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Gas sensing using porous materials for
automotive applications

Dominic J. Wales,® Julien Grand,® Valeska P. Ting,® Richard D. Burke,®
Karen J. Edler,” Chris R. Bowen,© Svetlana Mintova® and Andrew D. Burrows*“

Improvements in the efficiency of combustion within a vehicle can lead to reductions in the emission of
harmful pollutants and increased fuel efficiency. Gas sensors have a role to play in this process, since
they can provide real time feedback to vehicular fuel and emissions management systems as well as
reducing the discrepancy between emissions observed in factory tests and ‘real world' scenarios. In this
review we survey the current state-of-the-art in using porous materials for sensing the gases relevant to
automotive emissions. Two broad classes of porous material — zeolites and metal—organic frameworks
(MOFs) — are introduced, and their potential for gas sensing is discussed. The adsorptive, spectroscopic
and electronic techniques for sensing gases using porous materials are summarised. Examples of the use of
zeolites and MOFs in the sensing of water vapour, oxygen, NO,, carbon monoxide and carbon dioxide,
hydrocarbons and volatile organic compounds, ammonia, hydrogen sulfide, sulfur dioxide and hydrogen are
then detailed. Both types of porous material (zeolites and MOFs) reveal great promise for the fabrication of
sensors for exhaust gases and vapours due to high selectivity and sensitivity. The size and shape selectivity
of the zeolite and MOF materials are controlled by variation of pore dimensions, chemical composition
(hydrophilicity/hydrophobicity), crystal size and orientation, thus enabling detection and differentiation
between different gases and vapours.

1. Introduction

Climate change and the need to combat its associated negative
effects constitutes one of the key global challenges of the
modern age. It is generally accepted that anthropogenic climate
change is largely the result of the production and release of
unprecedented levels of greenhouse gases, including carbon
dioxide, since the industrial revolution as a result of the combus-
tion of fossil-based fuels such as oil, coal and natural gas.
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Under conditions that allow for complete combustion, carbon
dioxide is produced in large quantities. However, under conditions
that do not allow for complete combustion, undesired and toxic
by-products such as oxides of nitrogen (NO,), carbon monoxide,
sulfur dioxide and various unburnt hydrocarbons are also emitted
in smaller quantities, some from impurities present in the fuel."
The release of these gases into the atmosphere has resulted
in diminished air quality in major cities and built up areas.>™
Consequently an increasing amount of research has been directed
at the development of technological and materials-based mitiga-
tion strategies, for example, the capture and sequestration of CO,
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and methane from the atmosphere. Porous materials, such as
activated carbons, zeolites and most recently, metal-organic
frameworks (MOFs) have been intensely studied for CO, seques-
tration applications over the last two decades, as their high surface
areas and large void volumes make them uniquely suited for
adsorptive separation and storage of gases. However, rather than
developing these materials for separating and capturing gases,
such as CO,, from dilute mixtures in air (<1% CO,) or even from
more concentrated flue gases (~14% CO,), a more realistic
approach could be to employ these materials to reduce the amount
of gas emitted at the point of generation.
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One of the largest contributors to greenhouse gas emissions
is the transportation sector, which currently accounts for over a
quarter of the total global energy demand worldwide.’ Between
1990 and 2012, transportation was the second largest source of
emitted greenhouse gases in the USA and accounted for 24%
of CO, emissions in the UK, according to an IMechE report
from 2010, with the majority originating from road transport.*°
While promising alternative energy technologies (e.g. battery
and fuel-cell powered vehicles) are being developed in an effort
to reduce future carbon emissions and remove the reliance on
fossil fuels, there are many infrastructural and technological hurdles
to overcome before these technologies become widespread.
Similarly, while mid-term solutions such as the development
of biofuels (including bioethanol and biodiesel) offer a lower-
carbon alternative to traditional fossil fuels they can still lead to
unwanted emissions. The outlook for the next 40 years is that
the transportation industry will remain reliant on the internal
combustion engine and hydrocarbon-based fuels.”® Hence there
is an urgent need for concerted efforts to reduce emissions from
transport sources, as well as ensuring that the most efficient use
is made of the limited fossil fuel reserves remaining.’

1.1 Use of sensors in the automotive industry

The major motivations for the use of sensors to monitor auto-
motive emissions are the legislative requirements to reduce
harmful emissions that have negative effects on health and air
quality and contribute to global climate change. However, the
potential economic benefits from increasing fuel efficiency
through reductions in unburnt fuels and increased fuel energy
density is also a factor. The greatest gains in developing new
multi-functional sensors based on porous materials for the
automotive industry are in two main areas: for the design and
manufacture of road vehicles, and for use in production vehicles
for real-time fuel and emissions management.

1.1.1 Sensors for vehicle design and manufacture. Vehicle
design and manufacture is subject to stringent legislative
targets in terms of fuel consumption and CO, emissions with
legislation stipulating a fleet average of 136 ¢ km ™' in 2011 with
a proposed target of reducing emissions to a 95 ¢ km™" fleet
average by 2020.'° The advent of turbocharging and super-
charging technologies, which reduce the engine size and increase
the specific power of diesel engines, have also resulted in an
increase in the peak cylinder temperatures. This, in turn,
results in higher emission levels of NO, and particulate matter.'"
Carslaw et al. showed that NO, emissions for modern diesel
engines can be twice those of older models, which they attribute
to the reduction in engine size.'”

There is also a need to reduce the discrepancy between
emission levels in diagnostic tests used to provide emissions
certification in a factory setting (for example on rolling roads
using the New European Drive Cycle (NEDC)) and real world
emissions, which has become more significant over recent
years. As an example, Carslaw et al. used road-side remote
sensing equipment to measure real world vehicle NO, emis-
sions from a large number of vehicles."” The results suggested
that whilst legislation imposed on factory-tested NO, emissions
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had achieved a reduction from 0.5 g km™" to 0.2 g km ™' since
the year 2000 (with all new vehicles sold meeting this standard),
real world emissions had stagnated at around 1 g km '.'?
Another review of real world fuel consumption by Mock et al.
summarising customer reviews of observed mileage, on-board
emissions measurement and laboratory tests, showed that
whilst in 2002 the average vehicle had 7% higher fuel con-
sumption on the road compared to the NEDC, in 2012 the
difference had increased to 25%."? Such studies are motivating
the automotive industry to move away from current legislative
testing on idealised drive cycles and replace this with more
dynamic and representative test cycles.'* This change presents
significant opportunities for emissions sensing. Firstly, replace-
ment drive cycles must be proven to be representative of real
world driving and to establish the emissions associated with
a real world drive cycle, real data must be captured under
representative conditions. This is particularly challenging since
current high-accuracy lab-based emissions sampling tends to be a
large, intrusive mechanism which cannot be practically deployed
on a significantly large scale. Secondly, engine emissions control is
primarily achieved indirectly by modelling emissions empirically in
order to determine optimum control of different engine features.
Without a direct measure of emissions for use as feedback,
less accurate indirect control with significant calibration and
on-board diagnostics effort is required.*®

1.1.2 Sensors for on-board fuel and emissions management.
For both petrol- and diesel-powered vehicles, the continued
tightening of legislated emission limits is increasing the com-
plexity of emissions control systems on engines." In particular,
active devices for NO, and particulate matter rely on an estima-
tion of emissions levels under highly transient conditions and
would benefit from a direct, fast and accurate measurement of
individual emissions species in real time. Specific active emis-
sions control technologies can already be found on commercially
available vehicles and include the use of the following:'®

(i) Catalytic converters:'® these reduce emissions of carbon
monoxide, unburnt hydrocarbons and NO, gases. Optimal
operation of catalytic converters requires precise control of
the concentration of oxygen by the engine management system,
in order to tailor the intake air:fuel ratio, known as A.»”
However, under cold start conditions, in order to raise the
temperature of the catalytic convertor, the engine is run in a
less fuel-efficient mode, involving higher speed idling, exhaust
throttling and over-fuelling.

(ii) Selective catalytic reduction (SCR) catalysts: these reduce
emissions of NO, from diesel engines. Ammonia, as a urea-
water solution, is injected into the exhaust stream for the
reduction of NO, into nitrogen and water in the presence of
oxygen on the catalyst. The amount of injected urea must be
carefully controlled to match the NO, concentration to ensure
full reduction and avoid NO, emission due to underdosing or
ammonia emission from overdosing.

(iii) Particulate filters: exhaust particulates are captured in a
ceramic filter, but must be routinely purged by raising the
exhaust temperature either by overfuelling or throttling the
intake air flow to reduce the particulates.

This journal is © The Royal Society of Chemistry 2015
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(iv) Lean NO, traps: NO, emissions bind onto barium nitrate
coated surfaces when the engine is operating in a lean mode
with excess oxygen in the exhaust. When the storage catalyst is
full, the engine must induce an oxygen-deprived environment by
throttling the engine intakes and operating with a close to
stoichiometric air: fuel ratio, to reduce the NO, into N, and CO,.

Typically the use of the above technologies will have a
detrimental effect on fuel economy either by requiring the
injection of additional fuel or the throttling of the engine to
control oxygen concentrations and exhaust temperatures. Many
modern vehicles powered by an internal combustion engine are
fitted with a solid state Zr and Pt-based oxygen sensor and/or a
NO, sensor, which have response times in the order of a few tens
of milliseconds.*®'® However, if the engine management system
had access to sensors that could provide real-time information
on the concentrations of a larger diversity of products in the
exhaust stream, the engine management system could more
finely tune the active emissions control, which would be greatly
advantageous for increasing engine efficiency.

Thus, there is a need for emissions sensors across a range of
applications from high cost, high accuracy research grade
analysers for lab-based testing to robust, low cost production-
level devices capable of differentiating between a large variety
of gaseous species for on-board emissions monitoring. In both
of these cases, the different applications will require sensors
with different characteristics in terms of the intrusiveness of
instrumentation (size, ability to install on vehicles), absolute
measurement accuracy, sensor/measurement chain dynamics,
feedback and cost.

2. Porous materials for sensing in the
automotive industry

There is much potential for the use of porous materials as
sensing elements for monitoring and feedback control of the
wide variety of gases emitted in vehicle exhausts. The design
and tailoring of porous materials for high selectivity allows
more sensitive tracking and real-time response to emissions.
The large-scale processing of porous materials is established
and the production of miniaturised porous-materials sensors is
eminently scalable. The vast array of different materials that
could be incorporated lends itself to the optimisation of low cost and
robust sensors that reduce the need for incorporation of expensive
precious metals. In addition, the ability for porous materials to
be made into layers of permeable thin films of differently
selective materials can potentially be exploited to introduce
additional multifunctionality to the final product, allowing a
single sensor to detect a wide spectrum of sensing targets.

This review will focus on two major classes of porous materials
for sensing applications:

(i) Zeolites, which represent a well-known and industrially
relevant class of porous aluminosilicate materials. Zeolites are
thermally and chemically robust and made from readily-available
and abundant starting materials, which make them attractive
for low cost and robust sensors.

This journal is © The Royal Society of Chemistry 2015
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(ii) Metal-organic frameworks (MOFs), which constitute a
relatively new class of hybrid framework material, consisting of
metal nodes connected by organic linkers. These materials have
incredible structural diversity and the combination of tailoring
metal nodes and organic components to achieve desired inter-
actions is an attractive possibility.

Other classes of porous materials have been used for gas
sensing, such as mesoporous silica and metal oxides,** carbon
nanomaterials’’ and porous silicon.”” These materials are,
however, beyond the scope of this review.

There are several advantages to the use of porous materials
in gas sensing applications. Porous materials offer flexibility
and versatility in terms of structure and design. Size and shape
selectivity for adsorbed species can be imparted to zeolites and
MOFs through control of the dimensions of the pores enabling
detection and differentiation between the multitude of com-
bustion products in exhaust emissions.”® In addition the
structural flexibility of some frameworks can add a further
dynamic dimension to gas selectivity.?® Chemical selectivity
and sensitivity can also be controlled by the incorporation of
selected dopants into the zeolite and MOF frameworks in
addition to the wide choice of organic linkers and metal nodes
that can be incorporated into MOFs.”>® Furthermore, MOFs
and zeolites can exhibit high temperature stability, i.e. ~500 °C
for some MOF-related zeolitic imidazolate framework materials
and ~ 1200 °C for some zeolites.?**° Indeed, MOFs and zeolites
have been utilised as the active sensing element or as a gas
selective filter/pre-concentrator in gas sensors which has been
noted in several reviews on their applications.?*>?®%31735 How-
ever, these reviews do not focus on the gases and vapours found
in engine exhaust gases; some include examples of dissolved
gases and none critically review zeolite- and MOF-based sensors
in terms of thermal and selectivity suitability for sensing of
gases in exhaust streams.

This review aims to provide an insight into the current state
of the art of zeolites and MOFs for the sensing of gases found in
vehicle exhausts along with a discussion of the associated
sensor technologies allowing them to be employed. The review
will also compare and contrast the performance of exemplar
porous materials for such applications, to provide a perspective
on the future prospects of zeolite- or MOF-based exhaust gas
sensors in transportation. Examples of zeolite- and MOF-based
sensors for the following important exhaust gases will be
examined: water vapour (H,O), oxygen (O,), nitrogen oxides
(NO,), carbon monoxide (CO) and carbon dioxide (CO,)
together, hydrocarbons (in particular methanol, ethanol, alde-
hydes and alkanes), ammonia (NH;, the reagent in SCR cata-
lysts), hydrogen sulfide (H,S), sulfur dioxide (SO,) and finally
hydrogen (H,). Hydrogen is included due to the potential for it
to be employed as an alternative low-carbon fuel for future
vehicles. MOFs have been reported as sensing materials for
nitroaromatic and nitroalkane vapours. Since these gases are
not found in exhaust streams, sensors for these species are
not included in this review. However, an excellent review by
Banerjee et al. on the sensing of these species was published
recently.*

Chem. Soc. Rev., 2015, 44, 4290-4321 | 4293
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2.1 Zeolites for sensing

Zeolites are defined as crystalline nano- and mesoporous materials
with 3D framework structures that form regular and uniform
pores and channels. They can be synthesised with different
chemical compositions and frameworks which allows for a wide
variety of materials; in fact more than 200 known synthetic
zeolites have been reported, in addition to 40 natural ones.*”*®
Zeolites consist of tetrahedral units of T (where T is typically Si,
Al but can also be another element e.g. B, Ga, Ge, or P) bonded by
oxygen atoms resulting in a framework containing cages and
channels of distinct sizes and shapes. The internal microporosity
of zeolites provides high surface areas and active sites for
adsorption. In terms of designing zeolites for specific applica-
tions, zeolite crystallisation is an important process to control.*®
The nature of precursors, the molar ratios, the type of solvents,
the presence or absence of templates and additives or seeds all
highly influence the final arrangement of the SiO, and AlO,
tetrahedra. In addition, post-synthesis treatment can be used to
tune the obtained properties. Some examples are ion-exchange
reactions, surface modification reactions to increase or decrease
the hydrophilic character of the zeolite, dealumination reactions
to modify the Si/Al ratio of the zeolite framework, tailor the
hydrophilic/hydrophobic character and to control the number
of cations within the zeolite, and porosity alteration to obtain a
hierarchical zeolite which exhibits additional porosity in the
mesopore size region.*®

Molecular sieves are well known for application as adsorption
media for various gases, and they can selectively adsorb molecules
that are smaller than the pore sizes of the zeolites. Crystalline
microporous materials, in particular zeolites, have significant
impact in different applications ranging from petroleum refining
and petrochemical processes to air separation and nuclear waste
management. The completely controlled porous structure of zeolitic
materials makes these materials true shape-selective molecular
sieves. The presence of charge-compensating cations such as alkali
metal, alkaline earth metal and protons within the inorganic
frameworks allows fine-tuning of the ion exchange and catalytic
properties. The hydrophobic nature of high-silica zeolites or
the hydrophilic nature of aluminium-rich zeolites make these
solids useful as specific adsorbents of organic molecules or
water in the gas or liquid phase. Zeolites are therefore versatile
materials in terms of potential applications, and are used as
heterogeneous catalysts in industrial processes, ion-exchangers for
water purification and water softening, as separating membranes
and also as catalyst supports.*'™*

Furthermore, a number of novel applications depend not only
on the control of pore structure and intrazeolite chemistry, but
also on the ability to control the morphology and pre-shaping,
for example the growth of thin zeolite films for separation and
sensing purposes. A number of novel applications of zeolites
depend on the ability to create thin films. For numerous synthetic
strategies, the main goal is to obtain adhesive layers of zeolites
on various substrates such as noble and non-noble metals, glass,
ceramics, silicon, and even three-dimensional substrates.*> The
approach employed for a particular zeolite film preparation

4294 | Chem. Soc. Rev., 2015, 44, 4290-4321
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Zeolites in gas sensing

I
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Functional element: adsorbent Auxiliary element: support

Adsorptive effect: Increased
concentration of analyte

Host-guest: Cages for gas
sensitive agents

Bulk effect: Extra-framework
cation mobility

Conductivity effect: Analyte
modification prior to sensing

Filter layers: Discrimination of
analytes prior to sensing

Composites: Combination with
metal oxides

Fig. 1 An overview of the different functions of zeolites in gas sensor
applications.

depends on the final application. The porous films can be
deposited on the gas-sensitive element in a continuous and
crack-free manner. The following three approaches are applied
for deposition of zeolite crystals:

(a) spin (dip) coating (thickness in the range of 200-1000 nm)

(b) hydrothermal growth of seeded zeolite layers (thickness
of 500-5000 nm)

(c) screen printing based on self-bonded zeolite crystals with/
without additives (thickness in the range of 2000-10 000 nm).

In sensing applications, zeolites are used in two main ways,
as shown in Fig. 1. Firstly as a functional element with an active
role (e.g. incorporating a physical response to adsorbed gases)
or secondly as an auxiliary element with a supporting role,
e.g. encapsulating the sensing agent, thereby increasing the
concentration of an analyte via adsorption or molecular filter-
ing of others gases to improve selectivity or sensitivity of the
active sensing agent.

Nine types of zeolite have been reported for sensing in the
literature (Table 1) and will be summarised in this review.

In summary, creation of materials with high surface area
might allow the selective sensing of gases from exhausts.
A porous structure with open accessible volume, high contact
surface and strong interactions with only one or more desired
analyte would be very important for the design of the required
material.

2.2 Metal-organic frameworks for sensing

Metal-organic frameworks (MOFs) are nano- and mesoporous
hybrid materials with open 2D or 3D framework structures that
contain potential voids. MOFs are composed of metal cations or
metal cation aggregates linked by multitopic organic linkers
which ultimately assemble into crystalline networks. They can
be synthesised from the combination of a variety of di-, tri- and
tetravalent cations and many different linkers, and this allows
for a huge variety of MOF structures.** In addition this large
degree of choice of the components in MOFs allows for the
design of selective sensing interactions with analyte molecules,
based on size or shape exclusion or relative strength of inter-
molecular interactions. Indeed many types of MOFs have been
reported for sensing in the literature.*®??

This journal is © The Royal Society of Chemistry 2015
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Table1 The nine zeolite types reported for gas/vapour sensing. The name and International Zeolite Association three-letter code for each zeolite type is
presented. In addition, the representative pore dimensions within the structures are given,131 along with descriptions of the sensor types and the
concentration ranges that were investigated

Pore
Framework openings
type Zeolite A) Analyte/s, sensor type (range) Ref.
FER Ferrierite 4.2 x 5.4; Carbon monoxide (CO) - conductivity (ppm range) 46
3.5 x 4.8
MOR Mordenite 6.5 x 7.0; Water vapour (H,0) - UV-vis (9-92% RH), nitrogen dioxide (NO,) — conductivity 47-54
2.6 X 5.7  (ppb range), ethanol vapour (C,HsOH) - conductivity (200 ppm) & ammonia
(NH3) - conductivity (ppm range)
LTA Zeolite A 4.1 x 4.1  Water vapour (H,0) - QCM (150 ppm), nitrogen dioxide (NO,) - QCM (50 ppm), nitric  55-70
oxide (NO) - QCM (50 ppm), carbon monoxide (CO) conductivity (ppm range), ethanol
vapour (C,Hs;OH) - cantilever (25 ppmv), hydrocarbons (HCs) — conductivity (1250
ppm), Metglas (6 ppm) & sulfur dioxide (SO,) - QCM (50 ppm)
MFI ZSM-5 5.3 x 5.6; Water vapour (H,O) - cantilever (ng), QCM (250-750 ppm), UV vis (2.8% RH), 50-52, 57-61, 66
Silicalite-1 5.1 x 5.5  conductivity (300 ppm), nitrogen dioxide (NO,) - QCM (200 ppm), carbon monoxide and 71-93
(CO) - impedance (350 ppm), carbon dioxide (CO,) - calorimetry (ppm range), ethanol
vapour (C,HsOH) - QCM (50 ppm), cantilever (25 ppmv), IR (16.5 ppm), hydrocarbons
(HCs) - conductivity (1250 ppm), IR (22 ppb), Metglas (180 ppm), ammonia (NH;) -
conductivity (5 ppm; 612 ppmv) & hydrogen (H,) - fibre optic (0.14 nm kPa™ ")
BEA Beta 6.6 X 6.7; Water vapour (H,0) - QCM (150 ppm), nitrogen dioxide (NO,) - conductivity 49, 51, 52, 55, 56,
5.6 X 5.6  (ppb range), carbon dioxide (CO) - IR (2-100 ppm), ethanol vapour (C,H;OH) - 58, 60, 61, 64
conductivity (200 ppm) & ammonia (NH;) - impedance (25 ppm) and 94-96
FAU Zeolite X 7.4 x 7.4  Water vapour (H,O) - UV vis (200 ppm), conductivity (40% RH), oxygen (O,) - UV vis, 49-52, 54, 60, 61,
Zeolite Y 7.1 x 7.1  conductivity (100 ppm), nitrogen dioxide (NO,) — conductivity (204 ppb), potentio- 66 and 97-127
metry (200 ppb), amperometry (ppm range), carbon dioxide (CO) - impedance
(1000 ppm), magnetic (0.33%), ethanol vapour (C,HsOH) - cantilever (1.4 ppmv),
hydrocarbons (HCs) - UV vis (0.06-31.2 ug mL™'), impedance (10 ppm), cantilever
(0.7 ppmv), ammonia (NH;) - conductivity (ppm range) & sulfur dioxide (SO,) -
conductivity (100 ppm)
STI Stilbite 4.7 x 5.0; Water vapour (H,0) - conductivity (63% RH), methanol vapour (CH;OH) & 128 and 129
2.7 x 5.6  hydrocarbons (HCs) - conductivity (ppm range)
LTL Perlialite 7.1 x 7.1 Carbon monoxide (CO) - IR (2-100 ppm) 94
AFI AIPO-5 7.3 x 7.3 Carbon monoxide (CO) - microcalorimetry (ppm range) 130

In a similar way to zeolite materials, the internal micro-
porosity of MOFs provides high surface areas and active sites
for adsorption in addition to selectivity provided by the dimen-
sions of the pores. Thus, sensing elements comprised of MOFs
can also be used for direct adsorption of and interaction with
the analyte of interest or as a support to improve selectivity or
sensitivity of the active sensing agent (Fig. 2).

Many different metal-organic frameworks have been reported
for sensing in the literature (Table 2) and these will be summarised
in this review.

MOFs in gas sensing

I
] v

Functional element: adsorbent Auxiliary element: support

Adsorptive effect: Metal centres
and ligands

Bulk effect: Sizes of the MOF
pores and channels, flexibility

Conductivity effect:
Conductivity of ligands, pi
interactions etc.

Host-guest: Cages for gas
sensitive agents

Filter layers: Enhancing the
selectivity of a sensor/other
sensor materials

Composites: Combination with
metal oxides

Fig. 2 An overview of the different functions of metal-organic frame-
works in gas sensor applications.

This journal is © The Royal Society of Chemistry 2015

2.3 Techniques for monitoring gas interactions

Chemical sensors are miniaturised devices that can deliver real-
time and on-line information on the presence of specific
compounds or ions in complex samples.””> In some cases
MOFs and zeolites have been used to simply interact with gases
and vapours in an irreversible manner and for the purpose of
this review this will be referred to as gas detection rather than
gas sensing.

When a zeolite or a MOF is used as a functional sensing
element with an active role, the real-time gas sensing response
can be monitored through (i) mass/mechanical changes, for
example via a quartz crystal microbalance (QCM), microcanti-
levers and/or microresonator, (ii) measuring optical property
changes (e.g. IR spectroscopic measurements, refractive index
measurements and/or luminescence spectroscopic measure-
ments), (iii) variation in electric properties (e.g. impedance,
capacitance and/or resistance), (iv) heat liberation (calorimetry)
or even (v) by visible colour change.

Similarly, when the porous material is used as an auxiliary
filtering element, the monitoring of the gas absorbance on
corresponding sensing agents, such as metal oxides or polymers,
can be achieved using the same techniques. The use of the
porous materials as hosts for gasochromic sensing agents,
such as reactive dyes, allows for visual monitoring in addition
to conventional measurements. These monitoring techniques
are briefly described below.

Chem. Soc. Rev., 2015, 44, 4290-4321 | 4295


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5cs00040h

View Article Online

Review Article

Chem Soc Rev

19T Ieq T 1€ JUSWIINSBIN Adoosonoads souaodsaurwuny (0D) aprxorp uoqie)n O%HO0?[£(0%H)E(eqdur)EnDTUN]|AIN
09T wdd 00zs-00€T 10JBUOSAI J[BISOIIA (0D) aprxorp uoqien (69-d1Z) [(WT1U)(IW1g9)uZ]
6ST widd 001-0 Adoosondads g1 na1s ur (0D) apouowr woqred  (x-ze-DNI) (939)X padop 1addod ‘(93q)x-nD
8sT ‘o4 une 0°1-0°0 uryouanb sousossurmung (0) ualAx0 (u1)00T-TIN EB&AONEEAOVOM,EW
S-WNdD
8S1 ‘04 unE 0°1-0°0 Zuryouanb soudosourmIng (?0) uaskxo [*(22q)cur]q£(0%H)?(21q) O uI][FHN(EHD)]
/ST ‘o Ieq 00°T-S0°0 Zuryouanb aousosaurwIng (?0) uadhxo (11X-avIN) [(opqe)?(zdq)oruz]
(SAOI ¥¢-avIN padop winiu
9GT ‘Oq 1Bq £T0O'T-€0°0 Zuryouanb soudosourmIng (?0) uadAxQ -ayani) (91°0-0T°0 = ) (HO)[¢H(d1)*tuz*ny]
(£9-omn
SST ‘07 wye 08°0-50°0 Zuryouanb sousosauTwuny (F0) uaBAXQ Jo aanEAlIap) [6479(, 1) e S(opdq)"(HO) 01Z]
(£9-0mn
SST ‘04 wiye 08°0-50°0 duryouanb aousosaurwng (%0) uasAxQ Jo aaneALIap) [0 )?¥6¢(opdq)"(HO) 0%1Z]
£9-01N
SST ‘04 une 08°0-50°0 Zuryouanb sousosourmng (?0) uaSAxO jo aaneALIaD) ngrdEm.m?@maimmmvwocuﬁ
PST %060 ITWI] 1I9MOT duryouanb aousosaurung (?0) uadhxo O%H9-dNA g [{(0°H)%(;T)PD]
€ST ‘Oq wye 00°1-50°0 Zuryouanb soudosourmIng (?0) uadsxo O°H-aNa9 [, 1)0"uz]
O°HIT-ANA8-[°(opdq)7(pe)OPuZ]*(*HN 2 IN)
TST %00T PUEB %0 18 SIUSWIINSBIN duryouanb sousdsaurwung (%0) uadhxo = T-d0N-01q 919YMm ‘T-I0W-01q®, qA
ST HA %S6-TT JIosuds sed ornawipaduwy (0°H) modea 1978M (11)STT-TIN-HN [°(oPqe)"(HO)®0®11]
(HOSH®D) (ass
0ST — Adoosonydads uonds[jal a[qISIA-AN 1nodea [oue)d B (0%H) nodea 127eM -TIN-“HN) (HO ‘D = X 219Uym) [XE(opqe)0ad]
(HO®HD) 1nodea [oueylowl B (HOSH?D)
6¥T — WISTWOIYD0IBA[OS 1nodea [oueyls ‘(O%H) 1nodea 107eMm (sz-Lna) [£7%(239)(qrzuaq)0’uz]
[0A %S€-8T :HOPHD (HO*HD) modea [oueyiaw B (HOH®D)
[ias [0A %81~/ *HOSH?D [0A %S°2-0 :0°H s10suas sed orowrpaduy 1nodea joueld ‘(O%H) nodea 197eMm (00ga ,W‘_VE:OmmE [4(m1q)€aa]
(14) **H )
(1) wdd gz 38 JUSWAINSBOW :SH
(1) wdd ¢ ye JuswaINSEAW FYN
(1) wdd ¢1-1 TRURIU ‘(FIDD)
WIS 00T IB JudWaINSeaW = °H) :sDH
(WD) wdd 0s-01 ‘(d)
wdd 05-57 “UdS %0Z-T (SON) %0°9
-2’1 ‘(SWid) widd 0859-89€T :HOPHD
(a>1) wdd os-7
{(Mo0) wdd 05—z “(ddS) %0L-T ‘(SON) (14) 10suas [eondo
%8°2-9'0 ‘(4g0D) wdd 0009-0 :HOH?D uo 194e[ 103[1J B (WdS) 9ourUOSa1 pazrrejod
(ddsT1) %001-0 (NOO) (°N 20eJINS {(¥AST) dUBUOSAT pazirejod 20BJINS (eH)
ur) %0T J& JUdWaINSeaw (SDN) %0/-8  PIsI[ed0] ‘(INDO) doue[eqoIdIw [eIsAI0 zytenb  ua8oIpAy R (S°H) apy[ns uad0IpAy ‘(SHN)
‘(ggDD) wods 00T I8 JUSWAINSBIW QD ‘(1) 2qo1d ura[ey ‘(SDIA) 10SUIS 19AI[IIURD Bruowrure ‘(sDH) suoqreso1pAy ‘(HO®HD)
(SO) %9°1-7°0 ‘(9gDD) wdd -oxorwr (YGDD) 103097321 33e1g [RISAIO [EpIO[j0d Inodea [oueyrow (HOSH?D) Inodea [ouey3a
LVT-8ET 0008-0 ‘(SIWdd) wdd 0€€T-££7 :0°H  ‘(SINY) 10SUSS IaA3[UBDOIOIW SANSISAI0ZIId  “(“0D) 9pIXoIp uoqied (O%H) inodea 138 (T-LSMIH) [¢(71q)¢nD]
(HO®*H®D)
LET aroydsoune pajeinyes Adoosondads sousdsaurwuing 1modea [oued B (0%H) Inodea 1a7eMm (s-10I) [E(>Pq)OTuz]
HOH®D
/€1 a1oydsoune pajeinyes Adoosonads aousosaurung 1nodea [ouey’d 3 (0°H) Sowg Bamkw [(opq)(HO)uI]
9¢T — duryouanb aousdsaurwng (0%H) modea 197eM (gpuz) o®H¥-[(opq)(edp)uz]
GET
pue pET [own $€T-S"¥ :EHN Zuryouanb aousosaurmIng (FHN) eruowrwre 3 (0%H) 1nodea 19em (sT-WDd) O*H dandaz-[(0%H)(03dd1)qL]
€T HY %S8-8°GZ Suryouanb sousossuTINT (0°H) modea 13eM OHT{(0*H)* (ore1EX0)(; T)qL]
cel HY %S8-8°S/ Buryousnb sousosaurNT (0%H) modea 1a1eM 0°He[(0"H)< (areex0)(; Dnd]
e (pare1s azoym) aduel orwreudq ad£y 10suas/1030932Q s/aheuy SIomaurery orue10-1eIoN

po1ebnsaAuUl 1om jey) sebuel UORRIUSIUOD 3y} pue sadA) JOSUaSs ay) JO suondiuossp Yym saseb sneyxa Jo Buisuas oy payodal syJomawely dluebio—|eyaw ayl g aqel

"90U8017 paliodun 0 uonng LNy suowwod aAeas) e wepun pesusol|stapiesiy) |IEEL (o)
"INd TT:95:¥ 9202/T2/T U0 popeojumod 'STOZ AN 8T UO paUS|aNd 901 SS300Y UadO

This journal is © The Royal Society of Chemistry 2015

4296 | Chem. Soc. Rev., 2015, 44, 4290-4321


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5cs00040h

View Article Online

Chem Soc Rev

Review Article

-pr-1-[ozeikdiAypowip-¢‘c)-¥ = zdq ‘opr-r-urjorpueuayd[or‘T][J~c‘v]ozeprwt = di {[¢(surpuidiq-,z‘c)(are[Ax0qred-c-ourpLid([Aprisd-z-oreAxoqres-c)-9)ny]
-¢-ourpuAd(jApridd-g-o3e[Axoqrea-)-9)ir] = T

-b)-2)1]

VLT
€LT
€LT
¢LT

0LT

69T

69T

—C

‘JOTY3-G-9[0ZeIN-F'Z‘ T-OUTWE-€ = 1IB {3JB[AXOQIBITPIUIZUI(
-F*1-0X0Ip-G‘7 = oqpop ‘oudlAyis(areAxoqresjiuayd)snrens) = aody ‘ayeozuaq[Axoypow[jAusayd-[Ayown-o‘y“z-[[Aypouw(Axousydorejfxoqied-¥)[siq-s‘c]]-# = 91q1 {91e[AX0qIBdIPaULZUS]-E‘ T-01TU-G
= dI-°ON ‘oudANa(IAp1IAd-)s1q-z‘T = 9adq ‘orejdxoqresrpausieydeu-9‘g = opu {91e[AX0qIedIPaUSZUSq-¢‘T = opq-w ‘auiplikdiq- ¥y = Adiq-,3'y ourpuhdiq-,z‘c = Adiq-,z‘z ‘orejozepruurjdyiow
-z = WIu ‘(orewrexo)siqauajdiuayd-¢‘1- NN = eqdur ‘uonedlp Ua30[0OIA[AYIOW = AN ‘9IB[OZBPIWIONIU-Z = JNIU ‘9Je-I-[0ZBPIWIZUdQOIONYD-S = INIQO ‘opI-T-[ozelAd-[Aypowp-s‘e-(14-¥

1 ¢_[¢(ourpuAdifuayd-g)(arejhxoqres

9

[¢(surpuAdiduayd-z)(srejhxoqies-¢-ourpridd(jAusydoreidxoqred-y)-9)i1] = T ¢_[¢(surpuidjfuayd-g)(arejdxoqieo-p-aurplhd([Aprid-z-orejdxoqied

= 1 ‘_[¥(e3e0zuaq(1Apdd-g)-€)a1] = 1 ‘Syefdxoqiedrpidusydiq- 7y = opdq ‘Sjeuruope=pe {93e[AXOQIEIIPIUSZUS]-F[-OUNUE-Z = JP(E (9IBOZUS(ENIUIPIZU]- N NN‘N = q3Zudq
£97BAX0QIBILIIOUIZUSG-G € T = D3] 9IB[AX0GIBIIPAUIZUS]-F‘ T = Ipq ‘ouryId([ApHAd-)s1q-¢‘T = adp ‘oprxo surydsoydjfusydin(ayedxoqied-d)siny = 0d3o) (53ejAx0qienip ajozeprwl-¢‘p-JAp1dd = |11,

wdd 059-0

sed

Ia111ed UaZ0nTU Ul (EHN) BIUOWWE 04T
sed

J9111Bd Uddoniu ul (EHN) BIUOWWIR 94T
-o1meradwa)

woo1 Je [oueyIdwW jo arnssaxd inodep
%0F ¥ JUIWINSLIN

-armeradwo)

woo1 Je sajh[eue yoes jo ainssaid
modea sem sajA[eUR [[€ JO UOIIBIIUIUOD
-armeradwo)

woo1 Je sajh[eue yoea jo ainssaid
modea sem saJA[eUR [[€ JO UOIIBIIUIUOD

Adoosonoads aousossurwny

Adoosondads sousodsaurwung

Adoosonads aousosaurung

a3ueyo

INnojod J[qIsia pue Adodsomnoads I[qISIA-AN

90UB[BQOIdIW [BISAID Z}1end)
Adoosondads sousosaurwung

(O7) uryouanb sousssouTInT

(O7) uryouanb sousssouTINT

(S*H) apyIns usdoIpAH

(FHN) eruOWUIY

(EHN) eruOWIUIY

HOfHD) 1nodea [oUeYIaN
[ouey

HOfHD) 1nodea [oUeYIaA
[ouey.

(sDH) suoqresoIpAH

(sDH) suoqreso1pAy 3 (HOSH?D)
1modea [ouesd ‘(HOFHD) 1nodea [oUuBION

(sDH) suoqreso1pAy B (HOSH?D)
1modea [ouesd ‘(HOFHD) 1nodea [ouByIdON

[ (me)no]

[(GPqop)“8I]

[(s0d3)2uz]
INar-[H(ama)¥(23q3)¢00)]

(s-ain-uz) [(Ad1g-,7-v)(dI-“ON)uz]
(emad) awaz [(e2dq)?(opdq)cuz]

O°HS 0-INAsT - [(92dq)%(opu)tuz]

O%HSZ 0-ANdS ¢-[(2dp)¥(opu)uz]

wdd 05-0T :HOH®D (HO®*H®D)

89T ‘/9T wdd 05-07 :HO®HD aqoxd ura) 1nodea [ouey3d B (HOHD) Inodea [oUeyIdON O%H [¥(219)¢pD]
wdd 0$-0T :HOH®D (HOH®D)

89T /91 (rwary 1omor) wdd 00T :HO®HD aqoxd urae) 1nodea [ouey)d B (HOHD) Inodea [oueyloN OH[4(219)¢IN]
wdd 05-0T :HOSH®D (HOH®D)

89T /91 widd 05-02 :HOSHD aqoxd ura) 1nodea [oueyd B (HOHD) Inodea [oueIol O%H[4(mq)€0D]
wdd 05-0T :HOH®D (HO®H®D)

89T ‘29T (3w xomop) wdd 00T :HOHD aqoid urapy 1nodea [oueysd 3 (HOHD) modea joueydoIN  O°HFE[*(93q)((HO) V)$(0°H)* (HO)O®"1v]

99T wdd 91-7 20UB[BQOIDTUI [BISAID Z3TBNY) (HO®HD) 1nodea joueloN [(opq-wt)(Ad1g-,7*¥)0D]

99T wdd 091-%9 20UB[BQOIITUI [BISAID Z31BNQ) (HO®HD) 1nodea joueyloN O%Hz[(039)%(Ad19-,2'T)(HO)?nD]
(1nodea) (HO*H®D)

91 T 0T :HOSH?D (1nodea) 11 0T :HO(HD Adoosonoads soueyoapgar aqIsia-An Inodea [oueyld 3 (HOHD) Inodea [oUeIdON (99-010) [°(opq)*(HO)"0%1Z]
wdd 00T 7€ JUSWT (HO®HD)

9T -aInseawt :HO!HD widd 005-S :OHOH (SYAI) 10SUS 90UBISISAT 9PO1IIS[d pajedrdipiaqul  1nodea [oueyiowl 3 (OHDH) 9PAYIP[BULIO] (£9-41Z) [¢(TUr)oD]
(14) **H (‘H)
€91 (add) %001-0 BHED SOH ua301pAY B (SDH) su0q1e001pAY (HOHD)

pue 791 (add) %0¥-0 :HOSH®D (14) 194®] 10311 “(Add) 90149 1019d-A1qe] 1nodea [oueyss ‘(%QD) apIxoIp uoqie)d (8-417) [{(NTw)uz]

‘799 (pare3s a19yMm) d3uel dTwRUAQ 2d£y 10sU9s/10302320 s/a)Aeuy SIomaurery orue3I0-1eIoIN

"90U8017 paliodun 0 uonng LNy suowwod aAeas) e wepun pesusol|stapiesiy) |IEEL (o)
"INd TT:95:¥ 9202/T2/T U0 popeojumod 'STOZ AN 8T UO paUS|aNd 901 SS300Y UadO

(panupuod) g a1qel

Chem. Soc. Rev., 2015, 44, 4290-4321 | 4297

This journal is © The Royal Society of Chemistry 2015


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5cs00040h

Open Access Article. Published on 18 May 2015. Downloaded on 1/21/2026 4:56:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

2.3.1 Detection of mechanical and resonant changes upon
adsorption. A quartz crystal microbalance (QCM) transducer
consists of a thin slice of a piezoelectric quartz crystal that is
used as a sensitive microbalance. The thin section of quartz
crystal is electroded and when an AC potential difference is
applied to the quartz crystal it oscillates at a specific resonant
frequency. Upon adsorption of analyte molecules, the mass
increase on the quartz surface is directly related to a reduction
in the resonant frequency of the oscillating crystal. Thus, this
change in QCM frequency corresponds to the mass of analyte
adsorbed, usually on the order of ~107° g cm™>. Selective
adsorption of specific analytes is achieved by application of a
discriminatory thin film on the surface of the quartz. Further
information is available in a review on the use of QCMs for
sensing by Vashist and Vashist.'”®

A piezoelectric microcantilever-based transducer uses a similar
approach to a QCM transducer but consists of a cantilever paddle
that is anchored at one end to a substrate with the other end
modified with a sensing material and free to vibrate. When
excited by an AC potential difference, the paddle vibrates at its
resonance frequency. Upon adsorption of an analyte within or
on the sensing layer this specific frequency changes due to
mass gain and thus the frequency variation is related to the
mass of analyte adsorbed. Further information is available in a
review on the use of microcantilevers for chemical sensing."””
The closely related microresonator-based chemical sensors also
operate by adsorption of an analyte leading to a change in mass
which in turn changes the resonant frequency of the structure.
An excellent paper describing microresonator theory was pub-
lished by Schmidt and Howe.'”®

A magnetoelastic transducer usually consists of an amorphous
ferromagnetic material, in a ribbon form, covered by a sensing
film. When an alternating magnetic field is applied, the magneto-
elastic material resonates at a specific frequency which changes
due to adsorption of an analyte within or on the sensing film.
Further information is available in a review on the use of
magnetoelastic transducers for sensing.'”®

2.3.2 Spectroscopic sensing techniques. Infrared (IR) spectro-
scopy for analyte detection can be performed in transmission
or reflection mode. In transmission mode, a beam of infrared
light is incident to and transmitted by the sensing material.
The transmitted intensity vs. frequency spectrum of the sensing
material is collected periodically and changes in the infrared
spectrum corresponding to adsorption of an analyte can be
quantified. In contrast, in reflection mode, the sensing material
is deposited on a substrate which consists of an optical material
with a higher relative refractive index, such as a silicon wafer.
A beam of infrared light interacts with the sample due to
reflecting times between the bare external surface of the silicon
substrate and its internal surface which is in contact with the
sensing material. At each reflection an evanescent wave extends
into the sample. The monitoring of the transmitted light or
the evanescent wave reveals how much energy was absorbed at
each frequency. This is described as attenuated total reflection
(ATR). In both cases, the properties of the obtained IR spectrum
(i.e. wavenumber of absorption bands and shape and intensity
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of bands) is related to the nature and concentration of the
analyte interacting with the sensing material.

Optical fibre Bragg gratings can either be long-period gratings
or short-period gratings. For both types of optical fibre Bragg
grating, the period describes the distance between a fringe of low
or high refractive index and the sequential fringe of the same
refractive index. Long-period gratings typically have periods on
the sub-millimeter length scale and work by coupling forward
propagating light of a certain wavelength into forward coupling
cladding modes. The coupled wavelength is dependent on the
period of the Bragg grating. The power of the forward coupling
modes is typically attenuated through absorption and scattering
losses. If the cladding of the optical fibre is covered with a
sensing material then interaction with analyte species will alter
the absorbance, or change the magnitude of scattering losses
within the cladding. This can result in a change in the magnitude
of the received power at the coupled wavelength at the detector
or even a wavelength shift of the transmission peak features.
Further information is available in a review on the use of long
period Bragg gratings for sensing.'®°

Luminescence-based detector or sensor systems measure
changes in the fluorescence or phosphorescence emission spectrum
of a luminescent material due to interaction with analyte molecules.
Certain molecules, such as dioxygen O,, quench or “turn-off”
the luminescence of the sensing material; the degree of change
in luminescent intensity or wavelength shifting is related to the
concentration of the quenching analyte.

Optical sensing can be employed if encapsulated reactive
dyes are contained inside the zeolite cages. Colour changes
caused by the presence of an analyte can be monitored with
UV-visible spectroscopy and/or the naked eye.

2.3.3 Electronic sensing. Electrical property-based sensors
can be used to monitor the adsorption of analytes within the
porous sensing material by measuring changes in conductivity,
impedance or resistance of the sensing material upon inter-
action with an analyte.'®! The change in electrical properties of
sensing materials that contain semiconducting metal oxide
guests upon exposure to analytes can be monitored in the
same manner as the electrical property-based sensors described
above. For example, the imaginary permittivity of the sensing
material can be correlated to the resonant impedance spectrum
or to conductivity.'®*

The different types of sensing and detection techniques
used in zeolite and MOF sensors are summarised in Fig. 3.

3. Exhaust gas sensing using porous
materials
3.1 Humidity sensors

3.1.1 Zeolite-based H,O sensors. Tracking of water vapour
concentration is important for determining the extent of
combustion. Early examples of humidity sensors reported the
advantages of zeolite-based sensing devices combined with mass
detectors. In one of the first examples, ZSM-5 type zeolite single
crystals were aligned on a high sensitivity micromechanical

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 A comparison of the different types of sensing/detection techni-
ques cited in this review.

cantilever to fabricate a chemical sensor for humidity sensing
in the nanogram range.”! In 2001, other QCM sensors were
prepared by modification with either zeolite A or beta polymorph A
and used as humidity sensors.>>>® Due to the large pore size
channels (6.7 A), beta polymorph A-based sensors exhibited
more interference from alkanes compared to zeolite A-based
sensors. Larger resonant frequency shifts were measured with
the zeolite A coated QCM sensor, e.g. 2000 Hz after 150 ppm
water exposure for zeolite A, compared to 400 Hz for beta
polymorph A. However, the response and recovery times were faster
for the beta polymorph A zeolite sensor, which was rationalised on
the basis of its larger pore channel diameter and higher hydro-
phobicity due to a higher Si/Al ratio. Other QCM oscillator-based
sensors have been developed for humidity sensing, based on
zeolite A, silicalite-1 and sodalite deposited onto QCMs, and
showed similar results when monitoring from 250 to 750 ppm
of water in He at 170 °C.*” The sodalite-coated QCM was found
to be promising as a discriminatory humidity sensor as it
showed poor responses towards NO and SO,.

Host-guest chemistry using zeolites as hosts for a dye or
conductive material has also been employed to construct optical
or electrochemical detectors and sensors for humidity, respec-
tively. Spectroscopic changes in the nature of the dye loaded into

This journal is © The Royal Society of Chemistry 2015
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the zeolite cages indicated the presence or disappearance of
water. Protonation/deprotonation of methylene blue held in
mordenite-type zeolite showed spectral changes in a range of
9 to 92% of relative humidity with good reversibility and fast
responses of approximately 2 min for the adsorption step and
4 min for the desorption step.*”*® Two absorption bands (the
monomeric methylene blue and its protonated form at 650 and
745 nm, respectively) were monitored to obtain these results.
Another example of an optical humidity detector utilised solvato-
chromic Nile Red dye encapsulated in a NaY zeolite."”> This
device had a detection limit of 200 ppm humidity, a response
time of around 4 min and discrimination against hexane was
also demonstrated. One further example of an optical detector
involved impregnation of silver on ZSM-5 type zeolite’> where
the authors showed that Ag" species in the Ag-ZSM-5 zeolite
exhibited stable optical properties under high-temperature treat-
ment. The behaviour of the 37 700 em ™' band was followed with
in situ UV-vis spectroscopy. Above 150 °C, this band was found to
be sensitive to the presence of water vapour in the gas stream
(2.8% H,O0 in He), disappearing in the presence of water vapour
while full intensity could be recovered under water-free conditions.

As an example of electrochemical sensing, Yu et al. employed
a porous zeolite support to improve the stability and durability
of LiCl at high humidity. Indeed, when the humidity exceeds
40% relative humidity (RH), the conductivity response of LiCl is
no longer linear and thus it becomes difficult to use the material
as a humidity sensor.'® The LiCl was dispersed into a NaY
zeolite to obtain a linear response to up to 75% RH. The authors
claimed that the well-defined cavities of NaY-type zeolites are
more suitable as host materials for preparation of humidity-
sensitive composite materials than those with channel structure,
such as ZSM-5 or mordenite zeolites. Zou et al. similarly reported
that the loading of LiCl into stilbite resulted in an electrically
conductive material exhibiting very high humidity sensitivities
with a linear response of 10* in conductivity with a humidity
change from 0 to 63% and fast response times for adsorption
and desorption.'?®

Changes in zeolite conductivity due to extra-framework
cations contained in the framework have also been employed
for the concept of humidity sensors with measurements based
on changes in either impedance or capacitance. The impedance
of the H-form of ZSM-5 was studied as a function of water
concentration (0-300 ppm) in H,.”>”* ZSM-5 zeolite was chosen
for its small pore size (5.5 A), which improved water selectivity,
and also for its acidic properties, due to the acid-base chem-
istry involved in impedance measurements. In addition, the
high thermal stability of the zeolite in a reducing environment
allowed sensing experiments in H, up to 600 °C, measurements
which are not possible with humidity sensors based on metal
oxides or polymers.

To allow sensing under milder ambient experimental con-
ditions, the capacitance of a zeolite can be measured instead of
impedance. For this approach, electrodes coated with various
zeolite films (A-, Y-, beta polymorph A- and silicalite-type) with
different Si/Al ratios were studied.’® It was shown that the
hydrophilic nature of zeolite A provided the most sensitive film,
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with a seven times higher response under a 350 ppm water
concentrated atmosphere compared with the other films.

Metal oxide based sensors can be further modified with zeolite
films to improve their response to gas analytes compared with
uncoated metal oxides. A zeolite layer can be used as an adsorbent
filter to enhance the selectivity of the metal oxide by retaining
analytes and/or interfering species. An example was reported
using SnO, as the oxide and zeolite A and ZSM-5 zeolites as
filters.”® Results showed that zeolite A improved the selectivity
towards H,O by the elimination of the response to propane,
hydrogen and methane while continuing to respond significantly
to ethanol and CO. On the other hand, the ZSM-5-type silicalite-
coated sensor gave enhanced response to both H,0 and H,.

3.1.2 MOF-based H,O sensors. There have been a large
number of reports of different MOF-based humidity detectors
and sensors employing a range of analysis techniques due to
the variety of interactions of water with the organic moieties or
metal centres. For sensing water vapour levels, several research
groups have utilised lanthanide-based luminescence, which is
sensitive to the chemical environment of the lanthanide ions.
Dong et al. developed lanthanide ion MOFs using a mixture of
two different ligands: oxalate (T0,C-CO, ", ox) and pyridyl-4,5-
imidazole dicarboxylate (L'), and either terbium nitrate or
europium nitrate to form [M(L")(0x)o 5(H,0)]- 2H,0 (M = Eu, Tb)."**
Upon dehydration, both MOFs showed a decrease in luminescence
emission intensity and upon rehydration the intensity of the
luminescence emissions increased again; the MOFs therefore
functioned as probes for humidity which could be easily inter-
rogated with luminescent spectroscopic methods. The terbium
MOF showed the greatest change in luminescence intensity
when the dehydrated form was rehydrated upon exposure to
known quantities of water vapour in air, ie. different relative
humidity levels. However, the response time of the terbium MOF
probe was slow even in high relative humidity environments.
For recovery of the luminescence emission to an intensity
equivalent to the luminescence emission intensity of the
hydrated form, the dehydrated form had to be exposed to
85% relative humidity (%RH) for 9 h.

Humphrey et al. synthesised a terbium(ir) MOF, ([Tb(tctpo)-
(H»0)]-2DMF-H,0) (DMF = N,N-dimethylformamide), known as
PCM-15, with tris(p-carboxylate)triphenylphosphine oxide (tctpo)
as the linker (Fig. 4)."*®> The resulting MOF is comprised of a
5,5-connected net structure, with each Tb*" centre octa-coordinated,
forming seven bonds to tctpo linkers and one to a water
molecule. Upon activation of the MOF the intensity of the

-0,C \©\ /©/002
Ps

~0

CO,~

Fig. 4 The tris(p-carboxylate)triphenylphosphine oxide (tctpo) ligand in
the Tb** luminescent PCM-15 MOF prepared by Humphrey et al.**
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photoluminescence due to the terbium ion was found to
double. Upon treatment with moisture-saturated N,, the photo-
luminescence intensity returned to that for the as-synthesised
MOF. Thus, PCM-15 can act as a luminescence-based detector
for humidity, though neither the response time nor the lumi-
nescence response at different % RH levels were reported.
Another MOF which acted as a detector for water vapour was
demonstrated by Chou et al.’*® As with the examples above,
changes in the luminescence intensity of the MOF upon dehydra-
tion and rehydration were used as the measurable output. How-
ever this MOF, [Zn(dpe)(bdc)]-4H,O (dpe = 1,2-bis(4-pyridyl)ethane,
bdc = 1,4-benzenedicarboxylate), labelled as ZndB, utilises ligand-
based luminescence rather than luminescent lanthanide metal
ions. The MOF contains 2D hydrogen-bonded rings of sixteen
water molecules and showed reversible on(dry)/off(hydrated) lumi-
nescent response to humidity upon cycling between room tem-
perature and 85 °C. The mechanism behind the increase in
fluorescence intensity upon heating at 85 °C was thought to be
removal of the intra-channel water molecules resulting in a short-
ening of the inter-channel distance between two dpe moieties. This
enhances the n-r stacking between the two interchain dpe moieties
and thus increases dpe(n*)-dpe(r) excimer formation. An exposure
time of >100 min of the MOF to the ambient % RH level at room
temperature was required for the fluorescence intensity to return
to as-prepared levels.

Lee et al. also reported two MOFs that can be used to detect
humidity by quantifying the differences in the luminescence
emission spectra of a MOF when ‘wet’ and the same MOF when
dry."®” Upon excitation at 270 nm, it was found that for dry
[In(OH)(bdc)] emission Anax = 326 nm and for dry [Zn,O(bdc);],
MOF-5, emission Amax = 366 nm."'®* Exposure to water vapour at
40 °C resulted in an emission wavelength redshift of 64 nm for
[In(OH)(bdc)] (Amax water = 390 nm) and an emission wavelength
blueshift of 27 nm (Amax water = 339 nm) for MOF-5. Therefore,
both MOFs act as fluorescent probes for humidity. No reversibility
experiments or experiments detailing a fluorescence change
upon exposure to different concentrations of water vapour were
reported for these MOFs, but they do show reasonable thermal
stability, decomposing above 450 °C for [In(OH)(bdc)] and above
400 °C for MOF-5. Such thermal stability would be necessary for
a MOF active sensing element for an exhaust gas sensor."®*

The copper(u) MOF [Cuj(btc),] (btc 1,3,5-benzenetri-
carboxylate), HKUST-1, has also been used in the development
of a piezoelectric cantilever sensor for both humidity and
hydrocarbon vapours.'*® Robinson et al. fabricated N-doped
piezoelectric microcantilever sensors, ~230 pm long and ~ 80 pm
wide, that were coated with a layer of HKUST-1. The microcanti-
lever sensor device was then activated prior to the start of a
sensing experiment by passage of dry nitrogen gas over the device
for 15 min at 40 °C. Higher temperatures, required to completely
remove adsorbed water, were not possible as the integrity of the
device was found to be compromised at temperatures >50 °C at
1 atm pressure. Therefore, the authors waited until a steady state
was achieved before sensing experiments were performed. The
sensor device was exposed to different concentrations of water
in nitrogen gas at 23 °C and at 1 atm pressure. Exposure to

This journal is © The Royal Society of Chemistry 2015
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(a) Schematic of the planar interdigital electrode impedance sensor and (c) photographs of the actual planar interdigital electrode impedance

sensors covered with thick films of different MOFs by Moos et al.'*® (b) Schematic of the pellet-type metal-disc electrode impedance sensor and
(d) photograph of the realised pellet-type metal-disc electrode impedance sensor, by Moos et al., containing a pellet of a MOF.1*® Reproduced under
the terms of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/) from ref. 148 with copyright belonging to the

authors of ref. 148.

water vapour resulted in water being adsorbed on the HKUST-1
layer and a change in the resonant frequency of the micro-
cantilever. The device demonstrated sensitivity between ~ 300 ppm
and ~3000 ppm of water in nitrogen carrier gas and showed
sensing reversibility. However, the magnitude of resonant
frequency changes that were measured at equilibrium for
different concentrations of water vapour in nitrogen carrier
gas were identical to those measured upon exposure to different
concentrations of methanol vapour. Therefore, based on mea-
surable resonant frequency changes, the sensor device cannot
differentiate between water and methanol in nitrogen. However,
if the response times of the device are taken into account, i.e. the
adsorption response time and the desorption response time,
then analyte differentiation is possible. The adsorption and
desorption response times for water were both <30 s, but this
was only calculated at one water concentration. Robinson et al.
defined the response time as the time taken to reach 63.2% of
the equilibrium value either during desorption or adsorption as
opposed to the definition of gas sensing response time t, (the
time taken to reach 90% of the equilibrium value during
adsorption or desorption) that is used more routinely in the
literature.*®>*%¢ No sensing results for mixed analyte gas streams
were reported. The major disadvantage of this gas sensor in
terms of application as a sensor for exhaust gases is the poor
thermal instability of the microcantilever.

Impedance humidity sensors that utilise MOFs as the active
sensing materials have been developed by Moos et al'*®

This journal is © The Royal Society of Chemistry 2015

The authors investigated two types of impedance humidity
sensors; a planar interdigital electrode impedance sensor and
a pellet-type metal-disc electrode impedance sensor, both of
which are shown in Fig. 5.

For the pellet-type sensor, a pellet of a MOF was placed
between the two disc electrodes. For the planar interdigital
electrode sensor a thick film of a MOF was deposited on top of
the interdigitated electrodes. The authors investigated several
MOFs, but found that Fe-btc (Basolite® F300), the iron deriva-
tive of HKUST-1, afforded the highest magnitude measured
changes in absolute impedance |Z|, and capacitance C, upon
exposure to humidity in a range of 0-3 vol% water in nitrogen
carrier gas. Further experiments revealed that the best sensor
response in terms of largest magnitude changes in measurable
parameters and reversibility was achieved with the planar inter-
digital electrode impedance sensor format at the frequency of
1 Hz and with a thick film of Fe-btc MOF as the active sensing
material.

At an operating temperature of 120 °C, there was a linear
response between |Z| and water concentration (in vol%), an overall
impedance range of 1.2 GQ and a sensitivity of 590 MQ/vol% water,
in the range of 0-2.5 vol% water in nitrogen. In addition, the
sensor response was reproducible with ~100% recovery to pre-
exposure impedance values after each exposure to water vapour.
Therefore this sensor shows promise as a water sensor in
exhaust emission sensing applications especially as Fe-btc is
thermally stable up to ~250 °C. However, a disadvantage of
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this sensor is that the sensing response becomes non-linear and
tends towards exponential at temperatures higher than 120 °C;
this limits potential use in hot exhaust gas sensing applications.

As stated above, the large surface areas and high porosity
of MOFs allows for the uptake of gaseous analytes and thus
favours MOFs as active sensing materials. In addition it is
expected that the effective refractive index of the MOF will be
sensitive to the uptake of analyte molecules in the pores. Therefore
Hupp et al. fabricated a refractometric optical-based detector
which utilised HKUST-1 as the detection material; adsorption of
gaseous analytes in the pores within HKUST-1 changed the
effective refractive index of the MOF."*® The refractometric optical
detector consisted of an ordered hexagonal-packed array of sub-
micrometer-sized silica microspheres coated in HKUST-1; this is
known as a colloidal crystal. A colloidal crystal reflects light at
particular wavelengths due to the periodic variation of refractive
index within the structure. The reflected wavelength is known
as the ‘stop band’. At normal incidence the ‘stop band’ Zgg, in
the [111] direction of a colloidal crystal is defined by:"**

A 2\/EnD
SB = —=
V3

n is the effective refractive index of the colloidal crystal (unitless)
and D is the average diameter of the microspheres that make
up the colloidal crystal (units = nm). As can be seen in eqn (1),
there is a direct relationship between Asg and n as D remains
unchanged; if n increases Asp also increases and thus redshifts.
When Hupp et al. exposed the colloidal crystal, modified
with HKUST-1 to water vapour at concentrations ranging from
100-12 000 ppm in nitrogen carrier gas, ‘stop band’ redshifts
were measured. The relationship between water concentration
and measured ‘stop band’ wavelength shift was approximately linear
between 100-1000 ppm and then plateaued after ~4000 ppm.
The authors estimated that the lowest change in concentration
of water that could be measured with the device was 2.6 ppm,
based on the wavelength resolution of 0.015 nm of the measur-
ing equipment. The detection response was also reversible.
However a major limitation of this proof-of-concept device was
the MOF was not selective; many different vapours and gases
could adsorb onto the MOF which resulted in a change in the
effective refractive index of the colloidal crystal. For example,
some concentrations of water, methanol and ethanol vapours in
nitrogen carrier gas resulted in identical magnitude ‘stop band’
shifts. One advantage of this device is that it is potentially
thermally robust for exhaust gas sensing applications; the silica
microspheres were sintered at 600 °C during fabrication of the
device and HKUST-1 is thermally stable up to ~ 250 °C. However,
a disadvantage of this current iteration of the detection device is
that a light source and a high resolution optical spectrometer
are needed to achieve high precision measurements of water
vapour. The response of this device to other vapours and gases is
discussed in the appropriate sections below.

HKUST-1 was also the chosen active sensing material for
piezoelectric microcantilever humidity sensors demonstrated
by Hesketh et al.**° The reason for their choice was that small
distortions of the HKUST-1 framework occur upon adsorption

1)
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of analytes in the pores. If the MOF is in the form of a thin film
then the distortion within the framework creates a measurable
stress on the piezoelectric microcantilever. The sensor device
consisted of a 10-microcantilever array in which each micro-
cantilever incorporated a piezoresistive element. This enabled
measurement of changes in stress due to distortion of the
framework of the MOF thin film caused by adsorption of analytes.
For deposition of the HKUST-1 thin film (~100 nm thick) some
of the microcantilevers were coated with gold, which was then
modified with a self-assembled monolayer of a thiol; the thiol
facilitated the formation of the HKUST-1 thin film on those
cantilevers when immersed in the reactant solutions. Some
microcantilevers were masked to prevent gold deposition and
thus were not subsequently coated with HKUST-1 in order to act
as reference microcantilevers. The authors tested the response of
the device to water vapour in nitrogen carrier gas with HKUST-1
in either the hydrated as-synthesised state or the ‘activated’
dehydrated state. The dehydrated state was achieved by passing
current through the piezoresistive elements so that temperature
reached 50 °C whilst under a flow of dry nitrogen gas for 2 h.
It was found that the sensing response to water vapour did
not significantly differ whether the HKUST-1 was hydrated or
dehydrated. Measurements were performed by exposing the sensor
to a flow of water vapour at various concentrations (0-1%) in
nitrogen carrier gas at room temperature and pressure. The sensor
response was non-linear within the range of water vapour
concentrations investigated. The authors reported a measurable
change in resistance for adsorption after 0.5 s upon exposure to
moist nitrogen gas, though this was the shortest measurement
interval used. The time constant for desorption was ~10 s.
Fitting of the water resistance curve to a Langmuir isotherm
resulted in reasonable agreement with a 0-3 mbar isotherm of
water adsorption on HKUST-1, which Hesketh et al. state corre-
sponds to a resistance of 7.0 Q for saturated HKUST-1."®” The
main disadvantage of the sensor was that the HKUST-1 MOF
layer did not demonstrate selectivity; methanol and ethanol
vapour also adsorbed which resulted in a change in stress.
Some concentrations of water, methanol and ethanol vapours
in nitrogen carrier gas resulted in identical magnitude measured
resistance values. The response of this device to other vapours
and gases is discussed in the appropriate sections below.

Fleischer et al. also utilised HKUST-1 as the active sensing
material for water and other analytes."*' The device was a Kelvin
probe work function-based sensor that consisted of an alumina
substrate coated on the top side with a ~2 pm TiN back electrode
and a screen printed platinum resistive heater element on the
bottom side. On top of the TiN back electrode was a drop cast film
of HKUST-1 as the sensing layer (Fig. 6).

Using this Kelvin probe setup, the measured signal repre-
sented the difference in the work function of the oscillating
gold paddle and the sensing layer. As the gold paddle is not
sensitive to the gases used, the signal represents the changes of
the electronic structure of the sample under investigation.
Humidity sensing measurements were performed in synthetic
air (20% O, and 80% N,) at a flow rate of 1 L min~" at 25 °C,
and the humidity was studied in the range 0-50%RH. It was

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 (a) Photograph of the Kelvin probe type sensor fabricated by
Fleischer et al. and (b) schematic of the Kelvin probe highlighting the
different layers that comprise the device.*** Reprinted from Sensors and
Actuators B: Chemical, 187, Fleischer et al., Work function based gas sensing
with Cu-BTC metal-organic framework for selective aldehyde detection,
142-146, Copyright 2012, with permission from Elsevier.

found that the sensing response was reversible and stable with
a decrease in work function (A¢) of 5.5 mV per percent increase
in relative humidity. In addition it was found that there was
only a small influence of variation in humidity on the work
function response of the TiN sample; the HKUST-1 layer imparted
sensitivity to water vapour. However, the authors also demon-
strated the sensitivity of the device to aldehydes and thus the
device suffers from cross sensitivity. No response time was given
for sensing of water and the thermal stability of the sensor device
was also not indicated.

Kaskel et al. reported a mesoporous MOF that acted as a
humidity detector."*® The MOF was the first in a class of MOFs
based on the N,N,N’,N'-benzidinetetrabenzoate ligand (benztb)
(Fig. 7) with auxiliary 1,3,5-benzenetricarboxylate (btc) ligands
to strengthen the mesoporous framework.

The particular MOF used in this work was [Zn,O(benztb)(btc),s]
(DUT-25) in which two types of pore were found to exist: one
mesopore with an internal diameter of 32 x 20 A and the other
with internal dimensions of 18 x 8 A. The BET specific surface
area of the MOF was found to be 4670 m* g~ . This coupled
with the large mesopore means that DUT-25 is suitable for
doping with a gasochromic species to enable visual response
detecting of gases and vapours. Kaskel et al. loaded the porous
structure with the solvatochromic dye Nile Blue and demon-
strated that the solvatochromism of the dye was intact despite
encapsulation. Upon exposure to water vapour the colour
changed from dark blue (due to the presence of Nile Blue in
the ‘dry’ state) to light blue and thus the MOF is a visible
indicator material for humidity. The highly porous material
could be of interest to developers of exhaust gas sensors based
on MOFs as DUT-25 was determined to be thermally stable up
to ~400 °C in air.

-0,C CO,~

AYaUs

-0,C CO,~

Fig. 7 The N,N,N’,N’-benzidinetetrabenzoate (benztb) ligand.
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Wang et al. have reported a photonic film of a MOF which
was used to detect water vapour.'®® Nanoparticles of the iron-
based MOF [Fe;O(abdc);X], NH,-MIL-88B, (X = Cl, OH, abdc =
2-amino-1,4-benzenedicarboxylate) were deposited by spin deposi-
tion onto a silicon wafer. The coated silicon wafer was then placed
into a quartz cuvette which contained a small volume of water,
however the wafer did not come into contact with the water. The
UV-visible reflection spectrum of the MOF film was then recorded
every 2 min at 20 °C until the reflection spectra became stable.
Adsorption of water into the pores of NH,-MIL-88B replaced
air and thus the effective refractive index of the MOF increased.
This increase in refractive index resulted in a redshift of the
interference peaks in the reflection spectrum by 50 nm. However,
greater redshifts were measured upon exposure to hydrocarbon
species. These responses are described in Section 3.5.2.

Finally, Ruan et al have reported an impedance-based
sensor for humidity that utilises the MOF [TigOg(OH)4(abdc)]
(NH,-MIL-125(Ti)).*** A film of NH,-MIL-125(Ti) was deposited
onto five pairs of Ag-Pd interdigitated electrodes on a ceramic
substrate. Upon exposure to relative humidity ranging from
11-95%RH, the largest magnitude change in impedance was
measured at 100 Hz. Within this humidity range the impedance
decreased from 4.5 MQ at 11% RH to ~124 Q at 95% RH in a
non-linear manner. The ¢y, response time of the sensor, upon
increasing concentration of water vapour, was 45 s and the ¢y
recovery time was ~ 50 s.

3.2 Oxygen sensors

3.2.1 Zeolites for O, sensing. For O, detection and sensing,
zeolite-based devices mainly rely on optical host-guest chem-
istry. For optical oxygen detectors, zeolites have been used as
hosts for dyes. Dutta et al. developed a Ru(u) bipyridyl complex
as a visual probe which showed a fluorescence (red) in the presence
of oxygen contained in macrophage cells.”””*® They used the
supercages of faujasite as holders for the Ru complex to improve
its long-term stability and sensing could be carried out under
0 to 1 atmospheres. The faujasite-type zeolite is hydrophobic
due to its highly siliceous framework, which enhanced the
oxygen transfer from water to zeolite and thus allowed the
detection of dissolved oxygen in water with the same Ru complex/
zeolite Y sensor.'**

The supercages of a faujasite-type zeolite have been used to host
the dye 2-hydroxymethylanthraquinone for oxygen detection.’®
After photo-activation, the anthraquinone is transformed into
oxygen-reactive dihydroxyanthracene, which in the presence
of oxygen turns into a coloured anthraquinone allowing the
reaction to be followed quantitatively using UV-visible spectro-
scopy. However, the utility of this detector is limited to one-off
oxygen contamination detection by the fact that the reactive
dihydroxyanthracene is irreversibly turned into the anthraquinone.

For potentiometric/amperometric O, sensing, thin films of
zeolites were used to cover conducting sensing electrodes to
selectively limit CO, exposure of the sensing surface.'® As the
diffusion of oxygen through the zeolite film is preferential to that
of CO,, the coated sensor showed a marked drop in response
towards CO, along with slightly diminished but still discernable
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Fig. 8 The adeninate ligand in the Yb**@bio-MOF-1 reported by Rosi
et al. as a potential near-infrared luminescent sensor for oxygen gas.>?

response towards O,. A further amperometric and potentio-
metric bifunctional sensor was developed by Dutta et al. which
could measure O, and NO, simultaneously in ppm concentra-
tions.'®® The O, and NO, work by Dutta et al. is discussed
further in Section 3.3.1."°°

3.2.2 MOFs for O, sensing. Rosi et al. reported a MOF for O,
detection that comprised of zinc metal centres and adeninate
ligands which encapsulated and sensitised lanthanide cations in
solution. The MOF, (Me,NH,),[ZngO(ad),(bpdc)s]-8DMF-11H,0,
bio-MOF-1 (ad = adeninate, Fig. 8, bpdc = 4,4’-biphenyldicarboxylate)
was used to encapsulate lanthanide cations to form Ln**@bio-
MOF-1. The ytterbium-containing species Yb**@bio-MOF-1 was
then used as a probe for gaseous 0,."** The response of Yb**@bio-
MOF-1 to O, gas was monitored by measuring the change in
intensity of the ytterbium near-infrared luminescence signal at
970 nm, upon excitation with 340 nm light. An approximate 40%
decrease in luminescence intensity was observed within the first
5 min of the introduction of O, gas to the purged chamber under
ambient pressure. After 5 min, the luminescent system reached
equilibrium and the intensity of the luminescence remained
unchanged during 1 h exposure. Purging the chamber with N,
resulted in the restoration of the ytterbium near-infrared lumi-
nescence to its original intensity even after several cycles of
exposure to O, and N,.

Ir(ppy)s complexes (ppy = 2-phenylpyridine) possess highly
efficient phosphorescence owing to the facile intersystem cross-
ing to populate the *MLCT state. This *MLCT phosphorescence
can be readily quenched by molecules with a triplet ground
state such as O,. Lin et al. devised a phosphorescent MOF that
consisted of Zn-based secondary building units and ligands
that are derivatives of Ir(ppy)s.'> The linker was a cyclometa-
lated Ir complex based on the 2-phenylpyridine carboxylate
derivative L* (Fig. 9).

The porous 2D MOF [Zn,O(L?),]-6DMF-H,0 was ground and
pressed onto the surface of a KBr pellet, which in turn was
placed into a quartz cuvette that was equipped with an inlet/outlet
port for O, ingress or vacuum. Upon excitation at 385 nm, and
after evacuation for 2 h under dynamic vacuum, the luminescence

Fig. 9 The iridium(i) metalloligand L? used by Lin et al to fabricate a
luminescent MOF for oxygen gas detection.*>®
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Fig. 10 The iridium(n) metalloligand [Ir(ppy)a(dcbpy)l™, L3, used in the
oxygen sensing MOFs synthesised by Sheu et al.*>*

intensity centred at 538 nm decreased upon exposure to O, with
a sensitivity down to 0.05 atm and quenching efficiency of 59%
at 1 atm of O,. The MOF also demonstrated reversible quench-
ing by O, with <5% of the original luminescence intensity lost
after 8 cycles with an adsorption response time of ~30 s and a
desorption recovery time of ~120 s. The MOF was thermally
stable up to ~300 °C.

Sheu et al. also used an Ir(m) complex as a ligand to create
luminescent MOFs for which the luminescence was quenched in
the presence of oxygen."* The Ir(m) complex [Ir(ppy).(dcbpy)]”
(L) contains two bidentate 2-phenylpyridine (ppy) ligands and
4,4'-dicarboxy-2,2’-bipyridine (dcbpy) as the third bidentate
ligand (Fig. 10). Four MOFs were synthesised by stirring H,L?
with the perchlorate salts of zinc(ir), cadmium(u), cobalt(n) and
nickel(u) in aqueous DMF solution. Of these compounds, the
cadmium MOF [Cd(L*),(H,0),]-3DMF-6H,0 demonstrated the
greatest oxygen detection characteristics with a quenching
efficiency of 74% at 1 atm O,, a linear relationship on the Stern-
Volmer plot (ratio of initial emission intensity I,, to measured
emission intensity /, against mole fraction of oxygen o ; I/I s. j0,)
in the o, range 0-1, and the highest Stern-Volmer quenching
constant, Kgy, at both 1 atm O, and at O, concentration <0.2 mole
fraction. In addition this material had favourable detection
kinetics; a 95% response time of 70 s and a 95% recovery time
of 30 s. The MOF also showed good reproducibility and the
detection response was reversible. Despite the MOF being
stable up to ~300 °C, the detection response rapidly deterio-
rated at temperatures >50 °C. This was ascribed to the loss of
co-ordinated guest/free solvent molecules that are involved in
the oxygen-detection mechanism.

Lin et al. further investigated the use of metal complexes as
ligands in three-dimensional MOFs for luminescence-based
detection of oxygen." By incorporating the iridium and ruthenium
complex ligands L?, L’ and L° (Fig. 11) into the zirconium-based
MOF [Zrs0,4(OH),(bpdc)s], UiO-67, via a ligand substitution strategy,
three phosphorescent MOFs were fabricated.

Nitrogen adsorption/desorption type 1 isotherms at 77 K
were obtained for all three of the MOFs and [ZrsO4(OH),-
(bpdc)5.971(L4 0.029]; [ZI'604(OH)4(deC)5.942(L5)0.058] and [Zrs04(OH),-
(bpdc)s.s21(L%)0.170] all had BET surface areas >1000 m”> g '
indicating microporosity. The MOFs were ground and pressed
onto the surface of KBr pellets, which in turn were placed into
quartz cuvettes that were equipped with an inlet/outlet port for
O, ingress or vacuum. Upon excitation at 420 nm, changes in
the emission intensity at 600 nm were measured upon stepwise

This journal is © The Royal Society of Chemistry 2015
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Fig. 11 The phosphorescent metalloligands L*~L® incorporated into UiO-67 by Lin et al. for oxygen sensing application.*>®

increase of O, pressure starting from vacuum. Decreasing emis-
sion intensity with increasing oxygen concentration was observed
for the MOFs between 0.001-0.839 atm O,. The phosphorescence
emission of the L>-based MOF was most efficiently quenched by
oxygen with a quenching efficiency of 65% at 0.8 atm O,. It was
found for all three MOFs that the luminescence intensity
decreased instantly after initial O, concentrations and then much
smaller extents of luminescence intensity reduction were observed
for the subsequent stepwise O, pressure increases. Thus all three
MOFs displayed a non-linear response to increasing oxygen concen-
tration which was further demonstrated by the non-linear Stern-
Volmer curves. This suggested that the phosphorescent sites
were distributed in an inhomogeneous manner within the MOF
frameworks. The MOFs displayed reversible, reproducible sen-
sing responses that returned to ~1-3% of the initial intensities
even after >5 oxygen sensing cycles.

Chen et al. also used the approach of doping a parent
MOF framework with phosphorescent ligands to afford a phos-
phorescent oxygen-detecting MOF."*® Chen et al. chose MAF-34
[Zn,(ip)12])(OH), (ip = imidazo[4,5-f][1,10]phenanthrolin-1-ide,
Fig. 12) as the parent MOF and doped this within varying amounts
of ruthenium to form four phosphorescent MOFs of the formula
[Ru,Zn;_(ip);,](OH), where x = 0.10-0.16.

The low concentration of the phosphorescent {Ru(ip)s}~
units in the MOF meant that self-quenching was avoided.
Upon excitation at 480 nm and exposure to increasing oxygen
pressure the intensity of the phosphorescent emission at
~600 nm decreased and blueshifted ~5 nm with a very fast
response. At 1 atm of O, the emission intensities of the MOFs
were quenched by between 75 and 88%, the authors attributing
the high quenching efficiencies to the ultramicroporous channels
within the MOFs and low ruthenium content which leads to more
oxygen adsorbed per ruthenium phosphorescent centre. Indeed,
high O, uptake of 3.2 cm® g~ (0.20 mol L") was measured at
1 atm and 25 °C.

Fig. 12 The imidazo[4,5-f][1,10]phenanthrolin-1-ide ligand in the ruthenium-
doped MAF-34 MOFs of Chen et al.™*®

This journal is © The Royal Society of Chemistry 2015

Time dependent luminescence emission profiles, in the
absence of oxygen, show biexponential decay characteristics
which suggests that the ruthenium phosphorescent centres are
in two different environments within the MOFs. This was further
confirmed by the non-linear Stern-Volmer plots recorded for all
the MOFs, which indicate heterogeneous distribution of the
luminescent species. However, a linear response to changing
oxygen concentration is measured if a Freundlich adsorption
isotherm treatment is applied to the data.

Chen et al. fabricated a composite thin film of [Rug 16Zng g4-
(ip)12](OH), in silicon rubber on a glass substrate. The thin film
demonstrated very fast responses to changing oxygen concen-
tration, good reversibility, reproducibility and stability. In addition,
they demonstrated that this composite thin film could be
applied to the outside of a commercial blue-light LED which
enabled easy identification of changing oxygen concentration
with a colour-changing device. The MOF-modified LED emitted
magenta light in the presence of N,, due to the blue emission of
the LED combined with the reddish-orange emission of the
MOF. In the presence of O, the intensity of the reddish-orange
emission of the MOF decreased significantly so that the emitted
light from the device was violet.

Chen et al. have also developed a fluorescent MOF which did
not contain any precious metals."”” [Zn,O(bpz),(abdc)] (bpz =
4-(3,5-dimethylpyrazol-1-id-4-y1)-3,5-dimethyl-pyrazol-1-ide, Fig. 13),
MAF-X11, exhibited fluorescent emission at ~470 nm upon excita-
tion at 345 nm, the intensity of which decreased with increasing
oxygen pressure. At 1 bar of O,, the fluorescence was quenched
by 96.5% which is comparable to quenching intensities reported
for luminescent hybrid materials containing precious metal
complexes. The ratio of initial fluorescent intensity to measured
luminescent intensity linearly related to changing pressure
of O, with a Stern-Volmer constant Kgy = 27.1 bar . Upon
repeated cycling between 1 bar O, and vacuum the quenching
response was found to be rapid, reversible and highly stable.

N
| \
N~

Fig. 13 The 4-(3,5-dimethylpyrazol-1-id-4-yl)-3,5-dimethyl-pyrazol-1-
ide ligand in the oxygen sensing fluorescent MOF MAF-X11, reported
by Chen et al.*>’
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Furthermore it was demonstrated that the quenching efficiency
of the MOF in air was equivalent to the quenching efficiency at
an O, pressure of 0.21 bar, thus indicating that the MOF was
not cross-sensitive to other gases in air. In addition the MOF
was found to be thermally stable up to >450 °C.

Ligand-to-metal energy transfer (EnT) is responsible for the
characteristic luminescence of lanthanide MOFs. It has been
proposed that the quenching of the luminescence of lanthanide
MOFs upon exposure to oxygen gas is due to oxygen deactivat-
ing the triplet-state of the organic ligands whilst having very
little interaction with the lanthanide ions. For efficient oxygen
sensing with lanthanide MOFs, the MOF needs to possess an
effective EnT and an appropriate thermally activated energy
back transfer (BenT) that will prolong the triplet-state lifetime
of the ligands. With this in mind, Qian et al. proposed doping
[(CH3),NH,[In30(btc),(H,0)5],[Ins(bte),], CPM-5, and [In;O(OH)-
(H,0),(btc),], MIL-100(In), with Tb*" as they realised that the
first triplet-state energy of the btc ligand is ~23 200 cm ™', which
is close to the D, excited state of Tb®* (~20400 cm ")."*® They
proposed that this would result in an effective EnT and appropriate
BenT, both of which would be beneficial to oxygen detection. Thin
films (~2.5 pm thick) of CPM-5 and MIL-100(In) were grown
solvothermally on indium tin oxide glass and then doped with
Tb*" by a postfabrication immersion treatment into an aqueous
DMF solution of terbium(m) nitrate to form Tb**-doped CPM-5
and MIL-100(In) known as CPM-5>Tb*" and MIL-100(In) >Tb**
respectively. When the luminescent properties of CPM-5>Tb?**
and MIL-100(In) > Tb>" were investigated, it was found that the
quantum yield of MIL-100(In) > Tb** was 16.8% which was much
larger than the quantum yield of CPM-5>Tb*" (1.1%).

Upon exposure to O, in a N, carrier gas the respective
luminescent emissions, at Jem = 544 nm for CPM-5>Tb*"
and Jem = 546 nm for MIL-100(In) >Tb*", were quenched with
a quenching efficiency of 47% at 1 atm O, for CPM-55>Tb** and
88% at 1 atm for MIL-100(In) > Tb*". Stern-Volmer plots for
the two MOFs showed good linearity suggesting the Tb**
was distributed homogeneously within the MOFs. The Stern-
Volmer quenching constant (Ksy) for MIL-100(In)>Tb** was
an order of magnitude greater than Kgy for CPM-5>Tb*".
This was ascribed to the greater efficiency of the intramolecular
energy transfer within MIL-100(In) > Tb*" as opposed to the inter-
molecular energy transfer within CPM-5>Tb?". Overall the MIL-
100(In) > Tb** MOF possessed more desirable properties for O,
sensing as exemplified by a relatively faster sensing time. It took
6 s to achieve 95% of the maximum reduction in luminescent
intensity upon changing from a 100% N, atmosphere to a 100%
0, atmosphere for MIL-100(In) >Tb** and 90 s for CPM-5>Tb*".
Upon changing from a 100% O, atmosphere to a 100% N, it took
53 s for 95% of the maximum recovery in luminescent intensity to
be achieved for MIL-100(In)>Tb*" and 60 s for CPM-5>Th>",
Furthermore, MIL-100(In) > Tb*" exhibited good reversible oxygen
quenching and nitrogen recovering properties.

3.3 NO, sensors

3.3.1 Zeolites for NO, sensing. Conductivity measurements
are the most developed method for efficient NO, gas sensing,
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usually with conductive metal oxides improved by a zeolite layer
working as a filter or induced catalyst. Concerning the use
of zeolites as filters, semiconducting WO; covered with four
different types of zeolite (H-forms of zeolite A, ZSM-5, beta
polymorph A and zeolite Y) was investigated as a NO, sensor.®°
The best result was obtained with zeolite Y as the covering
layer. It exhibited a sensing response to 204 ppb of NO, with a
response time half that of the bare WO; sensor. However, upon
exposure to water vapour, the response time increased. More
recently, similar results were obtained using ZnO inks as the
metal oxide element covered with either zeolite beta polymorph A,
zeolite Y or mordenite.*® Compared to unmodified ZnO sensors,
zeolite modification was found to increase the sensitivity of the
sensor down to ppb concentrations of NO,.

In the examples discussed below, the zeolite layer acts
as a catalyst prior to sensing in order to maintain a constant
composition of the NO, mixture thus enabling measurement of
the equilibration between NO and NO, at different tempera-
tures by potentiometry between working and reference electro-
des. A NO, sensor with minimal interferences from CO and O,
comprised yttria-stabilised zirconia (YSZ) pellets and a Pt-loaded
zeolite Y layer.'®” These sensors contain catalytic filters based on
YSZ working at temperatures in the range of 300-700 °C. The
development of a NO sensor capable of operating in automotive
exhaust streams was reported from the same group based on a
Pt-yttria-stabilised zirconia (Pt-YSZ) covered by zeolite. The
sensors were tested at temperatures between 500 and 700 °C,
and the zeolite was permeable to oxygen, thus, was minimising
the interference from O,. The sensor shows interference from
CO and NO,, however these tests indicate that the device is able
to detect NO, in engine exhausts.'® Using Pt-doped zeolite Y on
a yttria-stabilised zirconia electrolyte, the NO, concentration
could be measured using a sensing electrode."®® This sensor
device was then optimised to reduce interference from other
gases. The addition of a WO; electrode provided the highest
reactivity difference with the Pt-doped zeolite Y and interference
from 2000 ppm CO, 800 ppm propane, 10 ppm NHj3, as well as
the effects of 1-13% O,, CO,, and H,0O were minimised."*****
A human breath analysis was performed with 20 of those sensors
connected in series for the diagnosis of asthma since NO in
breath increases from 5-10 ppb (normal state) to 100 ppb in an
asthmatic state.""

The imbalance in equilibration between NO, and NO could
also be managed by a voltage change, instead of temperature, to
build an amperometric sensor. An example has been reported
using the same material, a Pt-doped zeolite Y on a yttria-stabilised
zirconia, connected to a potentiostat."*® It demonstrated a ppm
detection of NO, with no interference from CO and hydrocarbons.
Both amperometric and potentiometric monitoring were com-
bined to build a bifunctional sensor which could measure NO,
and O, simultaneously in ppm concentration with almost no
interference between each other. %

A QCM oscillator-based sensor was also developed for NO
sensing that took advantage of the adsorption of NO on zeolites.
Zeolite A, silicalite-1 and sodalite were deposited on a QCM and
NO adsorption was followed. The zeolite-A doped QCM was

This journal is © The Royal Society of Chemistry 2015
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shown to be suitable for monitoring 50 ppm of NO in He
at 443 K./

Another approach involves preparation of sulfur-resistant
bimetallic noble metal layers, where Cr and W improve the
sulfur resistance of Pd-Y zeolite (FAU-type framework struc-
ture). On the other hand, La, Mn, Mo and Ag make the sulfur
resistance worse and the second metal had no evident influ-
ence on product selectivity and the acidic properties of the
catalysts. In all of these cases the metals were introduced by ion
exchange, and the metal clusters tend to agglomerate with time
and migrate to the surface of the sensing layers.'%®

Sensor protection in a destructive thermal and chemical
environment was ensured by depositing a porous absorption
material around the gas-sensitive section. A zeolite-type material
or boehmite was introduced in the sensor substrate with
additives and binders and subjected to thermal treatment up
to 700 °C. The protective layers were stable at the described
working conditions."®® Protective hydrophilic layers were prepared
to prevent water from interfering with the operating sensors.
These layers were based on highly hydrophilic materials such
as zeolites A, X, and Y.%®

It is notable that no examples of MOFs for NO, sensing
could be found in the literature at the time of writing. However,
NO adsorption in MOFs has been reported by Morris and
co-workers for biological applications,""%* suggesting MOFs
that possess suitable stability for automotive exhaust gas sensing
hold promise as potential sensing materials for NO.

3.4 CO and CO, sensors

3.4.1 Zeolites for CO/CO, sensing. The detection of CO and
CO, is a major target for vehicular emissions sensing. CO
adsorption is usually assessed by conductivity measurements,
either from metal oxides encapsulated within the zeolite or in a
polymer—zeolite composite. For CO,, examples include polymer-
zeolite composites or zeolites directly grown or deposited on
the sensing element. One of the first examples of a metal oxide
in a zeolite for sensing was the combination of a sensing layer
of La,05-Au/SnO, ceramic and a layer of siliceous ferrierite-type
zeolite which acted as an ethanol catalytic filter.*® Indeed, the
acidic nature of the zeolite converted ethanol into ethane to
reduce the sensitivity of the ceramic towards ethanol and thus
improve sensitivity to CO. The ferrierite coating afforded a ten
times enhanced sensitivity towards CO at 300 °C. Semiconducting
tungsten oxide and chromium titanium oxide covered with zeolite
have also been found to be sensitive to CO, but have been
reported as more efficient materials for NO, and ethanol
sensing, respectively, as described herein.®*%!

With respect to conductive polymer and zeolites for CO sensing,
two composites have been investigated. Firstly, a polyaniline/zeolite
A-type zeolite sensor has been developed which exhibited high
selectivity towards CO, especially with the Ca®* form of the zeolite.®>
Indeed, Ca-zeolite A possesses larger pores than the K" and Na*
analogues and thus does not greatly influence the diffusion of CO
through the conductive polymer.®® The second example reported
the utilisation of poly(3,4-ethylenedioxythiophene) doped with
polystyrene sulfonic acid and ZSM-5.”> The sensitivity of the

This journal is © The Royal Society of Chemistry 2015
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composite increased when the Si/Al mole ratio of the zeolite
decreased. However, this composite only produced irreversible
responses.

Under a CO reductive atmosphere, the reversible redox
behaviour of TiO, clusters within Y-type zeolite pores was
followed by in situ UV-vis spectroscopy providing an efficient
CO detector."** The zeolite matrix permitted good stability
of the clusters towards several oxidation-reduction cycles. In
comparison with bulk TiO,, the TiO,-Y composite showed
10 times faster response times, of about 1 s at 800 °C.

As an alternative to conductivity measurements, a calori-
metric sensor has been developed that measures the heat
liberated during the catalytic reaction occurring in Pd-doped
zeolites.®® Combined with a thin-film calorimeter, Pd-zeolite A
exhibited a selective response towards CO over alkanes such as
n- and i-butane, cyclo- and n-hexane.

Recently, Pd-containing perlialite and beta polymorph A
zeolite films showed high molecular recognition towards CO
through in situ IR spectroscopy.”® Fast detection of 2 to 100 ppm
concentration of CO in the presence of highly concentrated vapours
of methanol or pentane (400-4000 ppm) has been demonstrated.
Similar results were obtained using a Pt-containing beta polymorph
A zeolite film for CO detection in the presence of a highly
concentrated methanol atmosphere.®®

A convenient gas sensor combining a solid electrolyte
NASICON, lithium carbonate and a NaY-type zeolite as filter
has been reported for air quality control through CO, sensing."*®
The fabricated sensor was found to be stable over two years and
could follow the CO, concentration via impedance measure-
ments. For example, when CO, exposure increased from 350 to
1000 ppm, the response time was about 2 min. More recently,
the NASICON was replaced with sodium conductive ZSM-5
zeolite which provided higher selectivity towards CO,.*® The
zeolite layer works as both a catalyst and filter due to its sodium
cation conductive activity and its well-defined small pore sizes.
Conductive-based CO, sensing has also been demonstrated
using a polymer poly(aniline)-zeolite Y composite.'* This sensor
showed good ability for CO, sensing at room temperature.

A composite made of a zeolite Y film grown on a Metglas
magnetoelastic strip has also been developed for CO, sensing
in a N, atmosphere.'® Indeed, when an alternating current
magnetic field is applied, the specific resonant frequency showed
a discernable decrease down to a concentration of 0.33% CO, in
N,. However, a dry atmosphere is required to avoid interference
with water as 2% relative humidity affected measurements.
A similar device was subsequently reported using silicalite-1 thus
permitting the sensing of CO, in air instead of a N, atmosphere.”®

Microcalorimetric devices can now be made using litho-
graphic techniques. One of the two sensitive areas of such a
device (where evolved heat can be measured) was coated with a
thin film of CoAlPO,-5, the other was kept open as a reference.**°
The additional benefit of a zeolite with catalytic activity for such
a device is the molecular sieving effect that can be combined
in the response of the sensor (a molecule too big to enter the
catalytically active interior of the zeolite should only show a
weak response). The change in temperature was measured with
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Fig. 14 Schematic of the layout of the in situ IR reactor cell and IR
operando gas detection experimental set-up used by Mintova et al. for
detection of carbon monoxide.*® Reprinted with permission from X. Zou,
J.-M. Goupil, S. Thomas, F. Zhang, G. Zhu, V. Valtchev and S. Mintova,
J. Phys. Chem. C, 2012, 116, 16593-16600. Copyright 2012 American
Chemical Society.

a meandering Pt-wire resistor. This device was examined for the
detection of CO and cyclohexane, and sensitivity and selectivity
in the low ppm range was observed.

3.4.2 MOFs for CO/CO, sensing. Mintova et al. described a
Cu-Y(btc) MOF that was selective to carbon monoxide over water
and some hydrocarbons.” The yttrium-based MOF [Y(btc)],
JUC-32-Y, was doped with copper clusters to afford sensitivity
to carbon monoxide. Before sensing of gaseous analytes, nano-
crystals of Cu-Y(btc) were deposited onto silicon wafer substrates
using a dip coating technique. Before detection of carbon monoxide,
the thin films were treated in situ within the IR spectrometer
gas detection set-up (outlined in Fig. 14) with 5% hydrogen in
argon at 300 °C for 9 h to reduce the Cu®" ions to Cu® and some
Cu', species, which was monitored with UV-visible spectro-
scopy and confirmed by X-ray diffraction.

The IR spectral changes of the thin films of Cu-Y(btc) due to
exposure to a range of concentrations of CO (1-100 ppm) were
monitored in operando at room temperature. The adsorption of
CO on the Cu® metal clusters resulted in the appearance of an
IR absorption peak centred at 2114 cm™'; the area of this peak
could be quantified and related to the concentration of CO
present in the Ar carrier gas. Remarkably a concentration as low
as 1 ppm of CO in Ar can be detected by measuring the change
in absorption at 2114 cm ™" and the detection was reversible,
albeit requiring a purge of Ar gas for 4 h at room temperature.
Additionally the MOF is thermally stable up to ~500 °C and
selectively detected CO over water, which was always present at
a concentration of ~100 ppm in the Ar carrier gas, and to vapours
of chloroform and 2-ethylthiophene that were deliberately intro-
duced. The MOF also showed reproducibility with no diminished
response after 10 sensing cycles.

The piezoelectric microcantilever humidity sensor, modified
with HKUST-1, demonstrated by Hesketh et al. (Section 3.1.2)
also displayed sensitivity to carbon dioxide.'**'** The authors

4308 | Chem. Soc. Rev., 2015, 44, 4290-4321

View Article Online

Review Article

tested the response of the device to CO, in nitrogen carrier
gas at room temperature and pressure with HKUST-1 in
the dehydrated state. The sensor response was non-linear
within the range of water vapour concentrations investigated,
~10%-~70% concentration. However, when HKUST-1 was in
the hydrated state no response to carbon dioxide was observed.
The authors postulated that the removal of water molecules
coordinated to the copper centres was required for carbon
dioxide to bind.

The refractometric optical-based detector which utilised
HKUST-1 as the sensing material, fabricated by Hupp et al.
(Section 3.1.2), displayed limited sensitivity to carbon dioxide."*’
Upon exposure to carbon dioxide the measured ‘stop band’
redshift was ~3 nm relative to N,. The device also displayed
sensitivity to other analytes other than water vapour, thus
isolation of carbon dioxide from other exhaust gases and
vapours would be required.

Candler et al. utilised zeolitic imidazolite framework (ZIF)
nanoparticle-couple microresonators to sense carbon dioxide.'®°
The silicon microresonators were coated with particles of
[Zn(cbIM)(nIM)] (cbIM = 5-chlorobenzimidazol-1-ate, nIM =
2-nitroimidazolate, Fig. 15), ZIF-69, by dielectrophoresis. The
resonator structure was then exposed to various concentrations
of CO, at room temperature and the change in resonant frequency
of the microresonator relative to the anchor was measured with a
laser Doppler vibrometer set-up. A linear response was observed
between the change in relative frequency and concentration
of CO, in the range 0-4000 ppm. At 5200 ppm of CO, it was
determined that 72 times more CO, was adsorbed onto the
ZIF-69 coated microresonator than on the bare silicon micro-
resonator, thus highlighting the value of increasing the surface
area for gas adsorption and thus enhancing the sensitivity of gas
sensors. The sensor was cross-sensitive to isopropanol vapour,
but differentiation was possible when the decay constant of the
adsorption times were compared. The lowest mass change that
was measureable and thus the lower detection limit of the sensor
set-up was calculated to be ~26 fg.

Duyne et al. utilised a localised surface plasmon resonance
(LSPR) spectroscopic approach to detect the interaction of carbon
dioxide with triangular silver nanoparticles that had been coated
with HKUST-1."** Upon exposure to CO, a redshift in the localised
surface plasmon resonance wavelength was measured due to
adsorption of CO, within the MOF and thus increase of the
refractive index of the MOF-coated silver nanoparticles. The
measured redshift in the LSPR wavelength for the device coated
with HKUST-1 coated silver nanoparticles was 14 times greater
than for the device coated with bare silver nanoparticles. The
sensor device displayed a dynamic range in the concentration
range 0-100% CO, in N, carrier gas and the sensing responses
were reversible and reproducible over 5 cycles.

T Gy

Fig. 15 The 5-chlorobenzimidazol-1-ate (cbIM) and 2-nitroimidazol-3-
ate (nIM) ligands in ZIF-69.
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Pardo et al. demonstrated a detector for carbon dioxide based
on the two-dimensional MOF MV[Mn,Cu;(mpba);(H,0);]-20H,0
(MV = methylviologen dication and mpba = N,N'-1,3-phenylenebis-
(oxamate), Fig. 16), which is both magnetic and luminescent.'®!
Upon excitation at 400 nm, exposure to 1 bar carbon dioxide or a
1.5 bar 1:1 mixture of carbon dioxide and methane, a lumines-
cent wavelength redshift of 17 nm was measured indicating an
interaction of CO, but not methane with the MOF. It was shown
that the MOF was sensitive to both water and methanol in toluene.
The authors predict that differentiation of carbon dioxide from
both water and methanol would be possible as methanol and
water exposure resulted in an emission wavelength blueshift
whereas an emission wavelength redshift was measured upon
exposure to carbon dioxide.

3.5 Hydrocarbon and volatile organic compound sensors

3.5.1 Zeolites for sensing hydrocarbons and volatile organic
compounds. Tracking of unburnt hydrocarbons and volatile
organic compounds (VOCs) is important for determining the
extent of combustion. The first example of VOCs and hydro-
carbon sensing used a silicalite-1 film on a QCM for ethanol
sensing. Monitoring the ethanol adsorption showed a lower limit
response at 50 ppm.'°® However, since this work in 1992 no
further exploitation of the QCM sensor format has been reported.
Indeed, the most frequent zeolite-based hydrocarbon sensors rely
on conductivity measurements. An early example of Pt-doped
faujasite-type zeolite deposited as a thin film on an inter-digital
capacitor was used as a butane sensing material by measuring its
impedance response to alternating current excitation.' At about
350 °C, a 10 ppm concentration of butane gas could be detected
with a time response of 1 s.

As described in Section 3.1.1, sensors have been prepared
using SnO, with zeolite A- and ZSM-5-type zeolites as filters.”®
Results showed that the SnO,/zeolite A sensor responded
significantly to ethanol vapour along with improved selectivity
towards H,O by the elimination of the response to hydrocarbons
(propane and methane). Pd-doping of the SnO,/zeolite A sensor
improved the selectivity against hydrocarbons as only 1250 ppm
of propane provided any response.”*’® The water adsorbed by
the hydrophilic zeolite A blocked the ingress of propane and any
propane that did ingress was subsequently oxidised on Pd.

Another example reported the use of silicalite-1 on SnO, for the
sensing of ethylene in the presence of water, where the zeolite layer
acted as a filter to improve selectivity towards hydrocarbons.®°
The [010] oriented zeolite layer gave improved response and
recovery time (14 s, 144 s) compared to a randomly oriented
zeolite layer (25 s, 208 s). This was rationalised on the basis of
vertical channels of the silicalite-1 permitting the concentration
of ethylene faster than with randomly orientated silicalite-1.
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Recently, a Si cantilever was used to detect toluene and
ethanol vapours down to ~25 ppmv in air.>* The adsorbent
layer consisted of either organophilic silicalite or hydrophilic
zeolites A and Y. To remove the adsorbed species from the
nanoporous structure and thus improve performance, the hydro-
philic zeolite-coated cantilevers were degassed at high tempera-
ture. Therefore, zeolite Y cantilevers with integrated heaters
have been developed and could detect 1.4 ppmv of ethanol
and 0.7 ppmv of toluene in air.

Semiconducting chromium titanium oxide covered with differ-
ent types of zeolite (H-forms of zeolite A, ZSM-5, beta polymorph A
and zeolite Y) have also been investigated as ethanol sensors.®' The
highest sensitivity was obtained with the zeolite Y-modified sensor;
the sensing response was doubled compared to a bare sensor.
Computational studies showed that the improved sensitivity
was due to a catalytic reaction and diffusion behaviour within
the zeolite. Two semiconducting metal oxides (tungsten and
zinc) covered with zeolite have also been described as ethanol
sensors, but it has been reported that the cross-sensitivity to
NO, was significant (Section 3.3.1).*

Using two semiconducting tungsten and chromium titanium
oxide sensors covered with the acidic form of zeolite A, it was
reported that ethanol could be discriminated from isopropanol.**
Computational studies indicated that this discrimination was
due to size and shape selectivity afforded by the zeolite A layer.
Earlier, an electrical impedance study took advantage of the
shape-selectivity of zeolite channels using natural stilbite zeolite
for the discrimination of methanol, 2-propanol and 3-pentanol
against water and 2,2-dimethylpropanol.'* Additionally, a study
on the electrical conductivity response of three different zeolites
(ZSM-5, mordenite and zeolite Y) towards ethanol was reported.*
The effects on sensing response of the framework structure, the
nature of the charge balancing cation (NH," or H' forms) and
the hydrophilic/hydrophobic character due to Si/Al ratio were
investigated. The sensitivity decreased with the increase of the
Si/Al ratio and ammonium forms of zeolites gave negative
responses whereas all H' forms gave positive responses. The
H'-zeolite Y with a Si/Al ratio of 30 provided the highest
electrical conductivity sensitivity to ethanol vapour.

Another possibility for alcohol and hydrocarbon sensing is
the use of a conductive polymer combined with zeolites. Two
polymers combined with the K form of zeolite A were investi-
gated. Both polypyrrole and polypyrrole-polyamide-6 composite
sensors exhibited sensitivity towards acetone, methylether ketone,
methanol and toluene.®® Interestingly, this study showed that the
preparation of composites influenced the results, as pellets and
films were found to be vapour sensitive whereas electrospun fibre
bundles were insensitive. However, in the case of methanol
sensing, the role of the zeolite remained unclear as the sensitivity
could also be explained by the interaction between methanol
and polyamide-6.

A silicalite-1-Metglas composite originally developed for
CO, sensing in air (see Section 3.4.1) was found to efficiently
discriminate linear and branched hydrocarbons.”® It selectively
detected n-butane while it did not respond to the presence of
i-butane. Recently, a new study concerning zeolite-Metglas
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composites was reported for hydrocarbon sensing.®® It was
found that a faujasite-based composite exhibited the lowest
detection limits for o-xylene at just 6 ppm but suffered of a lack
of selectivity with cross-sensitivity to p-xylene. On the other
hand, a zeolite A-based sensor showed high selectivity between
xylene isomers. Concerning n-hexane sensing, the best sensi-
tivity (180 ppm) was obtained using the randomly-oriented
ZSM-5-zeolite/Metglas sensor.

A composite comprised of zeolite Y cages as hosts for
Ceo has also been developed.''® Two types of composites,
Ceo/zeolite Y and K-Cgp/zeolite Y, were deposited onto tantalum
comb-type electrodes providing semiconductor sensors. In the
presence of ethylene, the composites exhibited measurable
changes in conductivity. Similarly, the zeolite ZSM-5 was used
as a host for Pt clusters on two electrodes, Au and Cr, in order to
build a propane-sensitive detector in the presence of 0,/CO,/N,.””
The catalytic oxidation of propane in the presence of Pt and O,
resulted in a reversible drop in potential.

The conductivity induced by the mobility of extra-framework
cations can also be measured by impedance or potentiometry
methods. Impedance response towards hydrocarbons has been
reported using a Cr,O; layer on top of an ion-conducting
Pt-doped ZSM-5.”® The device showed low interference to CO
and H,, but no selectivity with NH;. Several studies by the same
group were carried out to elucidate the mechanism of the
sensing. It was found that the interfacial effect between Cr,O3
and Pt-doped ZSM-5 on the electrodes led to the selectivity
of propane and propylene and that the impedance response
was influenced by the presence of hydrocarbons at low
frequencies.”® Two explanations were proposed to explain the
impedance variation. On one hand, the presence of hydro-
carbons might act as a charge density carrier with the Cr,0;
layer providing the impedance changes.'®” On the other hand,
the sorption of hydrocarbons could lead to the insertion of Na*
from the zeolite to the Cr,O; layer which then led to the
formation of sodium chromate at the interface providing the
impedance changes.'®®

Potentiometric measurements between a reference Au/Na,CO;
electrode and a measuring electrode, comprised of BaCO;/ZSM-5/
Au, have been studied for propane sensing at 400 °C.5**' The
differential between Na' activity in the reference and Na*
activity in the ZSM-5 zeolite was monitored.*” The highest
sensitivity was obtained using a high Si/Al ratio within the
zeolite and time responses were improved by the use of films
instead of pellets.”” More recently, the design of a planar
potentiometric gas sensor based on Pt-doped zeolite films
was envisaged by the same group.'®®

Catalytic reactions inside zeolite cages have also been developed
for detection of hydrocarbons. As many zeolites possess acid sites,
they can easily promote cracking reactions of C,~C;, linear alkanes.
This property was exploited using Cr-zeolite Y and Mo-zeolite Y
coated on semiconducting chromium titanium oxide.'*”"**® Using
Cr-zeolite Y, nonane could be discriminated from heptane,
octane and decane by producing a distinct response due to its
catalytic transformation into methylpropanol and water. Using
Mo-zeolite Y, linear alkanes provided mainly acetaldehyde along
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with water and ketones. Even if the discrimination and/or
sensitivity was not high, an interesting point is that the sensing
was monitored by the products of the catalytic reaction instead
of by the analytes themselves.

A catalytic reaction was also used to increase selectivity
to propane over propylene. A Pt-doped ZSM-5 layer covering
semiconducting SrTi, gFe,,0; suppressed the propylene response
while the propane was selectively detected.®*** However, the
mechanism of the suppression remains unclear. Pt was also used
to dope zeolite Y which was then mixed with semiconducting
TiO,.""® The obtained Pt-doped zeolite Y/TiO, composite showed
selectivity towards propane over CO. It was suggested that the
propane oxidation catalysed by Pt-zeolite Y produced water
which then interacted with TiO, providing a resistance change
which was monitored.

Optical measurements can also be performed. Adsorption
within the zeolite increases the analyte concentration and thus
enhances the sensitivity of the optical detector device. One example
exploited the adsorption of n-hexane in silicalite-1 to provide a
180 times enhanced signal compared with an uncoated ATR
element.” The refractive index can also change due to the presence
of the analyte. For example, when silicalite-1 was coated onto a long
period fibre grafting detection limits of 16.5 ppm of isopropanol
and 22 ppb of toluene were measured.”® However, the response
time was faster for isopropanol than for toluene due to its
smaller size; isopropanol undergoes a faster equilibration within
the zeolite structure.

A different approach utilised the light emission obtained by the
reaction of acetaldehyde with oxygen atoms in the zeolite cages."*
Followed by cataluminescence, the signal showed a linear response
for 0.06-31.2 pg mL " acetaldehyde vapour. In addition, acetalde-
hyde could be discriminated from other aldehydes due to structural
constraints within the zeolite; no response was measured with
methanol, ethanol, isopropanol, toluene, chloroform, dichloro-
methane and acetonitrile.

An optical detector based on light emission upon detection
of linear alkanes such as n-hexane which used a CsNaY zeolite
has been developed.'*' The catalytic activity has been explained
by zeolite basicity which might enhance the formation of a four-
membered ring transition state involving a carbonium ion and
oxygen atom. The detection of linear alkanes was demonstrated
down to a 0.55 pg mL™" concentration limit with minor inter-
ference from alcohols and aromatics. In addition, linear alkanes
could be discriminated from branched alkanes due to structural
constraints within the zeolite under more concentrated atmo-
spheres (3.88 pg mL 7).

3.5.2 MOFs for sensing hydrocarbons and volatile organic
compounds. The refractometric optical-based detector which
utilised HKUST-1 as the active sensing material, fabricated by
Hupp et al. (Section 3.1.2), also displayed sensitivity to vapours
of ethanol, ethane and ethylene."*® Upon exposure to ethanol
vapour at concentrations ranging from 100-12 000 ppm in nitrogen
carrier gas, ‘stop band’ redshifts were measured. The relation-
ship between ethanol vapour concentration and measured
‘stop band’ wavelength shift was approximately linear between
100-1000 ppm and then plateaued after ~4000 ppm. It was
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estimated that the lowest change in concentration of ethanol
vapour that could be measured with the device was 0.3 ppm.
The sensitivity limit to ethanol vapour was lower than that for
water vapour due to the higher relative refractive index of
ethanol. However, a major limitation of this proof-of-concept
device was the MOF was not selective; different concentrations
of water and ethanol vapours in nitrogen carrier gas resulted in
identical magnitude ‘stop band’ shifts. The device demonstrated
limited sensitivity to ethane and ethylene gases in nitrogen carrier
gas. The measured ‘stop band’ redshifts were ~5 nm and ~6 nm
relative to the ‘stop band’ wavelength in N, for ethane and
ethylene respectively.

Hupp et al. also reported a ZIF-8 based Fabry-Pérot device as
a selective sensor for propane and ethanol vapours.'®® Adsorp-
tion of ethanol or propane into the pores of [Zn(mIM),] (mIM =
2-methylimidazolate), ZIF-8, replaced nitrogen and thus the
effective refractive index of the MOF increased. The increase in
refractive index due to exposure to either ethanol or propane
vapour resulted in a redshift of the interference fringes in the
transmission spectrum. The response of the system to propane
in nitrogen gas in a concentration range 0-100% was linear with a
maximum interference fringe redshift of ~50 nm measured in
100% propane. The device was unresponsive to sterically bulkier
cyclohexane. In addition, the response of the system to ethanol
vapour in nitrogen gas in a concentration range 0-100% was non-
linear with a maximum interference fringe redshift of ~60 nm
measured in 40% ethanol with no further interference redshift
occurring at concentration of ethanol vapour >40%.

The Kelvin probe sensor setup demonstrated by Fleischer
et al. (Section 3.1.2) was also sensitive to aldehydes."*! Aldehyde
vapour sensing measurements were performed in synthetic air
(20% O, and 80% N,) at a flow rate of 1 L min~* at 25 °C, and at
40% RH. The sensing response was reversible and stable with
changes in work function (A¢) measured upon exposure to the
vapours of individual aldehydes. The change in work function
upon exposure to 10 ppm of acetaldehyde and propanal were
—1 mV and +1.4 mV respectively whereas the device was more
sensitive to pentanal with a change in work function of —5 mv
upon exposure to just 2 ppm. The device suffered from limited
cross sensitivity with differences in the measured work function
upon exposure to just pentanal, pentanal with acetaldehyde
and pentanal with propanal.

Lee et al. reported two MOFs that can also be used to detect
ethanol by quantifying the differences in the luminescence
emission spectra before and after exposure to ethanol vapour.**”
Upon excitation at 270 nm, it was found that for dry [In(OH)(bdc)]
emission Anax = 326 nm and for dry MOF-5 emission Apax =
366 nm. Upon exposure to ethanol vapour the profile of the
emission peak of [In(OH)(bdc)] changed from a single peak to a
triple peak emission feature with A« gron = 389 nm. However in
the case of MOF-5 the emission wavelength blueshifted 27 nm to
Amax Eton = 339 nm, which was an identical to the Ay water Value.
Therefore MOF-5 was not able to differentiate between water and
ethanol vapours.'®*

Robinson et al. fabricated N-doped piezoelectric micro-
cantilever sensors, ~230 pm long and ~ 80 um wide, that were
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coated with a layer of HKUST-1 (Section 3.1.2).
device was exposed to different concentrations of methanol
vapour in nitrogen gas at 23 °C and at 1 atm pressure. Exposure
to methanol vapour resulted in methanol being adsorbed onto
the HKUST-1 layer, changing the resonant frequency of the
microcantilever. The device demonstrated sensitivity between
~1000 ppm and ~ 13 000 ppm of methanol vapour in nitrogen
carrier gas and demonstrated a reversible sensing response.
However, the magnitude of changes in voltage that were measured
at equilibrium for different concentrations of methanol vapour in
nitrogen carrier gas were identical to those measured upon expo-
sure to different concentrations of water vapour. The sensor device
was however able to differentiate between water and methanol
vapour by taking into account response times.

The piezoelectric microcantilever humidity sensor modified
with HKUST-1, demonstrated by Hesketh et al. (Section 3.1.2),
also displayed sensitivity to vapours of ethanol and methanol."*°
The authors tested the response of the device to methanol and
ethanol vapours in nitrogen carrier gas, at room temperature
and pressure, with the HKUST-1 in both the dehydrated and
hydrated state. The sensor response to both ethanol and methanol
vapours was non-linear within the range of ethanol vapour
concentrations (up to ~2%) and methanol vapour concentra-
tions (up to ~ 8%) investigated. Whether the HKUST-1 was in the
hydrated or dehydrated state made no discernible difference to
the response for both alcohols.

The mesoporous MOF [Zn,O(benztb)(btc),/;] loaded with Nile
Blue, reported by Kaskel et al., also was a detector for vapours of
ethanol and methanol.**° Upon exposure to ethanol and methanol
vapours the colour changed from dark blue (due to the presence
of Nile Blue in the ‘dry’ state) to light blue.

The planar interdigital electrode impedance sensor coated
with a thick film of Fe-btc MOF and operating at a frequency of
1 Hz, reported by Moos et al. as a humidity sensor (Section 3.1.2),
was also sensitive to methanol and ethanol vapours.'*® At an
operating temperature of 120 °C, there was a linear response
between absolute impedance |Z| and concentration of either
methanol or ethanol in the range of 0-35 vol% methanol vapour
in nitrogen and 0-18 vol% ethanol vapour in nitrogen. However,
after exposure to either methanol or ethanol vapour, a longer
desorption time was required for the sensor to return to the pre-
exposure impedance value relative to water vapour. In addition, a
drifting impedance value was observed upon repeated exposures
to ethanol vapour.

The photonic film of NH,-MIL-88B MOF on a silicon wafer
was also sensitive to ethanol vapour.’” Adsorption of ethanol
into the pores of NH,-MIL-88B replaced air and thus the
effective refractive index of the MOF increased. This resulted
in a redshift of the interference peaks in the reflection spectrum
by ~300 nm.

Zhang et al. reported that the MOF [Co(mIM),], ZIF-67, acted
as a selective and highly sensitive sensing material for form-
aldehyde at 150 °C.'®* ZIF-67 was coated onto silver-palladium
interdigitated electrodes and the resistance of the MOF was
measured during exposure to various analytes at 150 °C. The
highest response was observed upon exposure to formaldehyde,
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but there was slight cross-sensitivity to methanol and acetone
vapours. The response of the sensor to ammonia vapour and
methane was negligible. The sensor was shown to be sensitive
to formaldehyde in the concentration range 5-500 ppm with a
linear sensing response between 5-50 ppm of formaldehyde.
ZIF-67 is stable up to 250 °C in air.

Huo et al. reported that self-assembled crystals of a MOF can
be used for optical detection of methanol and ethanol vapours.'®®
Particles of [ZrsO4(OH),(bdc)s], UiO-66, were modified with poly-
vinylpyrrolidone and then films on the surface of a surfactant
solution were formed using the Langmuir-Blodgett technique.
These films were then transferred to a silica substrate using a dip
coating technique. The thin films of self-assembled crystals of
UiO-66 were then put into a quartz cuvette that was placed into a
UV-visible spectrometer. Adsorption of ethanol or methanol into
the pores of UiO-66 replaced nitrogen and the refractive index of
the thin film changed. This caused the colour of the photonic
crystal thin films to change. A redshift of the absorption peak by
30 nm occurred upon exposure to methanol vapour. This change
in colour due to exposure to methanol vapour was also visible to
the naked eye.

Zhao et al. reported two MOFs, [Cu,(OH)(2,2’-bipy),(btc)]-2H,O
and [Co(4,4'-bipy)(m-bdc)] (2,2'-bipy = 2,2'-bipyridine; 4,4"-bipy =
4,4'-bipyridine; m-bdc = 1,3-benzenedicarboxylate), which were
highly sensitive to methanol vapour at room temperature when
deposited as films on QCM sensors.'®® When the QCM sensor
coated with [Cu,(OH)(2,2-bipy),(btc)]-2H,0 was exposed to
methanol vapour it exhibited an approximately linear response
with larger magnitude negative frequency shifts with higher
concentrations of methanol vapour. The response time was
approximately on the order of 1-2 min and the responses were
reversible. The QCM sensor coated with [Co(4,4'-bipy)(m-bdc)]
was also exposed to methanol vapour and it exhibited a non-
linear response with larger magnitude negative frequency shifts
with higher concentrations of methanol. Both MOFs had relatively
poor thermal stability, degrading at 170 °C or below.

The techniques of surface plasmon resonance sensing and
imaging, using HKUST-1 as the active sensing element, for
the detection of straight chain alcohols was reported by Chen
et al."™** Crystals of HKUST-1 were self-assembled from solu-
tions of the reactants using a stepwise-immersion protocol onto
a layer of gold, the surface of which had been modified so as to
have terminal alcohol groups present. The polarisation of the
surface plasmon mode was found to have a linear relationship
with concentration of both ethanol and methanol vapour in the
range 1% to 70% (v/v), although the sensor was overall more
sensitive to methanol than ethanol. The response of the sensor
was reversible and highly reproducible.

Urban et al. also used MOFs based on the btc ligand as the
active sensing elements on a work function based sensor.'®”*¢®
The design and operation of the sensor was similar to the water
vapour sensor reported by Hesketh et al. (Section 3.1.2) and the
MOFs investigated were [Al;,O(OH);5(H,0)3{Al,(OH),}(btc)e]-24H,0,
[Cos(btc),]-H,0, [Nis(btc),]-H,O and [Cd;(btc),]-H,O. Upon expo-
sure to methanol or ethanol vapour at different concentrations
in synthetic air carrier gas, at 25 °C and at 40% RH, the work
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function was found to decrease insignificantly for methanol
and only marginally for ethanol vapour. The largest response
was measured with the work function sensor modified with the
layer of [Cd;(btc),]-H,O. However, upon repeating the experi-
ment in dry synthetic air (ie. 0% RH), the work function
decreased more significantly for both methanol and ethanol.
In both cases the largest sensor response was measured upon
exposure to ethanol vapour, however differentiation between
the two alcohols in a mixed vapour stream would be difficult as
the magnitude change in work function upon exposure to
methanol at ~50 ppm was identical to that upon exposure to
ethanol at ~10 ppm. Additionally, the sensor device showed
cross sensitivity to other alcohols such as 2-propanol and n-butanol.
Upon exposure to straight chain alkanes slight changes in mea-
sured work function were measured, but only in dry conditions. In
all cases the sensing responses were reversible.

Work by Pohle et al. compared the response of this work
function-based sensor to the response of a QCM sensor upon
exposure to vapours of alcohols.*® Both sensors were modified
with films of Cu-btc and exposed to different concentrations of
methanol and ethanol vapours under different conditions. For
both sensor types it was found that operation in dry conditions
resulted in the largest measureable responses to methanol and
ethanol vapour. In addition, it was found that the largest changes
in frequency response from the QCM-based sensor were measured
upon exposure to methanol vapour rather than ethanol vapour. In
contrast, methanol vapour caused the smallest work function
changes measured with the work function-based sensor compared
to ethanol vapour. Therefore, if both sensors were operated
at the same time, then two-dimensional discrimination of the
nature of the analyte could be achieved.

Li et al. measured the change in fluorescence intensity and
the wavelength shift of the fluorescence peak for two MOFs upon
exposure to the vapours of many different organic compounds
and then plotted these data onto a two-dimensional detection
map which allowed differentiation between all of the analytes.'®
The MOFs employed were [Zn,(ndc),(dpe)]-2.5DMF-0.25H,0
and [Zn,(ndc),(bpee)]-2.25DMF-0.5H,0 (ndc = 2,6-naphthalene-
dicarboxylate; bpee = 1,2-bis(4-pyridyl)ethylene). [Zn,(ndc),(bpee)]:
2.25DMF-0.5H,0 displayed the larger responses to analytes in
terms of fluorescence intensity change and fluorescence peak
wavelength shift after exposure to the vapour of the analyte at
room temperature for 5 min. The two-dimensional detection
response map allowed for facile differentiation between methanol
and ethanol. In addition it was found that both MOFs were stable
up to ~400 °C in a nitrogen atmosphere.

An orientated film of a fluorescent MOF on a glass substrate
has been reported as a luminescence-based detector of alkenes
by Balkus et al.'’° [Zn,(bpdc),(bpee)]-2DMF, RPM3, was grown
solvothermally on a glass substrate, the surface of which had
been seeded with zinc oxide particles. The resulting film of
RPM3 was ~3 um thick and had grown preferentially in the
crystallographic c-axis direction. Interestingly the thin film
format of the MOF seemed to introduce stability to relative
humidity compared to RPM3 powder. The MOF thin film was
then doped with silver cations. The presence of Ag* within the
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MOF partially quenched the fluorescence intensity at ~422 nm
due to the m-cation interaction with the bpee ligand. Upon
exposure to propylene gas in dry nitrogen carrier gas the
fluorescence intensity was enhanced by ~43%, but partially
quenched by 12% when exposed to propane gas in dry nitrogen.
Thus this system can differentiate between alkanes and alkenes.
The enhancement in fluorescence intensity upon exposure to
propylene was proposed to be due to the formation of a n-cation
interaction between an alkene analyte and the Ag" cation thus
weakening the n—cation interaction between the Ag" cation and
the bpee ligand. The sensing response to propylene was rever-
sible, but heating at 60 °C under vacuum followed by nitrogen
purging was required. The response to 1-hexene was also tested.
Upon exposure to 1-hexene vapour a fluorescence intensity
enhancement of ~43% was measured which suggests that
differentiation between different alkenes may not be possible
with this MOF system.

Furukawa et al. investigated how the crystal orientation of a
MOF impacted on its adsorption kinetics.'”* The MOF used was
[Zn(NO,-ip)(4,4’-bipy)] (NO,-ip = 5-nitroisophthalate), Zn-CID-5,
and thin films of the MOF were grown solvothermally on QCM
sensors, one of which had been modified with 16-mercapto-
hexadecanoic acid and the other remained bare. The presence
of 16-mercaptohexadecanoic acid on the surface of the QCM
favoured the orientation of the Zn-CID-5 crystals in the [1—-1—1]
direction whereas the preferred crystal direction of the Zn-CID-
5 crystals on the bare QCM sensor was [100]. Zn-CID-5 crystals
were also solvothermally grown on the surface of a bare QCM
sensor in the presence of 4-phenylpyridine, which is a crystal
size modulator. This led to a preferred orientation of the
Zn-CID-5 crystals along the [010] direction. From adsorption
kinetic studies it was found that Zn-CID-5 orientated along the
[010] direction had the fastest adsorption kinetics and thus was
the most suitable for sensing. The sensor showed the largest
sensing responses to methanol compared to hexane as the
methanol induced a ‘gate-opening’ phenomenon whereas hexane
did to a far lesser extent. The sensing response to methanol was
reversible, but the time response was over 100 s.

Finally Cao et al. reported a colorimetric detector for methanol
vapour that was comprised of a solvothermally grown film of the
MOF [Coj(tbtc),(DMF),]-4DMF (tbtc = 4-[[3,5-bis[(4-carboxylato-
phenoxy)methyl]-2,4,6-trimethyl-phenylmethoxy|benzoate, Fig. 17)
on an alumina support.””> Upon exposure to air saturated with
methanol vapour the colour of the thin film changed from blue to
pink over several hours of exposure. However, the colour could only
be restored by exposing the MOF thin film to DMF vapour.

3.6 Ammonia sensors

3.6.1 Zeolites for sensing NH;. The detection of residual
ammonia in the exhaust stream of diesel engines is necessary
for efficient use of selective catalytic reduction (SCR) catalysts.
Many zeolite-based ammonia sensing techniques exploit the
proton conductive properties of zeolites. The earliest example
reported the effect of NH; (up to 25 ppm concentration) on the
electrical properties of the Na'- and H'-forms of beta polymorph
A-type zeolites using impedance spectroscopy.’® In the presence
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Fig. 17 The 4-[[3,5-bis[(4-carboxylatophenoxy)methyl]-2,4,6-trimethyl-
phenyllmethoxylbenzoate (tbtc) ligand.*’?

of ammonia the ionic conductivity of Na-beta polymorph A is
unaffected, while it promotes proton conduction in H-beta
polymorph A, opening the way to conductive proton zeolite
sensing. Other zeolite types have also been found to be efficient
proton conductive materials.

Pt-doped zeolite Y assembled in films was promising, but
showed a strong cross-sensitivity to NO.’> In contrast, the
zeolite H-ZSM-5 had very small cross sensitivity to NO, CO,
CO, and hydrocarbons as no metal elements were incorporated
in the zeolite structure. It provided a response time of seconds
and a detection limit down to 5 ppm concentration of ammonia
in synthetic air.*> To improve the sensitivity of a Fe-doped
poly(p-phenylene) polymer (Fe-dPPP) sensor towards NHj,
several forms of ZSM-5 zeolites (Na', K', NH,", H') were added
into the conductive polymer matrix.*® The highest electrical
conductivity sensitivity was obtained with the composite Fe-dPPP-
H-ZSM-5. This was explained by the high acidity, pore volume and
surface area of the H-form of ZSM-5 zeolite, as those properties
favour both conductive polymer interaction and NH; adsorption. In
addition, the FTIR spectrum showed that the NH;-polymer inter-
action is irreversible while the NH;—zeolite interaction is reversible.
The irreversibility of the NH;-polymer interaction was recently
resolved by the same research group. Indeed, they reported that a
composite comprised of HClO,-doped poly(3-thiopheneacetic acid)
as polymer and a zeolite Y gave similar results with a fully reversible
NH;-polymer interaction.'*

The interaction of ammonia with Ag'-exchanged zeolite Y was
recently exploited to demonstrate potential for NH; detection.'*?
As no measurable self-reduction of Ag”, and therefore, no proton-
mediated change of impedance could be recorded in the presence
of NHj3;, the impedance measurements were based directly on
the mobility change of the Ag" in the presence of NH;. No cross-
sensitivity was observed for O,, CO, CO, and propane, though
there was some interference from NO and water.

Sensors for ammonia based on non-proton conductive zeolite
properties have also been developed. An H-ZSM-5 zeolite thin
film was grown on a long-period fibre grating whereupon the
adsorption-induced shift of the resonant wavelength of the
fibre grating was monitored during exposure to ammonia.®” This
sensor had a 2 min response time for adsorption-desorption of
NH; in 612 ppmv ammonia in nitrogen atmosphere. Recently, a
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sensor based on the conductivity of metal oxide was reported.
Indeed, semiconducting zinc oxide covered with zeolite (Y,
mordenite or beta polymorph A) showed sensitivity down to a
few ppm concentration of NH;.*’

Another gas detector containing a protective layer of a zeolite
with a thickness of approximately 10 pm was applied as ammonia
sensor in the control loop of a NO, storage catalyst for diesel
engines.’" It was reported that ammonia could be detected in
oxygen-rich gases containing nitrogen oxides such as exhaust
gases or flue gases, using a condenser based on a hydrophobic,
noble metal-free zeolite of low acidity having an ordered crystal-
line structure such as zeolite Y, mordenite or ZSM-5.%2

3.6.2 MOFs for sensing NH;. The floating gate field effect
transistor (FGFET) gas sensor consisting of a gold electrode
modified with HKUST-1, developed by Fleischer et al. and
described in Section 3.1.2, also demonstrated sensitivity to 5 ppm
of ammonia."*® The authors reasoned that the small kinetic
diameter of ammonia allowed for it to pass through the pores of
the HKUST-1 overlayer and interact with the gold electrode, thus
causing a measurable change in work function. However, the
magnitude of the change in the work function was similar to that
measured upon exposure to 3 ppm of hydrogen sulfide.

Humphrey et al. have developed the PCM-15 MOF previously
reported as a detector material for humidity (Section 3.1.2) for
the detection of other gases and vapours.”**'** In particular,
ammonia was found to be a more efficient quencher of the
luminescence of the terbium(m) ion than water. Upon activa-
tion of the MOF at 150 °C under vacuum for 1 h, the intensity of
the photoluminescence due to the terbium ion was found to
double. Then upon treatment with 1 atm of ammonia gas, the
photoluminescence intensity decreased 1.4 times relative to the
photoluminescence intensity measured when the MOF was
exposed to water vapour. PCM-15 exhibited selectivity to ammonia
over hydrogen when exposed to low concentrations of ammonia
gas in hydrogen carrier gas. This shows promise in detection of
low concentrations of impurity gases or vapours in feedstock
gases, but the major disadvantage with this system is that the
detection of ammonia is irreversible.

Dinca et al. reported two MOFs that function as selective
detectors for ammonia at 100 °C, but not at room tempera-
ture.'”? [Zn,(tpce)] (tpce = tetrakis(phenylcarboxylate)ethylene,
Fig. 18) and [Mg,(dobdc)] (dobdc = 2,5-dioxobenzene-1,4-
dicarboxylate, Fig. 18), both displayed fluorescence ‘“turn-on”
upon exposure to ammonia as opposed to the typical fluores-
cence “turn-off” mechanism, otherwise known as quenching.
Fluorescence “turn-on” describes the interaction between an
analyte and a ‘“‘dark” fluorophore resulting in the “switch on”
of the “dark” species so that it luminesces. In addition the
maximum emission wavelengths of both MOFs shifted upon
interaction with ammonia at 100 °C. [Zn,(tpce)] exhibited a
emission wavelength redshift from 487 nm to 511 nm when
exposed to ammonia at 100 °C. In addition [Zn,(tpce)] was thermally
stable up to ~400 °C. Exposure to ammonia led to an irreversible
phase change in [Zn,(tpce)] to an unidentified crystalline form, so
the detection of ammonia is irreversible. However, [Mg,(dobdc)],
in which Mg>" ions are coordinated by dobdc ions, exhibited a
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Fig. 18 The tetrakis(phenylcarboxylate)ethylene (tpce) ligand (left) and
2,5-dioxobenzene-1,4-dicarboxylate (dobdc) ligand (right) in the MOFs
reported by Din¢ et al. for detection of ammonia.t’”*

CO,m

reversible “turn-on” fluorescence response upon exposure to
ammonia at 100 °C, after activation at 180 °C for 12 h. This
MOF also exhibited selectivity over methanol and ethanol and
was thermally stable up to ~250 °C.

3.7 Hydrogen sulfide sensors

3.7.1 MOFs for sensing H,S. While there have been no
reports of zeolites for sensing H,S in the literature, there have
been reports of MOF materials having sensitivity for H,S. For
example, Lu et al. reported a nanoparticulate copper(i) MOF,
with a ligand based on 3-amino-1,2,4-triazole-5-thiol (Fig. 19),
that exhibited a decrease in fluorescence intensity and a visible
colour change upon exposure to hydrogen sulfide gas.'”*

The material demonstrated a remarkable fluorescence Stokes
shift of large magnitude upon excitation at 365 nm when dispersed
in DMF. The resulting red fluorescence emission, Ayax = 620 nm,
was quenched by as little as 2 ppm of H,S in nitrogen carrier gas,
but not by other gases or vapours such as CO,, ethanol or even air.
In addition an accompanying colour change from yellow to brown
could also act as an indicator of hydrogen sulfide exposure.
The proposed mechanism for fluorescence quenching involves a
reaction between the MOF and H,S to form a copper sulfide, CuySg
suggesting that the detection mechanism is irreversible.

The FGFET gas sensor modified with HKUST-1 reported by
Fleischer et al., and described in Section 3.1.2, also demonstrated
sensitivity to 3 ppm of hydrogen sulfide."*® The authors reasoned
that the small kinetic diameter of hydrogen sulfide allowed for it
to pass through the pores of the HKUST-1 overlayer and interact
with the gold electrode. However, the magnitude of the change in
the work function was similar to 5 ppm of ammonia.

3.8 Sulfur dioxide sensors

3.8.1 Zeolites for sensing SO,. Sulfur dioxide contributes to
acid rain and decreased air quality and is subject to legislated
emissions limits. The sensors currently used for controlling the

H
HS

N
°N
\('GA/<
NH,

Fig. 19 The 3-amino-1,2,4-triazole-5-thiol ligand used by Lu et al. to
synthesise MOF nanoparticles which were fluorescently quenched in the
presence of hydrogen sulfide gas.*’#
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combustion process in track, car and jet engines suffer from
poisoning by sulfur oxides. A gas-absorbing layer for trapping
SO, prior to sensing the other gases at high-temperature is still
a challenging assignment.

The history of sulfur dioxide removal from gas streams
by using zeolite adsorbents is lengthy. A comparative study
including natural and synthetic zeolites revealed that the SO,
capacity of the latter is higher, which is due to higher purity
and the controlled characteristics of the synthetic materials.>*
In the 1970s, synthetic mordenite- and faujasite (FAU)-type
zeolites were employed for SO, adsorption because of their
stability under acidic conditions. A general understanding is
that the sulfur dioxide is adsorbed by hydrogen bonding to one
or two conveniently positioned surface hydroxyl groups of the
zeolites. It was found that the stronger the acidity, the higher
the electron deficiency, the better the sulfur resistance. It was
also found that the adsorption of sulfur on Pd-containing FAU
zeolite is reversible."**'* The investigation of SO, adsorption on
silicalite-1 and de-aluminated zeolite Y showed the supremacy of
all-silica pentasil-type molecular sieve towards SO,.

Faujasite-type zeolites were reported to be useful for sensing
SO, when combined with metal species. In a first example, a
layer of faujasite-type zeolite deposited on QCM oscillators,
with an electrode of gold, is active as the increased mass due to
absorbed SO, reduces the frequency of the QCM.'*" In further
work zeolite A, was deposited on the QCM. The zeolite-A doped
QCM could monitor 50 ppm of SO, in He at 170 °C.””

More recently, the effect of various transition metal cations
(Mn**, Fe**, Co®*, Ni**, Cu** and Zn**) exchanged into hydrated
Y-type zeolites for SO, sensing were investigated by electrical
conductivity."*® When exposed to a SO, atmosphere, all poly(3,4-
ethylenedioxythiophene)-poly(styrene sulfonic acid)/metal doped
zeolite Y composites, and especially the Mn>" doped zeolite,
showed higher sensitivity than a pristine conductive polymer
matrix used as reference though at the expense of longer response
times. The authors attributed those results to the electronegativity
of the metal cations which strongly improved the adsorption
properties of the zeolite Y, and hence the electrical sensitivity of
the composite.

Often sensing of different gases by zeolite molecular sieves
faces problems due to catalytic side reactions. For instance, the
sodium form of zeolite Y demonstrated impressive adsorptive
and catalytic properties in NO, elimination from exhaust gases
of diesel and lean burn engines. Physisorbed SO,, HSO;™ and
S,05>" species in the Na-Y adsorbent were observed, and the
poisoning of N,O; adsorption sites by SO, was found to be a
function of sodium hydrogen sulfite formed in the channels.
A possibility of overcoming the poisoning of the N,0; adsorption
capacity of Na-Y zeolite by SO, was based on short adsorption—-
desorption cycles, high temperature and low oxygen concentra-
tions during the desorption process. Sultana et al.**” studied the
adsorptive separation of NO, in the presence of SO, on Na-Y
zeolite. They found that when Na-Y zeolite operates in a pressure
swing process for NO, removal from engine exhausts, it is fairly
resistant to SO,. However, poisoning by SO, could be suppressed
by using short adsorption-desorption cycles, by limiting the
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oxygen concentration in the regeneration gas and by working at
temperatures higher than 255 °C.

The elimination of SO, by microporous zeolite-type materials
is based on either low or high silica zeolites. The SO, molecule
reacts with the metals situated in the pores of the zeolite structure
leading to metal sulfate formation. This leads to channel blocking
and a substantial decrease of transport is observed. Another
disadvantage of low silica zeolite materials is their hydrophilic
nature. Thus, the gas adsorption capacity is dramatically reduced
by concurrent water adsorption. Furthermore, low-silica zeolites
are not adapted for SO, retention since their chemical stability in
acidic media is limited. The increase of silicon content in zeolites
leads to a decrease of their hydrophilicity, which can reach a
level when the water molecules are rejected by the microporous
structure. Such types of zeolitic materials are often employed
in selective adsorption of SO, and other sulfur compounds. The
main advantage of these materials is their higher stability than
other absorbers towards SO, and possible regeneration for
multiple usages due to their high thermal stability (900 °C)
and high stability in an acidic media. In summary, the high
silica zeolite films will allow discrimination of H,O molecules
and selective adsorption of SO,. The latter is particularly impor-
tant to retain the high capacity of the zeolite sorbent. SO,
detection on high silica zeolites is essentially unaffected by the
presence of CO, and other gases.

No examples of the use of MOFs for SO, sensing were found
in the literature. However, it should be noted that sulfur dioxide
(SO,) adsorption in MOFs has been reported,”** % thus MOFs
that possess suitable stability for automotive exhaust gas sensing
hold promise as potential sensing materials for SO,.

3.9 Hydrogen sensors

3.9.1 Zeolites for sensing of H,. Metal oxides impregnated
into zeolite pores have been used to achieve sensitive H, sensing.
One example sensor by Wark et al. was described in Section 3.4.1
as a CO sensor. The detector consisted of titanium dioxide clusters
immobilised in the pores of zeolite NaY and it showed similar
stability and response times towards H, as it did to CO."** Other
reports described the use of tin oxide impregnated on the external
surface of zeolite Y.2°*?°” The composite material obtained showed
a linear resistance response to the adsorption of H,.

Silicalite zeolite can also be used as a filter. As described for
humidity sensors, Santamaria et al. showed that the silicalite
coating on SnO, gave enhanced response to both H,0 and H,.>®
Recently, a fibre optic sensor consisting of a proton-conducting
SrCe gZry1Y0.102.95 thin film overcoated by silicalite zeolite
layer was reported.”® Pores of the zeolitic filter were found to be
small enough to permit H, diffusion but restricted the diffusion of
other gases and fine particles from dusty coal or biomass gasifica-
tion processes. When the silicalite film was less than 2.5 pm thick,
a high sensitivity of 0.14 nm kPa™'-H, was observed.

3.9.2 MOFs for sensing of H,. As described above, there are
two uses of MOFs in gas sensors; as a functional active sensing
element or as an auxiliary element. For sensing gaseous hydrogen,
H,, MOFs have been used as auxiliary filter layer elements,
enhancing the selectivity of the sensor device to hydrogen.
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Hupp et al. developed an optical sensor device that utilised
Bragg grating stacks made from subsequential layers of ZIF-8
and palladium. A Bragg grating stack operates as a wavelength-
selective mirror; some wavelengths are reflected whereas other
wavelengths are transmitted. The wavelength reflected depends
on the refractive index of the materials in the Bragg stack. If the
refractive index of some of the layers within the Bragg grating
stack changes then the wavelengths that are reflected also
change. Hupp et al.’s Bragg grating stack comprised of two sets
of a bilayer structure of Pd (~10 nm)/ZIF-8 (~300 nm) that
operate at visible-light wavelengths, and the authors predicted,
that upon exposure to certain analyte gases, the refractive index
of the ZIF-8 layers would change due to adsorption of the
analyte gases.'®® Upon exposure to vapours of short chain
length alkanes, which all have kinetic diameters >4 A,?%® the
refractive index of the ZIF-8 layers increased due to adsorption
of these compounds. However, the sensor device did not offer
differentiation between the alkane analytes. In contrast, when
the sensor was exposed to increasing concentrations of H, in N,
carrier gas, from 0% up to 5%, the wavelengths reflected did
not change but the transmission intensity increased. The
authors therefore postulated that the H, was insignificantly
adsorbed within or on the ZIF-8 layers so as not to change the
refractive index of the Bragg grating stack, but was reversibly
adsorbed onto the palladium layer and forming a palladium
hydride that is more transparent in the visible wavelengths
than the ~10 nm thick palladium layer. Therefore, by measur-
ing the transmission intensity of the device during exposure to
analytes, it was observed that the device possessed a selective
affinity for hydrogen gas molecules over short alkyl chain vapour
molecules which is due to difference in kinetic diameters;
the kinetic diameter of H, is 2.89 A and the pore window size
of ZIF-8 is 3.40 A.>* Therefore the ZIF-8 layers acted as size
selective filter layers. Sensing experiments with carbon dioxide,
CO,, which has a kinetic diameter of 3.30 A%*° further confirmed
that ZIF-8 acted as a size selective filter layer. Upon exposure
to CO, an increase in transmission intensity was measured;
carbon dioxide is smaller than the pore size window of ZIF-8 and
thus passes through the ZIF-8 pores and interacts with the
palladium layer.

Dam et al. also utilised a MOF layer as a filter to achieve
selective optical detection of hydrogen gas.'”” The authors
chose a copper btc material as the gas selective filter layer as
this had been shown to possess increased selectivity towards H,
when in a thin film. Dam et al. deposited the MOF thin film
through a layer-by-layer deposition process onto a palladium
substrate that had been initially covered with a self-assembled
monolayer of glycine. With this technique, the MOF thin film
was found to be mostly amorphous though the authors argued
that the chemical environment within this film was similar to
that within HKUST-1 based on FTIR spectral data. The resulting
sensor was interrogated with optical transmission spectroscopy
whilst exposed to a H, environment. Increases in the optical
transmission were measured upon exposure to hydrogen gas at
various concentrations at room temperature and 100 °C, but
concentration differentiation was greatest when measurements
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were taken at 100 °C. The device showed stable repeatable and
reversible responses, but the response time was on the order of
1000 s. Selectivity to hydrogen gas over O,, CO, and CH, in gas
mixtures was demonstrated, but the kinetics of adsorption
of hydrogen were significantly decreased when the device was
exposed to H,-CO and H,-H,O mixtures. This could be due to
the affinity of the copper MOF for H,O and CO; these gases
preferentially adsorb and thus hinder the ingress of H,.>'"**?

4. Conclusions and future
perspectives

It is clear that porous materials, exemplified by zeolites and
MOFs, offer tremendous flexibility and versatility in terms of
selectivity and sensitivity and thus demonstrate great promise
for the fabrication of sensors for exhaust gases and vapours.
Both size and shape selectivity have been demonstrated with
zeolite- and MOF-based detectors via control of the dimensions
of the pores, and in some cases the crystal orientation when in
ordered films, thus enabling detection and differentiation
between gases and vapours. Chemical selectivity and sensitivity
have been controlled by the incorporation of select dopants
into the frameworks so as to elicit desirable optical and or
electrochemical responses upon interaction with analytes.

In this review, we summarised 170 different published sensors
including around a third based on MOFs and two-thirds based on
zeolites (Fig. 20). Among those publications, hydrocarbon sensors
are currently the most common for both zeolites and MOFs.
Zeolite and MOF sensors were developed in similar numbers for
automotive exhaust vapours, though no NOx and SO, sensors
based on MOFs were reported whereas only MOF-based sensors
have been reported to detect H,S.

The greater chemical and thermal stability of zeolites, coupled
with the ability to be more easily integrated into smaller electrical

NOXx

>

co/co,

MOFs

Zeolites ‘

62%

38% co/

‘ 8
H,S

*HCs - Hydrocarbons

Fig. 20 Reported sensors based on zeolites or MOFs along with the type
of sensors.
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sensors, means zeolites may be the most suitable sensing
materials for use in prospective on-board exhaust gas sensors.
The lower chemical and thermal stability of MOFs suggests
that these materials are more suited to fabricate sensors for
exhaust gas emissions during commissioning of new vehicles
in production; location in a production setting will allow for
appropriate gas cooling and clean-up before sensing which
would be impractical on-board vehicles.

The wide variety of organic linkers and metal nodes that can
be incorporated into MOFs has allowed for increased sensitivity
and selectivity based on control of the interactions between
adsorbed analytes. Finally, it needs to be acknowledged that the
field of MOFs for sensing is young in comparison to the research
into the use of zeolites as sensor materials. While in most cases at
the current time, zeolite-based sensors are more advanced than
MOF-based analogues, it is expected that advances in discrimina-
tory sensing, sensitivity and thermal stability will enable this gap
to be closed in the future.

Despite their promise, few of these systems have to date
been incorporated into devices that allow for real-time and
on-line data collection and thus most only exist as detectors or
probes under specific conditions. In addition, few examples of
these materials have been shown to exhibit successful sensing
of specific species when exposed to varying temperatures,
pressures and in the presence of contaminants.

The sensitivity and selectivity that can be explicitly controlled
by sensor designers when using MOFs and zeolites and the great
need economically and environmentally for energy efficient
transport indicates that the development of porous materials
for automotive gas sensing will continue to be an active research
field in the future.
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