performance and can be expressed in parts per
million (ppm) or parts per billion (ppb). Fig. 10 shows the gas
sensing response (S) as a function of hydrogen concentration.
LDL and root mean square noise (rmsnoise) are defined in
eqn (9) and (10), respectively.

The LDL can be expressed in mathematical form as:92

LDL ¼ 3� rmsnoise

g
(9)

Fig. 8 Arrhenius plot of ln (I) vs. 1/T with the corresponding linear fit for
the calculation of activation energy of the ZIF-8/CuO:Al sample.
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and rmsnoise can be expressed as:93

rmsnoise ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
i

Ri � Rð Þ2

n

vuut
(10)

where g is the slope of the linear fitting of sensing response (%)
to the concentration of the analyte (ppm) calculated through
linear fitting at the low concentration (up to 100 ppm), Ri’s are
the experimental data points of the baseline before gas expo-
sure, R is the average value of the baseline consecutive data
points before gas exposure, and n is the number of data points
on the baseline before gas exposure.

The calculated value of rmsnoise is 0.18% and the slope (g) of
the sensing response as a function of the analyte concentration
is 1.34% ppm. Thus, the value of LDL of the ZIF-8/CuO:Al based
gas sensor is B402 ppb.

To check the temporal stability of the ZIF-8/CuO:Al film-
based hybrid sensor, the dynamic response for different con-
centrations of hydrogen gas was measured at RH 11% and RH
50% after three and four weeks, respectively.

Fig. 11 and 12 demonstrate the dynamic gas sensing
response to hydrogen gas concentrations ranging from 10 to
1000 ppm measured three and four weeks after initial testing,
respectively. These figures reveal that the response decreases
slightly under higher humidity conditions (RH 50%) compared
to less humid environments (RH 11%), especially for higher
hydrogen gas concentrations. However, the sensor maintains
consistent response values at 10 ppm hydrogen concentrations
across both humidity levels and time periods-retaining its
detection efficiency even after four weeks. This demonstrates
exceptional temporal stability of the fabricated sensor.

A comparative study with previously reported literature is
presented in Table S1. Our current study demonstrates good
temporal stability, maintaining performance over four weeks,
and achieves a low detection limit of 402 ppb. Defect analysis,
derived from the Arrhenius equation (B0.2 eV, VCu), provides
insights into the material’s electronic properties. Additionally,
the sensor exhibits strong sensitivity retention even under high
RH conditions (RH 50%), highlighting its robustness for real-
world applications.

Gas sensing mechanism

CuO is a typical p-type semiconductor due to the presence of
copper interstitial defects that lead to the formation of an acceptor
state just above the valence band, as shown in Fig. S9. When the
sensor is exposed to the ambient atmosphere, adsorbed oxygen
molecules on the sensor surface are ionized to different oxygen
ionic species depending on the OPT, as shown in eqn (11)–(14).94

O2(gas) 2 O2(ads.) (11)

O2(ads.) 2 O�2(ads.) + h+ (12)

O�2(ads.) 2 2O�(ads.) + h+ (13)

O2(ads.) 2 O2�
(ads.) + h+ (14)

H2 + O�(ads.) + h+ - H2O(vap.) (15)

C4H9OH(ads.) + 12O�(ads.) + 12h+- 4CO2 + 5H2O (16)

Different oxygen ionic species are adsorbed on the surface.
As shown in eqn (12), the molecular oxygen ionic species (O2

�)

Fig. 9 Gas response of the ZIF-8/CuO:Al based hybrid sensor to different hydrogen concentrations and RH values (a) RH 11%, and (b). RH 50%.

Fig. 10 Sensing response (%) of the ZIF-8/CuO:Al film-based sensor as a
function of the hydrogen concentration (ppm).
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forms at temperature below 100 1C. Eqn (13) and (14) show the
origin of monoionic oxygen (O�) and bionic oxygen (O2�)
species occurring in the temperature range 100 1C o T o
300 1C and above 300 1C, respectively. Holes (h+) are generated
due to the transfer of electrons to the surface acceptor level just
above the valence band as shown in Fig. S9. After exposure to
the reducing gas hydrogen (H2), the reduction of the hole
accumulation layer (HAL) occurs on the surface of CuO:Al, as
shown in eqn (15).95 Similarly, after exposure to n-butanol
(C4H9OH) on the CuO:Al surface, the HAL width decreases
due to hole reduction, as shown in eqn (16).19 The adsorption
and desorption of target gases, along with their interaction with
adsorbed oxygen ionic species, modulate the electrical resis-
tance and thereby, producing the sensing response. The energy
band representation of the ZIF-8/CuO:Al film after exposure to
hydrogen and n-butanol is shown in Fig. S9. The gas sensing
mechanism of the chemoresistive ZIF-8/CuO:Al hybrid sensor
film can be correlated to adsorption of hydrogen and other
gases onto the sensing surface. The ZIF-8 coating enhances the
adsorption capacity due to its highly porous structure, which
facilitates the diffusion of hydrogen through the coating and its

interaction with the CuO:Al sensing surface.96 The change in
electronic properties of the CuO:Al surface occurs after hydro-
gen adsorption on hollow sites of Cu atoms. The cleavage of
H–H bond, followed by the formation of two O–H bonds may
need more energy due to the high oxygen vacancy concen-
tration, making the reaction between hydrogen and CuO more
difficult to proceed.97 Eqn (7)98 shows the reaction between
CuO and hydrogen molecule.

Using standard kinetic theory of gas molecules, the mean
free path can be calculated using the relation:99

l ¼ kBT

2
p

pdij2p
(17)

where l is the mean free path of gas molecules, T is the
operating temperature, dij is the collision diameter, and p is
the atmospheric pressure.

Since the target gas molecules (e.g. 100 ppm) are very low in
concentration compared to the background gas. Number den-
sity of background gas molecules dominate. So, l is indepen-
dent of small mole fraction and atmospheric pressure is
considered in eqn (17).

Fig. 11 Gas response of the ZIF-8/CuO:Al based hybrid sensor to different hydrogen gas concentrations and RH values (a) RH 11%, and (b) RH 50% after
three weeks.

Fig. 12 Gas response of the ZIF-8/CuO:Al based hybrid sensor to different hydrogen gas concentrations and RH values (a) RH 11%, and (b) RH 50% after
four weeks.
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At 350 1C, the mean free path for all the test gases (hydrogen,
acetone, 2-propanol, n-butanol, and ethanol) can be calculated
and comes out to be (164.9 nm, 94.5 nm, 94.2 nm, 75.7 nm, and
115 nm, respectively).

The flow regime of the transport of gas molecules can be
classified in three classes based on their Knudsen number (Kn),
which can be defined as:99

Kn ¼
l
sp

(18)

where sp (0.34 nm)46 is the pore size of the ZIF-8 nanoparticle.
At 350 1C, the Knudsen number for all the test gases can be

calculated using eqn (18). In each case, the Knudsen number is
found to be greater than 10, which indicates that gas transport
occurs in the Knudsen diffusion regime. For instance, the
Knudsen numbers at 350 1C for hydrogen and n-butanol are
approximately 485 and 223, respectively.

If all the target gas molecules were to pass exclusively
through the intrinsic ZIF-8 pores, diffusion would proceed via
Knudsen diffusion. Moreover, SEM analysis shows that the
CuO:Al film is completely covered by the ZIF-8 layer. However,
the MOF ZIF-8 film is not perfectly pinhole-free: grain boundaries
and other small defects may be present. These structural imper-
fections can locally increase the effective pore size, allowing for
contribution from translational or even molecular diffusion in
some regions. Therefore, it can be concluded that while Knudsen
diffusion is the dominant transport mechanism through the
intrinsic ZIF-8 pores, translational or molecular diffusion may
also contribute locally at grain boundaries and defects.

Fig. S9 shows the schematic diagram of hydrogen (2.89 Å)47

sensing through ZIF-8 layer due to its smaller kinetic diameter
over other tested VOCs such as ethanol (4.53 Å),47 2-propanol
(4.7 Å),100 n-butanol (5.0 Å),101 and acetone (4.6 Å).47 Although the
nominal aperture size of ZIF-8 pore is 3.4 Å,46 it is not sharp
molecular sieving cut-off due to its flexible framework.46 The large
pore size of ZIF-8 (11.6 Å)46 have been shown to be accessible to a
series of VOC molecules with kinetic diameters of 4.3–5.85 Å,
which is significantly larger than the nominal aperture size of ZIF-
8.46 The interaction of VOC molecules with ZIF-8 may depend on
the electronic polarizability and their van-der Waals interaction
with the ZIF-8 framework. The electronic polarizability of n-
butanol (B8.57)102 is highest followed by 2-propanol (B6.67),102

acetone (B6.27),102 and ethanol (B4.92),102 which leads to have
higher adsorption of n-butanol on ZIF-8 due to its strong van der
Waals interaction with the ZIF-8 framework. Based on Remi et al.
report, the liquid-phase adsorption profiles of VOCs on ZIF-8
were examined at room temperature, which shows largest uptake
of n-butanol followed by 2-propanol, acetone, and ethanol,
respectively.103,104 In the current study, the diffused molecules
through ZIF-8 interacts at the CuO:Al sensing surface. We have
observed a bell-shaped curve with the highest sensing response
for VOCs at 250 1C, followed by a decrease at higher temperatures
due to the dominance of desorption. At 250 1C, the gas sensing
responses of n-butanol and 2-propanol are almost equal within
the error margin, with n-butanol showing a slightly higher
response.

Conclusions

In this study, CuO:Al thin films were synthesized using an SCS
method. Metal–organic frameworks ZIF-8 nanoparticles were
applied onto the synthesized CuO:Al films by drop-casting a
nanoparticle dispersion. XRD analysis confirmed the crystal-
lographic structure of the ZIF-8/CuO:Al film-based structure,
verifying the presence of monoclinic phase of CuO. The crystal-
lite size of the ZIF-8 nanoparticles was estimated to be approxi-
mately 30 nm using the Scherrer Equation, indicating the
coherent diffraction domain size. SEM provided detailed
insights into the surface morphology, revealing highly dense
triangular-shaped CuO:Al grains and a uniform distribution of
rhombic dodecahedral ZIF-8 nanoparticles on the CuO:Al film.
The particle size of ZIF-8 was estimated to be about 70 nm
based on SEM images. EDX provided compositional informa-
tion, confirming the presence of aluminium at 0.2 at%, which
was not detected by XRD. TGA indicated that the metal–organic
frameworks ZIF-8 remains thermally stable up to approximately
380 1C. XPS gives detailed insight about the chemical states and
elemental composition of the film, confirming the integrity of
the ZIF-8 layer after deposition on the CuO:Al film. The N2-
adsorption isotherm analysis determined a BET surface area of
B1647 m2 g�1 and exhibited type-I isotherm behavior, char-
acteristic of ZIF-8. Additionally, Raman spectroscopy supports
the structural analysis by identifying vibrational modes corres-
ponding to the ZIF-8 and CuO phases. ZIF-8/CuO:Al-based
hybrid sensor retains its hydrogen detection efficiency at RH
11% and RH 50% even after four weeks following the initial
measurements. ZIF-8/CuO:Al film-based sensor demonstrates
exceptional sensing performance in terms of temporal stability,
sensing response at low concentration (10 ppm) and durability
even in the presence of higher RH (81%). The current measure-
ments at different operating temperatures reveal information
about the location of defect states by calculating activation
energy of the sensor. Considerably, the fabricated sensor exhi-
bits appreciable selectivity to hydrogen (44 times) over other
tested analytes such as acetone, 2-propanol, n-butanol, and
ethanol at higher temperature (350 1C). The fabricated hybrid
sensor shows B1.3 and B1.6 times higher selectivity to
n-butanol as compared to ethanol and acetone, respectively.
The ZIF-8/CuO:Al-based hybrid sensor exhibited appreciable
sensitivity (75%) for 100 ppm hydrogen gas even at a high
relative humidity of 81%, enabling its application under adverse
conditions. Furthermore, a very low detection limit of 402 ppb
was achieved, which is advantageous for various applications,
including the detection of very small amount of hydrogen leaks.
These remarkable features make the metal–organic frameworks
ZIF-8/CuO:Al film-based hybrid sensor developed in current
work, a highly promising candidate for efficient hydrogen sen-
sing under different environmental conditions.
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V. Galstyan, V. Sontea, L. Chow, F. Faupel, R. Adelung,
N. H. de Leeuw and E. Comini, TiO2/Cu2O/CuO Multi-
Nanolayers as Sensors for H2 and Volatile Organic Com-
pounds: An Experimental and Theoretical Investigation,
ACS Appl. Mater. Interfaces, 2021, 13, 32363–32380, DOI:
10.1021/acsami.1c04379.

33 O. Lupan, N. Ababii, D. Santos-Carballal, M.-I. Terasa,
N. Magariu, D. Zappa, E. Comini, T. Pauporté, L. Siebert,
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92 Á. Peña, D. Matatagui, F. Ricciardella, L. Sacco,

S. Vollebregt, D. Otero, J. López-Sánchez, P. Marı́n and
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