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Abstract

An optical fibre long period grating (L PG) based carbon dioxide (CO2) sensor coated with HKUST-1, a
material from the metal organic framework family, functional coating is presented. In-situ crystallization
and layer by layer (LbL) techniques of HKUST-1 thinfilm synthesis are compared in terms of the feasibility
of the deposition procedure (time and cost efficiency) and the sensitivity of the film to carbon dioxide. The
sensing mechanism is based on the measurement of the change of the refractive index (RI) of the coating
that is induced by the penetration of CO2 molecules into the HKUST-1 pores. The HKUST-1 film was
characterized by scanning electron microscopy (SEM). The thickness and refractive index (RI) of the 10,
20 and 40 layersthick films were determined using ellipsoetry. The crystallinity of the filmswas examined
by X-ray diffraction pattern (XRD). While no response to CO,was observed for the sensor coated using the
in-situ crystallization technique, an L PG modified with 10, 20 and 40 layers of HKUST-1 films using LbL
method upon exposure to COz in the range of 500 ppm to 40,000 ppm showed good sensitivity. The film
containing 40 layers exhibited the highest sensitivity to CO2with an obtained detection limit of 401 ppm.

Keywords: Long period grating (LPG), metal organic framework (MOF), HKUST-1, layer by layer

deposition, carbon dioxide (CO.) sensor



1. Introduction

Carbon dioxide (CO) is the product of the metabolism of organisms and it is naturally present in the
atmosphere in levels between 350-400 ppm, with higher concentrations in urban areas. The levels of CO2
are of scientific and public concern because of the global warming impact and climate change (1). The
detection of (COy) is necessary and important in a wide range of applications including indoor air quality
(2), food industry (3) and healthcare (4). The monitoring of dissolved CO; (and related inorganic carbon)
e.g. in seawater isof high interest and represents another area where the new sensor for real-time and remote

measurement is desired (5).

According to the workplace regul ations, the concentration of CO2in theworkspace should be kept bel ow
5,000 ppm as the 8 hour average (6). However, even lower concentrations can cause discomfort, headache
or tiredness to sensitive individuas (7). Relatively high concentrations of CO. have been linked, for
example, to a decrease in performance of children at school (7). The CO2 concentration is also related to
other pollutants and it could be used as the indicator of fresh air (8), e.g. it could be used for indoor air
climate control using the ventilating units (9) or help ventilating units to operate in the most efficient way

and thus increase the energy performance of buildings (10).

The measurement of CO- in thefood industry isimportant for the monitoring of i) the atmosphere during
food packaging, where the CO. decrease indicates aleak in the package (11), ii) the ventilation control in
potato storage facilities (12) or iii) stored grainsin farm granaries to detect any spoilage (13).

The measurement of COz is highly desired in the field of medical care, where the portion of COz in
exhaled gas (referred as end-tidal CO») is used to diagnose hypermetabolic conditions such as sepsis (14)
or malignant hyperthermia (15). A newly developed CO sensor for medical applications ideally should
satisfy the following criteria: i) fast response time, ii) minimize the dead space of the tracheal tube and the
deviceitself, ideally to provide the measurement inside the endotracheal tube and iii) should not be affected
by arapid respiration rate (4).

Non-dispersive infra-red (NDIR) sensors represent the currently most used technique for the detection
of CO2 however their useis limited by the high cost typically in the range of several hundred pounds. The
performance of the sensor could also be affected by other gases or by the high concentration of water vapour
(3). Gas chromatography coupled with Mass spectroscopy (GC-MS) can be used for the detection of CO>

whilst this approach is more expensive than NDIR sensors and cannot be used for real-time measurements

®).

Fibre-optic sensing platf ormsare small, lightweight, immuneto electromagnetic interference and as such



can be used in extreme conditions, enabling remote real time monitoring with no electrical power needed
at the sensing point (16). Among the different types of fibre-optic sensors, those based on gratings,
specifically long period gratings (LPGs), have been employed extensively for refractive index
measurements (17) and for monitoring associated chemical processes (17), since they offer wavelength-
encoded information, which overcomes the referencing issues associated with intensity based approaches.
An LPG consists of a periodic perturbation of the refractive index of the fibre core, which couples the core
mode to the co-propagating cladding modes of the fibre. This coupling is manifested in the transmission
spectrum of the optical fibre as a series of resonance bands. Each resonance band corresponds to coupling

to adifferent cladding mode and thus shows different sensitivity to environmental changes (18).
The coupling wavelength can be obtained from the following phase matching equation
Ax = (ncore - Nolad(x) )A (D)

Where /x represents the wavelength at which light is coupled to the LPox cladding mode, neore is the
effective refractive index of the mode propagating in the core of the fibre, nuadw is the effective index of
the LPox cladding mode and 4 is the period of the LPG (18). The central wavelength of the resonance band
is sensitive to changes in the surrounding environment such as temperature or external index of refraction
(18). LPox cladding modes represent the approximation of the behaviour of the light propagating through
the fibre however till provide enough accuracy to be used for the calculation and modelling of LPG

properties (19).

Various methods have been employed for the deposition of the functional film onto the optical fibre to
endow it with chemical sensitivity (20)(21)(22)(23). Fibre-optic sensing platf orms based on L PGs modified
with appropriate functional coatings have been used to measure/determine various measurands including
relative humidity (24)(22)(25), ammonia (20)(26) and volatile organic compounds (VOCs) (27)(28). In
addition, when proteins, enzymes or antibodies are incorporated, then optical fibres can be used for
biological response measurement (29)(30)(31)(32). Among the various techniques used for the deposition
of the sensitive element, layer-by-layer (LbL) assembly is considered highly versatile, enabling control over
the structure of the deposited material. This technique can be used to deposit awide range of materials onto
arange of substrates and represents a cheap, simple and rapid approach for thin film deposition (33).

Asthe LPG is sensitive to temperature, the implementation of the LPG based chemical sensor into an
LPG array represents the most effective option for subtraction of any environmental temperature changes

and thus enable the use of the sensor in the real environment (34).

Metal organic frameworks (MOFs), can be considered as crystalline materials with tuneable porosity,



large internal surface area and organic functionality. The strong metal-oxygen-carbon bonds imbue the
materials with high chemical and thermal stabilities (35). There have been limited reports of MOF based

sensors, but they indicate their potential to become powerful analytical devices (36).

The applications of MOFs have been reviewed elsewhere (37)(38)(39), where main applications were
identified in selective hydrogen gas storage (40), selective gas adsorption and separation (41), or catalysis
(42). It has been shown that MOFs offer an ideal platform for the development of sensitive films with
responses to specific analytes (36)(43)(44). The ability to adjust the pore size and to perform post-synthesis
functionalization enables the development of MOFsthat offer specific reactions with an analyte of interest,
where only certain molecules (treated by size or functiona group) are allowed to enter into the MOF's
cavities however the problem with signal transduction represents the key issue for the MOF based sensors
(44).

The uniformity of the film in terms of its structure, thickness and crystal orientation is desired, because
these parametersinfluence drastically the performance of the sensor. The choice of the deposition technique
plays an important role in MOF thin film fabrication asit can affect all of these crucial parameters (43).

We have recently demonstrated that a fibre optic LPG offers an ideal platform for the deposition of the
MOF film as the sensitive dement to fabricate a chemical sensor with high selectivity and sensitivity. Due
to the properties of the LPG, the change in the refractive index of the whole film induced by the presence
of the analyte can be observed in the transmission spectrum (28). Among the variety of MOFs, thin film of
HKUST-1 is considered to be highly selective for CO2 sensing due to the presence of unsaturated copper(")
metal centres and its structure, which consists of two large central cavities (9 A) surrounded by smaller 5
A cavities(45).

The structure of HKUST-1 film is schematically shown in Figure 1Figure-1.



Figure1l: HKUST-1 3D structure (The sphere represents the pore size within the framework which can
be used for gas storage) (46).

Inthiswork, for thefirst timeto the best of authors' knowledge, the optical fibre based HKUST-1 carbon
dioxide sensor wasinvestigated. HKUST-1 thin film was deposited onto the surface of an optical fibre LPG
asthe sensing platform. Within the various MOF thin film fabrication techniques, there are two approaches
highly suitable for the deposition of the sensitive film on the surface of LPG: i) in situ crystallization
technique and ii) LbL technique. Both are compared in terms of the feasibility of the deposition procedure
(time and cost efficiency) and the sensitivity of thefilmto CO.. In situ crystallizati on represents the simplest
technique for the fabrication of MOF films whilst the fabrication time can differ from hours to days (43).
Rapid thermal deposition can significantly decrease the crystallization time due to the rapid solvent

evaporation at elevated temperature, but still enables the synthesis of well inter-grown MOF film (47).

Layer by layer (LbL) deposition has been used previously for the fabrication of MOF films (48)(49) and
itsuseisdesired duetothe simplicity of the procedure, which is conducted at room temperature and requires
shorter time in comparison to other techniques. In particular, the LbL approach for HKUST-1 leads to the
fabrication of films with higher crystal density, conforming into homogenous films with preferred {222}
orientation (49).

This work compares the properties of the HKUST-1 films prepared by two different approaches,
characterised using the different techniques and investigates the sensitivity to CO> of the novel fibre optic

Sensor.



2. Methodology
2.1 Materials

Copper nitrate hemi(pentahydrate) ([Cu(NOs3)2-2.5H20]), 1,3,5-benzene tricarboxylic acid (BTC),
dimethylformamide (DMF), copper acetate (Cu(CHsCOO)2), potassium hydroxide (KOH) and ethanol
were bought from Sigma Aldrich. All of the chemicals were analytical grade reagents and used without
further purification. Deionized water (18.3 MCQ cm) was obtained by reverse osmosis followed by ion

exchange and filtration (Millipore, Direct-QTM).
2.2 Characterization of HKUST-1 films

Scanning el ectron microscopy, X-Ray diffraction and ellipsometry measurements were conducted to
evaluate the properties of the HKUST-1 thin films. The procedures followed the ones described in (28).
The properties of the film deposited either on glass slides and the surface of an optical fibre LPG has been
previously reported to be similar (Korposh et a., 2012) thus the properties of the film have been evaluated

on the glass substrates.

Briefly, scanning electrone microscope (SEM) was used to evaluate the structure and thickness of the
films deposited on glass substrates. Glass slides of dimensions 1x1 cm? and 2x2 cm?were cut from standard
microscope glass slides and then coated with HKUST-1 thin films, following the procedure described in
sections 2.4 and 2.5.

The thicknesses of the films on the glass substrates were further evaluated using an ellipsometer. The
measurements were undertaken using an Alpha-SE Ellipsometer (J.A Woolan) and the data processed using
amodel assuming a transparent film on a glass substrate. Data were collected at a spectral resolution of 1
nm and measured in the wavelength range of 380-900 nm; for simplicity the RI value of the mesoporous
film was determined at one wavelength (632.8 nm).

X -ray diffraction patterns were collected using a Bruker-AXS D8 Advance diffractometer, using 6/0
goniometer geometry, a Cu-anode line-focus x-ray tube (powered at 40 kV & 35 mA), a Gobel mirror
(producing a parallel CuKa beam) with a 0.6 mm exit slit, a diffracted beam 0.12° Soller-slit collimator and
a scintillation counter x-ray detector. The samples were scanned with a fixed glancing incident angle of
2.140 and 1.140°, over a 20 range of 5° to 40°, with a 20 step size of 0.02° and a step time of 32 s.

2.3 Sensor fabrication and functionalization

Two different methods were used to inscribe LPGs with different period in the core of the optical fibre.
LPGs with grating periods of 109.2 and 108.8 um and length of 30 mm were fabricated using point-by-



point approach. These gratings were functionalized using in situ crystallization and the LbL technique
respectively.

A-single LRPG-with-peried-ef-109.0-pm-and-an-An LPG array consisting of LPGs with periods of 109.5

and 110.5 um and each of length of 30 mm wasere fabricated using an amplitude mask and UV laser
illumination and further functionalized using only the LbL technique. Both LPGs are sensitive to the
temperature, while only LPGL is sensitive to CO; (after the deposition of HKUST-1) and so any changesin
the difference of the position of the central wavelengths corresponding to the bare and the coated LPGs are
dueto responseto COonly. The LPG array isschematically shown in Figure 2Figure 2. Three other sensors
consisting of one single L PG with period of 109.0 um have been fabricated using amplitude mask and UV
laser illumination and coated using LbL technique (10, 20 and 40 layers). Those sensors operate at PMTP
and thus at the highest sensitivity.

LPG1 LPG2
Sensitive Bare
coating LPG

Figure 2: Scheme of the proposed LPG based CO sensor

All the fabrication and deposition procedures followed the methodology described in (50) for a point by
point approach and in (51) for the fabrication via amplitude masks. Although two different fabrication
methods were used to coat the L PGs, we have observed that this does not affect the performance of the bare
sensors and any differences in the response are due to the properties of the functional coating. The surface
of LPG was functionalized with OH" groups prior to the fabrication of the HKUST-1 film. The optical fibre
was rinsed with deionized water and immersed in a1 wt% KOH in ethanol/water = 3:2, v/v solution for 20

min.

The use of the grating period in the region of 110 um ensures that the LPG will operate at PMTP, and
thus operate with highest sensitivity. Even more, both resonance bands at PMTP lie towards the red end of
the visible spectrum, allowing the transmission spectrum of the LPG to be monitored using an inexpensive

light source, halogen lamp, and a low-cost CCD spectrometer.



2.4 In-situ crystallization technique

The LPG was coated with HKUST-1 viain-situ crystallization technique using rapid thermal deposition
(47), Figure 3.
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Figure 3: Schematic illustration of the HKUST-1 film fabrication methodology using in-situ
crystallization technique (47).

The mother solutions of 0.768 M copper nitrate hemi(pentahydrate) (metal solution) and 0.425 M BTC
(ligand solution) in DMF has been prepared and stirred for 10 min. The ligand solution was then added to
the metal solution dropwise and the mixture was stirred until a clear solution was obtained, the volumeratio
between those mother solutions was 1:1 (47). 14 mL of the mixed solution was injected into the Petri dish
using a pipette.

The LPG was placed inside the Petri dish and immersed into the film forming solution for a period of
30 s and then the excess of the solution was carefully wiped with Kimwipes. The LPG was subsequently



placed into an oven preheated to 180 °C. The oven was switched off after 15 min and the LPG was left to
cool down naturally. When the temperature was close to the ambient level, the LPG was immersed in
methanal for 24 hours to remove DMF from the HKUST-1 cavities and replace it with methanol and then
left to dry under the ambient conditions (to release methanol from the cavities to make the porous structure
of the film) (47).

2.5 Layer by layer technique

Alternatively, the LPG was coated with HKUST-1 using LbL method described in details el sewhere (49).
Briefly, solutionsof 1 mM BTC and 0.2 mM copper acetate in ethanol were prepared. The optical fibre was
immersed into a Cuz(AcOa4) solution and then into aBTC solution for 5 min each, resulting in the alternate
depasition of Cu?* and BTC", forming an HKUST-1 film on the surface of LPG. Between each of these
steps, the LPG wasimmersed in ethanol for 10 min to remove all unreacted parts of film forming solutions.
The process was repeated to obtain a thicker film consisting of 10, 20 or 40 growth cycles. Transmission
spectra were recorded continuously during the deposition process. The HKUST-1 LbL deposition is
schematically shown in Figure 4Figure4.
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Figure 4: Schematic illustration of the HKUST-1 film fabrication methodology using layer by layer
technique (49).

The effect of theimmersion in pure ethanol (for 10 min at the beginning and then as an intermediate step
between theimmersions to metal and ligand solutions) on the quality of the film has been investigated. Two



4AFigure-3) and ii) replacing the immersion in ethanol — phase 1 and 3 indicated in Figure 4Figure-3 - by
rinsing with ethanol (conducted three times using a pipette). The crystallization process occurs during the
immersion timeand the formation of larger crystalsare expected in thefilm however the size and the quality
of the crystals does not represent the main target for the proposed sensing application. HKUST-1 structure
plays a key role with reactive — binding sites developed. The fabrication time can be reduced rapidly in the
later method using the washing by ethanol only, where the residues of unreacted parts of theinitial (mother)

solutions are removed from the evolving HKUST-1 film.

2.6 Sensor performance

The performance of the LPG as a chemical sensor was investigated by exposing the coated device to the
concentration range (500-40,000 ppm) of carbon dioxide. The response of the LPG was investigated with
the fibre positioned in an environmental chamber composed of a closed polytetrafluoroethylene (PTFE)
box (15x15x15 cm). The LPG was fixed 5 cm above the base of the chamber.

The experimental set-up is schematically shown in Figure 5Figure 5.
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Figure 5. Schematic illustration of the experimental set-up for CO. sensitivity experiments. The
chamber isinitially filled with nitrogen and then the concentration of COzincreased. The LPG optical fibre



sensor is placed in the chamber and the light transmitted through the fibre measured using

spectrophotometer.

The chamber was initialy filled with nitrogen and then the concentration of CO> gas was increased by
infusion of the mixture of CO. and argon to increase CO; level from ~500 ppm up to ~40,000 ppm.

The central wavel engths of the resonance bands in the LPG's transmission spectra were recorded and
their response to the presence of CO. was measured. The concentration of CO», the temperature and the
relative humidity (RH) were recorded by a data logger (K-33 ICB 30% CO2 sensor from CO2meter, Inc.),
placed inside the chamber next to the LPG. An acquisition interval of 20 s was set for all experiments (it

represents the minimal interval of acommercial datalogger).

3. Results and discussion

3.1 Film morphology and thickness

The SEM images allow the assessment of the coverage of the glass-slide substrate and of the uniformity
of the thickness of the deposited HKUST-1 film. Three different approaches of the deposition techniques
were examined; deposition: i) via in-situ crystallization technique; ii) layer by layer with 10 min

crystallization in ethanol and iii) layer by layer with ethanol rinsing.

A homogenous crystdline film, uniformly covering the substrate was observed for al methods (i)-(iii);

in-situ crystallization technique (Figure S1) and LbL approach following the procedure with immersion to

smaller crystals wereidentified for the LbL procedure with ethanol rinsing, method (iii), Figure 7Figure 7.



(b)

Figure 6: SEM images of the morphology of 40 layers of HKUST-1 film grown on a glass substrate via
the LbL technique following the ethanol immersion step, method (ii) a) scale bar = 20 um and b) scale bar
= 500nm.

00w 5f <179 i —

(b)
Figure 7. SEM images of the morphology of 40 layers of HKUST-1 film grown on glass substrate via
the LbL technique with use of ethanol washing, method (iii) (a) scale bar = 20um (b) scale bar = 10um

This finding supports the hypothesis that 10 min of immersion in ethanol plays a similar role for the
HKUST-1 crystallization asthe Phase 2, rapid thermal development, for thein-situ crystalli zation technique
(47). Although individual crystals could not be detected, the deposited HKUST-1 film had a structure that
was different compared to the precursors suggesting the sufficient growth of HKUST-1 crystals.

This observation isin a good agreement with the previously reported study characterizing the HKUST-
1 film deposited onto the quartz microbalance substrate using the LbL approach. No changes in mass



frequency during the deposition when the substrates were immersed in ethanol was observed (49).

The immersion step in ethanol affected the size and quality of the crystals and reduced the deposition
time (from 30 min to 10 min per layer). Consequently, the modified deposition procedure (iii) was used
instead of the LbL deposition, method (ii) onto the surface of LPGs.

The film thickness obtained via the in-situ crystallization technique was estimated to be 2 um based on
the cross-sectional SEM image, Figure S1c. On the other hand, the thickness of the film fabricated via LbL
technique was expected to be in arange of 10s of nm (49) and for this reason the thickness measurements
were conducted using the ellipsometer, where the results indicated the film thickness of = 55, 20 and 10 nm
for 40, 20 and 10 layered film. No significant difference in film thickness was observed between different
LbL procedures (ii) and (iii), containing the step with and without the immersion into ethanol, respectively.

3.2 Film structure

X-ray diffraction patterns establish that the films comprised HKUST-1 crystals. The positions of the
peaks {200}, {220}, {311}, {222}, {400}, { 331}, {420}, {333} and {440} indicate a crystalline HKUST-
1 structure, Figure 8Figure-8. The highest intensity, at the {222} reflection peak, suggests that the
orientation of the crystals is preferred to be out of plane orientation along the {222} crystallographic
direction. The elevated plateau from 15 to 40 26° relates to the amorphous structure of the glass substrate.
diffraction patterns reported in the literature and also with the modelled diffraction pattern for HKUST-1
(47).
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Figure 8: In-plane X-Ray diffraction patterns of HKUST-1 film on glass substrate, recorded at room
temperature; inset on the right top shows the results obtained in (47) and modelled values.



3.3 LPG modification using in-situ crystallization technique

The evolution of the transmission spectrum of the LPG with period of 110.0 um during the HKUST-1
deposition process is shown in Figure S2. After the immersion of LPG into the mother solution (Phase 1)
the change of 33.35 nm in the central wavelengths difference operating at the phase matching turning point
(PMTP) and of 32.15 % in thetransmission loss (for LPG-R) was observed. The attenuation bands operating
at the PMTP have almost disappeared, Figure S2a (red ling). This effect could be explained by the high
concentration and high refractive index of the solution resulting in a big change in the transmission
spectrum. Thefibre wasnot dried, only the excess of the solution was removed, some of theliquid remained
on the surface due to the adhesive forces. The residues of the mother solution caused the broadening of the
attenuation band, S2b (red).

The evaporation of the solvent took place in the oven during Phase 2, associated with the increase of the
transmission loss that can be observed for attenuation bands operating at the PMTP in Figure S2a (green)
and for LPoss cladding mode in Figure S2b (green). Rapid thermal deposition induced crystallization of the
HKUST-1 dructure, where DMF was till filled in the cavities. This structural change can explain the
further shift (separation) of the central wavelengths operating at the PMTP and L Po1g cladding mode.

DMF was replaced in the cavities by methanol that was subsequently left to evaporate. The further shift
of the central wavelengths and decrease in transmission loss was observed, where LPG-R disappeared and
LPG-L showed avery weak transmission loss, Figure S2Error! Reference source not found.a (blue). The
same trend was observed over the change of central wavelength corresponding to LPois cladding mode,
Figure S2b (blue).

Changes in the-transmission-spectra central wavelength (ca. 670 nm) corresponding to LPoss cladding
mode were monitored during the whele-Phase 1 and Phase 3-were-monitored-viathe ehange ef-the-central
wavelength-correspending-te-LRois-cladding-mede, Figure S3a and S3b, respectively. After immersion of

the LPG into film forming solution there is a blue shift of the central wavelength from 672 to 662 nm
followed by
shewed-a continuous red shift of the central wavelength in the first 30 s after the immersion followed by

saturation, inset of Figure S3a. After LPG was withdrawn from the solution thereis a ca 2 nm blue shift in
the central wavelength as compared with the bare LPG implying deposition of the MOFs thin film on the
LPG fibre, Figure S3a. Further blue shift is observed after methanol treatment, Figure S3b.

A minimal shift of the central wavelength was observed within the first 10 h while the LPG was
immersed in methanol during the Phase 3 followed by the continuous change that saturated approximately
after 20 h, Figure S3b. These changes are expected to be associated with the replacement of DMF by



methanol in HKUST-1 cavities.

3.4 COz sensing using in-situ crystallization technique

When exposed to CO2, no measurable change of the central wavelength was observed, as the response
to the high concentration of COzin the range from ~500 to ~5,500 ppm, Figure S4. The continuous shift in
the position of the central wavelength matches the continuous shift in the temperature, where no steps

according to the levels of CO, were observed.

This observation could be explained due to the influence of the ambient humidity present in air. While
the sensitivity of HKUST-1 to CO,was demonstrated previoudy asthe gas partial pressurein vacuum (49),
it isknown that water vapour can react with the open copper sitesin the HKUST-1 structure and then block
their specific affinity to CO> molecules. HKUST-1 structure can collapse as a result of water adsorption.
This effect was previously described for degradation with time of a HKUST-1 film stored under elevated
relative humidity levels (49).

Tofurther test this hypothesis, another L PG with period of 109.5 um was coated by HKUST-1 film using
the in-situ crystallization technique and exposed to the mixture of nitrogen and CO2 up to the CO:2
concentration of ~42,000 ppm. The transmission spectra before and after the deposition of HKUST-1 are
shown in Figure S5.

When the LPG was exposed to CO; the position of the central wavelength responded again to
temperature only and no observable shift was measured as the response to CO», Figure S6. The drop of the
central wavelength at 100 min was probably caused by the relaxation of the fibre due to the nitrogen flow

(the intensity of the whole transmission spectrum reduced at this time).

No response of the sensor to COz could also be explained by the high film thickness, estimated to be =
2 um (Figure Sic), which greatly exceeded the optimum region for the sensitive coating in a range of
hundreds of nm (52).

The HKUST-1 film is affected by water vapour (humidity), where the crystals change their structure
irreversibly, when they are in contact with water molecules and the film is no longer sensitive to carbon
dioxide and for this reason the sensor was tested under the nitrogen atmosphere. This issue can be obeyed
by the deposition of the thin film over the HKUST-1, that will be permeable for gases but not for water, as
an example the protection coating can be made from Teflon (53) or polydimetyl siloxane (PDMS) (54).

The experiments with the LPG sensors modified by LbL technique were undertaken using mixtures of
nitrogen and CO- to investigate further the sensitivity of deposited HKUST-1 filmsto COs.



3.5 LPG modification using layer by layer technique

The al measurements were done following the method (iii), described in the section 3.1. An array
containing LPG1 and LPG2 with periods of 109.5 and 110.5 pm respectively was fabricated and LPG1 was
further coated with 40 layers of HKUST-1, further referred asArray A. The performance of the array as a
CO- sensor was evaluated via changes in the central wavel ength difference associated with the attenuation
bands of bare and coated LPGs. The bare LPG works as a reference to subtract the effect of temperature
and any other perturbation from the surrounding environment (e.g. the flow effect of the gas that could
possibly cause the relaxation of the LPG). The transmission spectrum of the array taken in air before and
after the deposition of HKUST-1 on LPGL1 is shown in Figure OFigure 9.
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Figure 9: Transmission spectrum of Array A before (black) and after the deposition of 40 layers of
HKUST-1 onto LPG1 (blue), inset show the attenuation band of LPG1 in detail.

The shift of the attenuation band corresponding to LPG1 induced by the deposition of HKUST-1 film
can be observed, while the attenuation band corresponding to the bare L PG2 remained in the same position,
Figure OFigure 9.

Changes in the transmission spectrum of the L PG when immersed into the film forming solutions (metal
and ligand) were monitored. Thetotal change of the central wavelength of LPG1 associated with attenuation
band corresponding to LPois cladding mode induced by the deposition of 40 layers of HKUST-1 was
measured to be 5.5 and 6.7 nm in air and solution respectively, Figure 10Fgure10.

The black lines, which are a guide to an eye, indicate the central wavelengths of the resonance bands
show a higher sensitivity to coating thickness when the LPGs are immersed in the growth solution than

they do when the LPG isin air. The “spikes” in the figure represent the short period of time during which



the LPG was in air when the metal solution was replaced by ligand solution, Figure 10Figure 10.

Figure 10: The dynamic shift of the central wavelength of LPG 1, Array A, corresponding to the LPois
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cladding mode during the deposition of 1% to 40" layer of HKUST-1 onto a surface of LPG.

3.6 COz sensing using layer by layer technique

The changesin the transmission spectrum of Array A astheresponseto COzlevelsin arange of 2,000 —
40,000 ppm are shown in Figure 11-gure-11, The highest concentration of 40,000 ppm caused a0.76+0.03
nm changein the position of the central wavelength of the coated L PG (Figure 11Figure-11b) corresponding
to LPo1s cladding mode and a higher change can be expected when the sensor is operated at the PMTP. The

bare LPG2 stayed in the same position (Figure S7). The sensitivity to changes in ambient temperature was

minimal in this case as the sensor isn't operating at the PMTP.
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Figure 11: Transmission spectrum of a) LPG 1 coated with 40 layers of HKUST-1 at exposure to 2,000
(black), 10,000 (red), 20,000 (green) and 40,000 (blue) ppm of CO. and b) attenuation band of LPGL1 in
detail.

The sensor’s performance can be tracked via the shift of the central wavelengths difference
corresponding to LPosg cladding mode of LPG1 and LPG2 respectively (ACWLpos). No visible change of
the bare LPG2 was observed, Figure S7. The dynamic shift of ACWLpo1s was tracked during the CO2

‘ sensitivity experiment (Error! Reference source not found. Figure 12).

Asan example, Array A responded even to the lowest concentration of 10,000 ppm of COzinducing the
| shift of the central wavelength difference of 0.36+0.04 nm, Error! Reference source not found. Frgure 12,
The further shift of the central wavelength up to highest concentration of 40,000 ppm of CO,was observed,

‘ Error! Reference source not found. Figure-12.
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Figure 12: Array A (LPGL1 coated with 40 layers of HKUST-1+bare LPG2) during the exposure to
CO: in the range from 500 ppm up to 40,000 ppm: dynamic change of the central wavelength difference
corresponding to the LPus cladding mode of LPG1 (blueblack) and CO. concentration (blackbiue); red
boxes indicates the intervals used for the calibration curve presented in Figure 13Figure13.



13Figure-13. The use of the difference between the positions of the central wavelengths of the bare and
coated L PG subtracts any environmental perturbations such as temperature or bending. The relatively high
noise level expressed by error bars, calculated as the standard deviation at the stable conditions, are mostly

dueto small changes in the central wavel engths shift, close to the resolution of the spectrometer (0.24 nm).

0.8

0.6

0.4+

0.2

M Central wavelength
difference shift

0.0

10000 20000 30000 40000
Carbon dioxide (ppm)

Central wavelength difference (nm)
o

Figure 13: CO: calibration curve (the error bars indicate the standard deviation over the stable

conditions taken at each concentration step over the period of 3 min).

The limit of detection (LOD) was calculated in relation to the average standard deviation of 0.04 nm
obtained over the values measured in stable conditions (at 10,000 ppm concentration level) over the 3 min

and following equation,
S
Lop ==2
m

Where S represent the standard deviation and mindicates the linear slope for the interval up to 10,000
ppm (calculated as 3.74 x10°®°). The LOD of 1070 ppm was determined for the region up to 10,000 ppm.

The increase of the sensitivity could be achieved by increasing the thickness of the film however it was
reported that film consisting of 80 layers lost the preferred {222} crystal orientation enabling the optimal
conditions of CO, adsorption (49). Higher sensitivity can be obtained by optimising the LPG period to
operate at the PMTP described in the next section.



3.7 Sensitivity improvements

Theresults confirmed the feasibility of CO- detection based upon LPGs coated with HKUST-1 thin films.
In order to increase sensitivity and bring the sensor closer to real-world application, different LPGs,
operating at the PM TP, were fabricated. HKUST-1 films consisting of 10, 20 and 40 layers were deposited
on the surface of the single L PG with period of 108.8 (10 layers) and 109 um (20 and 40 layers). The
changes in the transmission spectrain air before and after the deposition were monitored, Figure S8.

The sensors coated with 10, 20 and 40 layers of HKUST-1 were exposed to CO» concentrations ranging
from 1,450 to 41,200 ppm and the shift of the central wavelengths was noted, Table 1Table-1.

St

Table 1: LPG sensor coated with 10, 20 and 40 layers of HKUST-1 — CO- sensitivity

Sensor ACW LPoig | ACW LPo19 | ACW LPo1o | Senditivity (in | A Temperature (oC)
~ 10k ppm | =20k ppm ~ 40k ppm |region up to
CO2 CO2 COz 10,000 ppm)

10layers |0.97 + 0.17|1.00 +0.12| 095 + 0.15| 0.1+ 0.008 nm | 0.92°C
nm nm nm /1,000 ppm

20layers | 445+ 0.17|5.35 + 022|547 + 023|041 + 0.031|0.93°C
nm nm nm nm/ 1000 ppm

40layers |72 £ 025|844 + 0.11 | 1058 + 0.12| 0.65 + 0.048 | 0.37; 0.59; 0.85 °C
nm nm nm nm / 1000 ppm

The sensor coated with 10 layers showed the smallest response of 0.97+0.17 nm change in the central
wavelength difference of the attenuation bands operating at the PMTP (ACW_po19) When it was exposed to
10,000 ppm of CO.. A small temperature increase was observed in the chamber after each injection of
carbon dioxide. The temperature sensitivity measured as the change in the difference of the central
wavelengths corresponding to LPog cladding mode was calculated to be = 0.92 nm/°C. When this
temperature-induced change in CW is subtracted then ACW_po1g Of 0.12 nm was assumed to be caused by
CO- only. No further changes in the transmission spectrum were observed with increasing the CO2

concentration to 20,000 ppm.

A concentration of = 10,000 ppm of CO2 induced a change in the central wavelength difference of
4.4540.17 nm for the sensor coated with 20 layers. The ACW\po1o &fter the subtraction of the temperature
effect was calculated to be 3.6 nm due to CO». However minimal further shift of the central wavelengths
was observed when CO> concentration was increased up to 40,000 ppm (after the subtraction of the
temperature effect).



The sensor coated with 40 layers showed the biggest response towards the exposure to CO». The
continuous shift of the central wavelength difference was observed over the whole concentration range up

to 41,200 ppm, where it reached to 10.58+0.12 nm (9.8 nm after the temperature effect subtraction). The

changein the transmission spectrum is shown in Figure 14Figgge24. _ -\ Formatted: Font: Not Italic i
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Figure 14: LPG sensor coated with 40 layers of HKUST-1: a) Transmission spectra at ambient indoor
air concentration of 1,450 (black) and at exposed to 41,200 ppm of CO> (blue); the inset shows the

attenuation band corresponding to the LPo:s cladding mode in detail.

The changes in central wavelength difference of the attenuation bands operating at the PMTP were

that the position of the central wavelength was affected by temperature, with a slope of 0.92 nm/°C. The

subtraction of this temperature effect from the changein the position of the central wavel engths was applied

to the calibration curve, Figure 15Figure15 (bluespots). __ -1 Formatted: Font: Not Italic
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Figure 15: LPG sensor coated with 40 layers of HKUST-1: CO- calibration curve before (black) and

after the temperature level was subtracted (blue).

The limit of detection (LOD) (the smallest detectable difference in CO> concentration) was calcul ated
in relation to the average standard deviation of 0.28 nm obtained over the values measured in stable
conditions (at each concentration level) over the 3 min period and from the calibration curve (after the
subtraction of temperature). The LOD of 401 ppm was determined for the range of up to 10,000 ppm and
the LPG based sensor coated with 40 layers of HKUST-1.

The response time of 110 s was obtained for the LPG based sensor coated with 40 layers of HKUST-1.
The calculation was done according to the time when the sensor reached 90% of the signa response,
expressed as the shift of the ACW_po19, While exposed to 10,000 ppm of CO.. The response time of 260 s

was calculated for the commercial device using the same principle.

The sensor provides sufficient sensitivity for the detection of carbon dioxidefor indoor air quality, where
the target range of ~400-10,000 ppm is required (2). The practical use of the sensor in the real environment
is compromised by the effect of the ambient relative humidity. The further work should target the
development of a protective layer for separation of the water molecules. However, the sensor can still be
used in the food industry, e.g. for monitoring of food packaging processes (3), where only the mixture of

oxygen, nitrogen and carbon dioxide is used (11).

4. Conclusions

An HKUST-1 film was deposited successfully onto the surface of an optical fibre LPG using thein-situ
crystallization and the layer-by layer technique and the response of the transmission spectra was
characterized. Thelinear shift of the central wavelength during the deposition indicates the uniform growth
of the HKUST-1 film with the increasing number of layers.

HKUST-1 thin film was characterized using SEM, XRD and €llipsometer. The X-ray diffraction pattern
obtained with use of XRD matches well with the previously reported data and proved the deposition of
HKUST-1 filmwith desired { 222} orientation. The thickness of the film of 2 um and 55 nm was established
for thefilm deposited with use of in-situ crystallization and layer by layer (40 layers) approach respectively.
LbL technique enabled much better control over the thickness of the film.

The LPG coated by HKUST-1 viain-situ crystallization technique did not show chemical sensitivity to
COo. This could be explained as it greatly exceeds the optimum thickness of the sensing layer. The LPG



coated with 40 layers HKUST-1 responded to COz2 concentrations in the range of ~2,000-40,000 ppm and
the LOD of 401 ppm was obtained. Thinner films showed a smaller response to CO> concentrations up to
10,000 ppm with further saturation of the sensor.

The obtained LOD in arange of 100s ppm of CO> suggests the potential of the sensor for real world
applications. The further improvement could be done by using a higher resolution spectrometer and

combined approach of data analysis (including the transmission, central wavel ength and width change).

The novel concept of the LPG based CO2 sensor coated with a MOF material has been demonstrated.
The study on cross-sensitivity, deformation of the film by ambient RH and the implementation of the sensor
into a multi-parameter sensing array can beincluded in the further work.
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