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The development of reliable sensors for identifying corrosive vapours remains a significant challenge due
to the high reactivity of these gases and the fundamentally distinct sensing mechanisms required for acids
and bases. Herein, we report a single-component colourimetric sensor based on Cu?*-functionalised
MOF-808 (Cu-MOF-808) capable of visually distinguishing six representative corrosive vapours, including
hydrogen halides (HCL, HBr, HI) and volatile amines (NHs, ethylenediamine, NoH,). Cu?* ions were post-
synthetically anchored onto the Zrg nodes of the robust MOF-808 framework, providing accessible and
reactive sites for vapour-responsive colour changes. The sensor exhibited distinct, analyte-specific colour
transitions upon vapour exposure while remaining stable under variations in humidity, temperature, and
common interfering gases. For practical application, Cu-MOF-808 was embedded in a flexible PVDF matrix
to fabricate a portable sensor film. Upon vapour exposure, colour changes were digitised into RGB values
and accurately classified within 15 seconds via statistical analysis. These results highlight the potential of
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1. Introduction

Corrosive chemicals, such as hydrogen halides (HCI, HBr, HI)
and volatile bases (NH3, ethylenediamine, N,H,) are used in
diverse industrial applications, including polymer synthesis,
metal processing, fertilizer production, pharmaceuticals,
semiconductor fabrication, and chemical synthesis."”® These
substances are highly reactive and can cause severe damage
to both metallic and organic materials upon contact.””
Owing to their toxicity and corrosive nature, accidental leaks
pose serious risks to human health and infrastructure.*****
Emergency response and mitigation strategies depend on the
specific identity of the released gas, making accurate and
rapid identification a matter of critical importance.'*"®
However, the strong reactivity of these gases often leads to
degradation or failure of electronic circuit-based gas sensors,
limiting their reliability in real-world applications.'”®
Colourimetric sensing offers an elegant, -circuit-free
alternative that converts chemical interactions into visible
signals recognizable by the naked eye or a simple camera.
Recent studies have introduced various colourimetric sensors
for detecting corrosive vapours, employing materials such as
organic  dyes,”®'"*  polymers,>*>>’ molecular metal
complexes,*® ! covalent organic frameworks (COFs),**** and
metal-organic frameworks (MOFs).***™*° However, most
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Cu-MOF-808 as a practical sensor for real-time monitoring of corrosive gases in the real-world.

reported systems are limited to either acidic or basic gases,
as their distinct donor-acceptor properties often require
separate recognition mechanisms and functional groups.
Recent research on colourimetric sensor arrays has shown
that combining responses from multiple sensing elements
can differentiate various chemical vapours, including certain
corrosive acid and base gases, though this approach
demands more complex data analysis.""** As a result,
although corrosive gases are important targets, the
development of sensor materials that can visually detect
them is still in its early stages.

A promising strategy for decoding multiple colourless
corrosive vapours is to employ transition metal ions, which
are well known to form distinctly coloured complexes with
acidic and basic analytes in solution. However, the
intrinsically nonporous nature of most such complexes limits
gas-phase accessibility, reducing their effectiveness in
practical sensing applications. Interestingly, recent studies
have attempted to overcome the nonporous limitations of
metal ions by immobilizing single metal ions within porous
matrices including porous carbons,**** COFs,*** and
MOFs,*’ " thereby exposing them directly to the external
environment for applications in catalysis or single-gas
sensing. However, these approaches have not yet been
extended to the development of decoding sensors for a broad
range of corrosive gases.

In this study, we report a single-component colourimetric
sensor that enables identification of both corrosive acid and
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base vapours using a Cu*'-functionalized metal-organic
framework, Cu-MOF-808. The Cu*" ions are anchored
directly onto the Zrg clusters of the robust MOF-808,
(ZrgO4(OH),(BTC),(HCOO)s,  where = BTC =  1,3,5
benzenetricarboxylic acid), forming readily accessible
colourimetric sites that interact with target gases. Given the
colour sensitivity of Cu®>" to changes in oxidation state and
ligand field, each of the six tested gases—HCI, HBr, HI, NH3;,
ethylenediamine, and N,H,;—induces a distinct colour
change, while remaining wunresponsive to common
interfering gases, humidity variations, and thermal
fluctuations. By incorporating a flexible polymer, Cu-MOF-
808 was effectively fabricated into a compact, portable device
for detecting corrosive gases. This device displays noticeable
colour changes visible to the naked eye and can be tracked
by camera sensors, demonstrating its practical utility and
adaptability for continuous, 24-hour on-site colourimetric
monitoring of corrosive vapours.

2. Results and discussion
2.1. Preparation and characterisation of Cu-MOF-808

To prepare a colourimetric sensor for corrosive vapour
detection, the robust and porous Zr-based MOF-808 was
functionalized with Cu®' jons as colourimetric centre, via
previously reported procedures.***> Cyan-coloured Cu**-
incorporated MOF-808 powder was obtained by immersing
acid-activated MOF-808, bearing labile H,O and -OH groups
on its Zrg nodes that facilitate coordination with various
transition-metal cations,**~"**** into Cu(CH;COO), solution
(68 mg, 0.34 mmol in 10 mL of methanol) for overnight at
60 °C. Notably, the cyan colour persisted even after repeated
washing with distilled water, without returning to the
original white colour of MOF-808 (Fig. 1a), supports that the
Cu”' ions are strongly coordinated to the Zrg clusters within
MOF framework rather than being merely physically
adsorbed. The structural integrity of MOF-808 after copper
incorporation was confirmed by X-ray powder diffraction
(XRPD) (Fig. 1b and S1), while scanning electron microscopy
(SEM) images showed no significant morphological changes
(Fig. S2). The molar ratio of Cu to Zr was determined to be
0.62 using inductively coupled plasma-atomic emission
spectroscopy (ICP-AES), corresponding to the incorporation
of approximately 3.69 Cu ions per Zrs cluster (Table S1). In
addition, energy dispersive X-ray spectroscopy (EDS) mapping
confirmed the homogeneous distribution of copper
throughout the MOF structure (Fig. 1d). Furthermore,
nitrogen sorption analysis revealed reduced surface area and
pore size of 1000 m* g™* and 1.30 nm, respectively, compared
to the pristine MOF-808 (1697 m”> g ' and 1.59 nm),
indicating partial pore occupation by anchoring Cu®** ions
but retained porosity sufficient for vapour access (Fig. 1c and
S3). These results collectively confirm the successful
synthesis of Cu-MOF-808 with structurally integrated Cu>*
sites while maintaining accessible pores, thereby enabling its
application as a colourimetric sensor for corrosive vapours.
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Fig. 1 (a) Photographs of Cu-MOF-808 (left) and hydrochloric acid
(HCl) exposed Cu-MOF-808 (centre), and Cu-MOF-808 exposed to
HCl and subsequently washed with water (right). (b) XRPD patterns of
Cu-MOF-808 (blue) and Cu-MOF-808 (HCl) (red) with simulated XRPD
pattern of MOF-808 (grey). (c) N, sorption isotherms of MOF-808
(black) and Cu-MOF-808 (blue) measured at 77 K. (d) SEM image (left)
and EDS elemental mapping (centre and right) of Cu-MOF-808.

2.2. Colourimetric response of Cu-MOF-808 to HCI vapour

Preliminary evaluation of the responsiveness of Cu-MOF-808
was carried out by exposing the samples to corrosive HCI
vapor generated from a concentrated hydrochloric acid
solution. Upon exposure to HCl vapour, Cu-MOF-808
underwent a rapid and visually distinct colour change from
cyan to yellow within 20 seconds, enabling immediate naked-
eye recognition (Fig. 1a). Importantly, no structural and
morphological changes were observed in the MOF-808
framework (Fig. 1b and S2), confirming that the colour
transition did not result from framework degradation.
Washing the HCl-exposed Cu-MOF-808 with water resulted in
a white powder, rather than restoring the cyan colour,
suggesting Cu®* dissociation from the Zr, clusters and
possible limitations in reusability (Fig. 1a and S4). The
ultraviolet-visible near-infrared (UV-vis-NIR) spectrum of
HCl-exposed Cu-MOF-808 revealed new absorption bands at
33898 and 25907 cm™', corresponding to ligand-to-metal
charge transfer (LMCT) transitions in tetrahedral [CuCl,]*
species,”>™ confirming that released free Cu®>" ions formed
yellow Cu-Cl complexes (Fig. S4b). To further probe the
dissociation mechanism, Cu-MOF-808 was immersed in three
4 M CI” aqueous solutions: neutral NaCl and KCl, and acidic
HCI. A light-yellow colour developed only in the HCI solution,

This journal is © The Royal Society of Chemistry 2025
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whereas the material retained its original cyan colour in the
neutral solutions (Fig. S5). This observation suggests that two
factors are both essential for the colorimetric response to
occur: the protonation of the ZrsO4(OH), clusters under
acidic conditions, which facilitates the release of free Cu**
ions,”® and the presence of Cl” ions to subsequently form
yellow [CuCl,]*~ complexes.*’

Furthermore, Cu-MOF-808 exhibited the ability to detect
HCI vapor at concentrations as low as 120 ppm, albeit with a
longer response time. In contrast, the non-porous reference
compound Cu(CH3COO), showed no discernible colour
change even after 1 hour of exposure, whereas the faster
response observed for Cu-MOF-808 highlights the importance
of accessible Cu®" sites within the porous framework for
efficient colorimetric sensing (Fig. S6). Notably, Cu-MOF-808
displayed high selectivity toward HCI vapour, as evidenced by
its retention of original cyan colour after 24 hours of
exposure to potential interferents, including N, O,, CO,, and
environmental variations in humidity and temperature (Fig. 2
and S7). These results demonstrate negligible response to
non-target species, highlighting its practical potential as a
reliable and selective platform for detecting corrosive vapours
under ambient conditions.

2.3. Colourimetric response to various corrosive vapours

Building upon the established mechanism for HCl-induced
colour change, in which protonation facilitates the
dissociation of Cu®' ions from Zrs clusters and enables
subsequent coordination with halide anions to produce
distinct colours, we extended our investigation to other
corrosive acid vapours. Upon exposure to HBr and HI
vapours, Cu-MOF-808 showed distinct colour changes from
cyan to deep purple and yellowish-brown, respectively
(Fig. 2). Specifically, UV-vis-NIR spectra of Cu-MOF-808 after
exposure to HBr revealed absorption bands at 28249 cm™
and 19121 cm™', corresponding to absorption bands of
purple [CuBr,]*” complex, supporting the formation of Cu-Br

RH 85% HBr HI

NH, en : NoH,

Fig. 2 Photographs of Cu-MOF-808 after 24-hour-exposure to 85%
relative humidity (RH) for 24 hours, and five corrosive vapours: HBr, HI,
NHs, ethylenediamine (en), and N;Hg.
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coordination species (Fig. $8).°° In contrast, HI exposure
induced a more complex response involving both
coordination and redox chemistry. X-ray powder diffraction
(XRPD) confirmed the formation of white Cul(s), while UV-
vis-NIR spectra indicated an absorption band at 34247 and
27174 ecm™’, indicating the presence of brown I~ (Fig. S9).>°
These results suggest that the yellowish-brown colour
observed upon HI exposure originates primarily from I;7,
rather than the Cu-I coordination complex. Interestingly,
these colour changes are consistent with the reported
colorimetric responses of free Cu®>" ions upon interaction
with corrosive acid vapours,’® supporting that the
colorimetric response of Cu-MOF-808 is governed by proton-
triggered Cu®" release followed by anion-dependent
coordination. This mechanism enables Cu-MOF-808 to
produce distinct colorimetric signatures for different acid
vapours, thereby allowing their identification.

Motivated by previous reports indicating that some
coordination sites on the Cu?" centres of the Zrq clusters are
occupied by labile H,O molecules,*® which can be readily
displaced by stronger ligands, we extended our investigation
to non-acidic corrosive vapours. Corrosive amines are known
to exhibit higher binding affinities and stronger ligand fields
than H,0,°°** making them suitable candidates to replace
the coordinated water and form distinct Cu-amine complexes
with characteristic colours. To test this hypothesis, Cu-MOF-
808 was exposed to three representative amines: ammonia
(NH;), ethylenediamine (en), and hydrazine (N,H,). As
expected, NH; exposure induced a visible colour shift from
cyan to blue (Fig. 2). This was accompanied by the emergence
of a new N-H stretching band at 1612 cm™* in the IR
spectrum and a blue-shifted absorption band near 15000
em™ in the UV-vis-NIR spectrum—both consistent with Cu-
NH; complex formation (Fig. $9).>%*™*® Exposure to
ethylenediamine, a stronger bidentate ligand, resulted in a
purple colour change and a blue-shifted absorption band at
~17000 cm™" in the UV-vis-NIR spectrum, suggestive of Cu-
en chelation (Fig. 2 and S11). Conversely, exposure to N,H,, a
potent reducing agent, resulted in a significant colour change
from cyan to dark brown (Fig. 2). This change is attributed to
the reduction of Cu®", as confirmed by the approximately 2
eV red-shifted binding energy of Cu 2p;, in Xray
photoelectron spectroscopy (XPS) (Fig. S12). Collectively,
these results underscore the unique capability of a single
MOF platform to selectively distinguish both corrosive acids
and amines vie distinct ligand-induced colorimetric
signatures, highlighting its potential as a versatile, all-in-one
sensor for diverse corrosive vapours.

2.4. Portable Cu-MOF-808 sensor and multivariate vapour
discrimination

To translate the observed colourimetric responses into a
practical sensing platform, a portable sensor was fabricated
by integrating Cu-MOF-808 into a poly(vinylidene fluoride)
(PVDF) matrix. As previously reported, this strategy enables
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high MOF loading while preserving the accessibility of active
sites to the surrounding environment.®”°® The sensor was
prepared by drop-casting a Cu-MOF-808-based ink containing
5 wt% PVDF onto a 5 mm diameter glass substrate, yielding a
flexible and easily handled device. Upon exposure to HCI
vapour, the sensor exhibited a distinct colour change from
cyan to yellow, consistent with that observed in the powder
form. This transition was clearly detectable by both the naked
eye and a camera sensor and was quantitatively analysed
through RGB channel values (Fig. 3a), enabling 24-hour real-
time monitoring of colourimetric response. Notably, at low
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Fig. 3 (a) Time-dependent RGB curves of Cu-MOF-808 portable
sensors with 5 wt% PVDF under HCl vapour. Inset: photographs of Cu-
MOF-808 portable sensor after exposure to HCl vapour for 0 s (left),
10 s (centre), and 15 s (right), respectively. (b) Time-dependent RGB
curves of Cu-MOF-808 portable sensor under 85% RH for 24 hours.
Inset: photographs of Cu-MOF-808 portable sensor under 85% RH
conditions. (c) Time-dependent RGB curves of Cu-MOF-808 portable
sensor under HBr, HI, NHs, en, and N,H4 vapours. Inset: photographs
of Cu-MOF-808 portable sensor exposure to HBr, HI, NHsz, en, and
N,H4 vapours for 15 s (left), and 5 min, 15 min, 30 s, 1 min, 2 min,
respectively (right). (d) Hierarchical cluster analysis (HCA) dendrogram
generated from RGB datasets (dR, dG, dB) of Cu-MOF-808 upon
exposure to six different corrosive vapours, based on three trials and
two unknown sample. Inset: classification results of two unknown
samples (A and B) using the established HCA library.
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concentration, the sensor exhibited an attenuated colour
change from cyan to yellow over the same exposure period,
indicating its potential for quantitative detection (Fig. S13).
This colour change was quantified as |AB|/B,, where |AB| is
the absolute change in the blue channel value and B, is the
initial blue channel value. A linear calibration curve was
obtained in the range of 160-745 ppm, with a calculated limit
of detection (LOD) of 89 ppm (S/N = 3), confirming the
applicability of the sensor for HCl quantification.
Furthermore, to assess environmental stability, the sensor
was subjected to humid conditions (85% relative humidity
for 24 h). No discernible colour change was observed, either
visually or in the RGB data (Fig. 3b), indicating strong
resistance to humidity and further supporting the sensor's
practicality for selective corrosive gas detection.

Building on these findings, we further evaluated the
sensor's response to six additional corrosive vapours. Each
analyte produced a unique RGB profile (Fig. 3c and S14),
enabling visual differentiation. To statistically validate this
selectivity, principal component analysis (PCA) and
hierarchical cluster analysis (HCA) was applied to the RGB
difference values (dR, dG, dB) obtained after 15 seconds of
exposure. Despite the short exposure time, insufficient for
naked-eye recognition, the algorithm successfully classified
all vapours without overlap or misclassification (Fig. S15). To
assess identification capability for unknowns, RGB datasets
from unknown samples A and B were included in the HCA
library (Fig. 3d). The results revealed that samples A and B
corresponded to HBr and en, respectively. Together, these
results highlight the practical potential of the fabricated
portable Cu-MOF-808 sensor as a reliable and accessible
platform for the visual detection and identification of
corrosive vapours under ambient conditions.

Conclusions

In conclusion, we present a Cu-MOF-808-based colourimetric
sensor platform for corrosive vapour identification, in which
post-synthetically anchored Cu®" ions on Zrg clusters act as
reactive, colour-responsive centres. This single-component
system enabled the visual identification of six corrosive
vapours, including hydrohalic acids and volatile bases, via
distinct ligand-induced colour changes. The unified sensing
mechanism, driven by coordination or redox interactions at
the Cu®' sites, allows for discrimination of both acidic and
basic vapours within a single framework, overcoming the
limitations of traditional acid/base-specific  sensors.
Furthermore, integration into a flexible PVDF matrix enabled
the fabrication of a miniaturized portable sensor. Upon
vapour exposure, the colour changes of the sensor were
quantified into RGB datasets via digital analysis and HCA
enabled rapid and accurate classification of all tested
vapours, including unknowns, within 15 seconds. These
findings underscore the practical applicability of Cu-MOF-808
as a selective, portable, and rapid-response sensor for real-
time on-site corrosive vapour monitoring.

This journal is © The Royal Society of Chemistry 2025
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