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Perspectives on Chemiresistive Gas Sensors
Based on Nanomaterials

1.1 Abstract

Nanomaterials are in the focus of research due to their extraordinary electrical,
physical and optical properties compared to their bulk counterparts. Recently the
fabrication as well as the applicability of nanomaterials to the bigger scale of
CMOS compatible processes are under investigation. Society is growing more
aware of pollution in general and the impact of air is more connected to health
issues. Therefore, the need for gas sensors for sickness prevention and health
preservation in homes and offices is rising. Compared to other sensing principles
chemiresistive sensors are well suited for these applications due to a variety of
reasons like many target gases, their cheap price and high sensitivity. This critical
review is focused on recent advances in research towards chemiresistive gas
sensors based on nanomaterials. The first topic are the various gas sensing
principles and their advantages and disadvantages. Second is the discussion of
the basic sensing mechanism of metal oxide (MOX) sensors and the interaction
between nanomaterial and gas molecules. Next, the different gas sensing
properties of selected materials are discussed and the sensors targeting toxic
gases are evaluated. This is followed by an assessment of sensors for
environmental monitoring and multigas sensor elements. Lastly, the
perspectives of gas sensing towards the before mentioned specifications and an

outlook towards future research in nanomaterial-based gas sensing is given.

This chapter was prepared to be submitted to MDPI Chemosensors upon
invitation to the Special Issue ‘High-Sensitivity and -Selectivity Gas Sensors
with Nanoparticles, Nanostructures, and Thin Films’ and will be submitted

shortly.
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Selectivity Gas Sensors with Nanoparticles, Nanostructures, and Thin Films’. The
literature survey was performed by FA. The concept and structure of the
manuscript was planned together with TH. FA wrote the manuscript. TH revised

the manuscript and is the corresponding author.

1.2 Introduction

Sensor development for the detection of environmentally relevant gases is an
important field of research with a huge impact on society. Gas sensors are mainly
based on materials that change one or more of their physical properties when
exposed to target gases. Up to now there are many techniques and principles for
the identification and determination of gases, such as infrared spectroscopy (IR),
or photoacoustic spectroscopy (PAS). These techniques enable to detect gases
with high selectivity at even extreme low concentrations and offer high accuracy
and long lifetime at a high cost and difficulties at miniaturization. While catalytic
sensors have a simple setup, they are limited to flammable gases. MOX sensors
are easily miniaturized and have sensitivity down to sub ppm level, but also
require energy for heating which usually prevents their use in portable devices.
As shown, the methods to detect gases are manifold and differ in sensitivity,
selectivity, availability, price and many more factors. The market for gas sensors
is steadily growing. The first reason is its importance for many areas. These
include, but are not limited to, industrial process and production control, quality
control in food, guarantee of functionality as in the lambda probe, safety aspects
such as warning against poisonous gases or in the event of a gas leak. The second
aspect is that gases are usually colorless and mostly odorless, and, according to
recent findings, health risks are associated with long-term exposure. Especially
in the environmental and healthcare sector, it is desirable to improve the sensors

usability by miniaturizing them, manufacturing, and using them in large
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numbers. This will lead to a denser information network especially when internet
of things we become more popular. This is especially useful if it is therefore
necessary to track the entry of industrial exhaust gases into the environment or
exhaust gases from road traffic with high spatio-temporal resolution and to study

their influence on climate and health.

In cities, the state of the art to measure air pollution is to set up bulky and
expensive measurement stations for various gases and fine particles. In all of
Germany, currently there are 260 measurement stations whereas five of them are
located in the city of Munich, Bavaria [1,2]. Therefore, their use is limited and
there is no dense mesh to allow air pollution sensing for a single person. For the
aforementioned scenarios miniaturized, selective, sensitive, reversible and long-
term stable sensors are required in order to broaden the mesh. Electrochemical
sensors combined with nanomaterials fill exactly this niche. Their ultra-high
surface to volume ratio leads to outstanding sensitivity. Selectivity can be easily
achieved by functionalizing materials or combining multiple nanomaterials in
one sensor element. Through the inherent low size and easy setup,

miniaturization is possible.

1.3 Sensing Mechanisms in Chemiresistive Sensors

Chemiresistive sensors interact with the analyte gases by adsorption that can be
read-out by monitoring the electrical resistance of the sensor. There are different
principles leading to a signal change for MOX and nanomaterials based sensors.
The material that is affected by the gas in MOX sensors is a polycrystalline
semiconductor metal oxide. By heating the surface (typically >100 °C)
chemisorption of oxygen ions takes place. These ionized oxygen adsorbates in
turn then react with target gases. Electron-accepting gases can receive electrons

from the material, whereas electron-donating gases can add electrons to the
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material. In Figure 1.1a) a schematic drawing of a MOX sensor is shown, while

the electron transfer in presence of two gases is shown in b).

a)

electrodes
\ l
T

heated membrane

b) 000000000
L N=O
=0 0=C=0 ON&\ 1
OOOOO\‘/OOO 0000000000
reducing gas oxidizing gas

Figure 1.1. a) Schematic of a MOX sensor with a heated membrane, electrodes for resistance
measurement and metal oxide layer on top. b) Metal oxide layer with adsorbed surface oxygen
atoms; bottom left: addition of electrons to the system and removal of surface oxygen through
reducing gas; bottom right: removal of electron from the system and addition of surface oxygen
in presence of an oxidizing gas.

This respectively leads to resistance increase through the reduction of electrons
in the valence band and to a resistance decrease in n-type MOX sensors by adding
more electrons that can participate in the charge transport. For p-type MOX
sensors the resistances decrease and increase inversely. Additional electrons
decrease the amount of available charge carriers through the reaction with so-
called holes. Removing electrons increases the amount of positive charge carriers,
therefore lowering the resistance. Operating temperatures in these types of
sensors can reach up to 850 °C to achieve sensitivity. NOz, Os and O: are typical
oxidizing (electron accepting) gases, while H, CO and volatile organic

compounds (VOCs) are generally reducing (electron donating) gases.
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For semiconductor-based sensors, the charge transfer works slightly different.
Unlike the MOX principle, no ionized oxygen is present at the surface to react
with the target gases see figure 1.2. Through theoretical modelling it is suspected
that the target gases physically adsorb on the surface and the charge transfer

reaction occurs directly to the nanomaterials [3].

electrodes funct. nano-

\ iiii / iiiiv material
T

substrate
b)
H
Hi"H ., : _
W o) OO o)
e- donating gas e- accepting gas

Figure 1.2. Nanomaterial-based gas sensor: a) shows a functionalized nanomaterial on top of a
substrate and gold electrodes. The substrate can optionally be heated. b) shows the surface in
close-up. On the bottom left an electron donating gas is interacting with the nanomaterial and
induces a negative partial charge. On the right bottom side an electron accepting gas interacts
and induces a positive charge.

In practice, the surfaces often suffer from reactive defect sites that are introduced
by synthesis, processing, or handling, which can deal as preferable adsorption
sites [4]. This in turn leads to a charge transfer whose quantity and direction
depend on the target gas and the sensing substrate. NOx and other oxidizing
gases behave like electron acceptors, while most VOCs or NHs act as electron
donators. N-type materials show a decrease in resistance after exposure to
electron donating gases and an increase in resistance for electron accepting gases

and vice versa for p-type materials. A second possible influence is the modulation

5
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in the Schottky barrier by analyte exposure through the adsorption of gas
molecules on the built-in potential as well as the Schottky barrier change. As
illustrated in Figure 1.3 for n-type sensing material and NO: exposure this means
the Fermi level (Er) shifts towards the valence band, therefore increasing the
resistance, the Schottky barrier and decreasing the built-in potential. By exposing
the n-type surface to NHs, the Fermi level is shifted towards the conductance
band (Ec), thus decreasing the resistance, the Schottky barrier and increasing the
built-in potential. Generally, if the sensing surface is more affine to a certain gas
species, higher selectivity over other gases is expected. In turn, this lowers the
desorption rate of the affine gas molecules from the surface and leads to longer

response times.

Vbuilt ln(NOZ) I . AKAESB(NOZ)
Ec :k Vhuile in 4 | |
AESB(NHGS)
'
Vbuilt in(NH3)I j
EF Yy
Electrode
k y,

Figure 1.2. Influence of different gas molecules adsorbing on the sensor and their influence on
the Schottky barrier (SB) as well as the built-in potential Vbuitin. Illustration adapted from [5].

Due to the rise in different synthesis methods for all kinds of nanomaterials
research towards their use as sensing materials is increasing. Their low spatial

dimensions make them interesting for gas sensing applications. In this work we
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will discuss carbon-based materials and graphene derivatives, transition metal

chalcogenides as well as different material composites.

1.4 Sensors for Harmful Gases

For environmental monitoring the quantification of harmful gases like NO2 and
CO: is of high interest. In terms of NO: sensing according to the Occupational
Safety and Health Administration in the United States, an NO: sensor should be
able to detect less than 5 ppm of NO: [6]. For CO2 sensing an LOD of 400 ppm is

sufficient as the CO:2 concentration in air is at that level.

1.4.1 Sensors for NO2

An overview of recently reported NO: sensors based on carbon nanomaterials
and composites is listed in Table 1.1. Zhang et al. used graphene in combination
with octahedral SnO: to achieve high sensitivity of 12.5% at the threshold level of
5 ppm analyte gas [7], while Fei et al. were able to reach an ultralow detection
limit of only 45 ppb when combining graphene with polystyrene (PS) beads [8].
Both these sensors work at room temperature and in a dry testing ambient. For
reduced graphene oxide (rGO) different materials like WOs, M0S: and FesOs were
applied to form nanocomposites with promising properties. A sensor based on
rGO fibers and WOs nanorods shows a sensitivity of 9.2 % after 8 min of exposure
to 5 ppm [9]. While rGO in combination with drop casted MoS: nanoparticles
exhibits an ultra-high response of 2483% towards 10 ppm NO: at 80 °C, the
response and recovery time are comparatively high with approximately 12 min
and 30 min respectively [10]. Tung et al. showed that by adding FesOu particles of
different sizes to rGO the sensitivity towards NO: alters [11]. The initial
sensitivity of 2.5% at 2.5 ppm NO: for pure rGO went up to 4% after adding FesOx
particles with 20 nm diameter. Addition of FesOs+ NPs with smaller diameters
decreased the sensitivity. This is proposed to the different distribution behavior

of the NPs, which can change the surface interaction between rGO and gas, the
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improved electron transfer as well as the enlarged specific surface area

(Figure 1.4).
a) —=—Bare GO @200 °C I b) —=—Bare 1GO @25 ppm |
6- —* rGO-Fe,O, NPS 64 —*—1GO-Fe,O, NPS
—ﬂ—YGO-Fe.JO,_ NP10 —a— rGO- FeJO,. NP10
5| —v—rG0-Fe,0, NP20 5| —+—1GO-Fe,0, NP20
g | & S —
o 41 o 44 =
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: : —~ | £,
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Figure 1.4. Comparison of a) sensitivity towards NO: for the different material composites at
200 °C and b) at 2.5 ppm at varying temperatures. rGO-Fe3sOs NPs of 20 nm diameter show the
highest sensitivity. NP5, NP10, NP20 refers to particles of 5, 10, and 20 nm in diameter. Reprinted
from [11], with permission from Elsevier.

For multiwalled carbon nanotubes (MWCNTs) Liu et al. verified, that nitrogen-
doped polypyrrole/MWCNT composites sensitivity towards NO: can be tuned
by annealing them. Different annealing temperatures between 200 °C and 400 °C
showed that the optimum for that system was at 350 °C [12]. By annealing, the
sensitivity was increased from 0.56% up to 24.82% at 5 ppm NO.. Due to
annealing, the polypyrrole spread more and therefore more chemisorption sites

for gases are created, leading to higher sensitivity as shown in Figure 1.5.
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Figure 1.5. Sensing mechanism and electron transfer in MWCNTs coated with polypyrrole a) and
surface composition after different annealing steps b). Reprinted from [12], with permission from
Elsevier.

Another example of nanocomposites improving sensing properties are iridium
oxide (IrOx) decorated MWCNT sensors [13]. Compared to bare MWCNTs the
IrOx loaded MWCNTs sensors exhibited higher stability and sensitivity.
Improving the sensitivity towards 250 ppb NO: in 50%r.h. from 0.25 to 3.9 while
operated at 150 °C. The iridium oxide nanoparticles improve the charge transfer
between gas molecules and the sensor layer, therefore allowing for higher
sensitivity. In the presented samples the nanoparticles exist in two states, IrO:

and Ir20s. The high sensitivity seems to originate from a redox reaction between

Ir(IlT) and NO: in the form of:

NO2(g) + Ir** = NOz(ad) + Ir®* (1)

Even though the sub-ppm sensitivity is outstanding, the moderate response time
of 30 min and the high recovery time in the range of hours make this material

combination only suitable if no fast read-out is necessary.

For nanocomposites not including graphene, CNTs or derivatives, similar

findings have been published. Kulkarni et al. demonstrated that composites of
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polyaniline and WOs showed a higher response towards toxic gases like NOz and
NHs than their individual counterparts did [14]. Fort et al. mixed p-type Co3Os
and Al-doped ZnO (n-type) metallic nanoparticles in ratios from 0% to 100% and
found that even small amounts of another material can have a rather large
influence on the overall behavior of the sensor system [15]. Through the
formation of pn-junctions the electrical behavior is modified. The optimum
working temperature, the magnitude of the response as well as the sensor
behavior cannot be derived from superimposing the single materials behavior.
Through the presence of homo-, and heterojunctions the sensitivity is improved
and stabilized (Figure 1.6).

a) ZnO+AISY, (ZNO+AI5%)0.8+(C0,0,)0.2 b)
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Figure 1.6. Resistance of C03O4, Al-doped Zn0O, and their mixtures (a). The mixtures resistances
are lower than the initial resistances of the pure oxides. Sensitivities towards NO: of pure oxides
and composites. The mixtures sensitivities also differ from the ones of pure oxides in b).
Reprinted from [15].

A different approach apart from heating the surface to achieve sensitivity is
presented by Yan et al. who used UV light to aid in detection of NO: [16]. This
increased the response sevenfold up to 26% at 100 ppm and allows for responses
to sub-ppm level concentrations. The UV irradiation cleans the surface from
contaminants and provides more active adsorption sites. It also increases the
desorption rate of analyte molecules from the surface and, in turn, decreases the

recovery time of the sensor (Figure 1.7).

10
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Figure 1.7. Response to NO2 of varying concentrations and recovery of sensor without a) and b),
with UV irradiation c). Fit curves of response values to NO:z at RT with UV light. Reprinted with
permission from [16] American Chemical Society.

1.4.2 Sensors for CO:2

Whereas for NO: many chemiresistive type sensors exist, the amount of
chemiresistive COz sensors is comparably low. Due to the low chemical reactivity
of the CO2 molecules, it is difficult to incite a chemical reaction at the surface of a
sensor. Even though most conventional CO: sensors use infrared spectroscopy to
avoid that issue, a few chemiresistive devices that overcome the problems are
listed in Table 1.1. Bhadra et al. used electrospun PS as substrate and polymerized
polyaniline containing graphene on top of the PS core [17]. The sensor response
of pure PS/polyaniline material increased by adding graphene to the system from
0.59 up to 0.79. This result is owed to graphene’s high electron transfer rate. The
response and recovery time stay unaltered at 65 s with and without graphene.
Unfortunately, the reasons for the same reaction time are not discussed. The work
of Kanaparthi et al. shows, that it’s possible to build a chemiresistor for CO: solely

based on MOX nanomaterials (Figure 1.8) [18].
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Figure 1.8. a) Sensor response towards different COz concentrations c) repeatability towards the
same concentration steps b) exponential sensitivity of sensor towards increasing analyte
concentrations and d) response and recovery times are decreasing with increasing CO: content in
the measurement chamber. Reprinted with permission from [18] Copyright 2019 American
Chemical Society).

The high surface to volume ratio of the ZnO sensing layer allows for high
sensitivity of 0.1125 at 600 ppm of analyte. The system also shows a short sub 20 s
response and recovery time. ZnO and its oxygen deficiency leads to an n-type
semiconducting behavior donating electrons. Through a series of reactions, the
charge carrier concentration and therefore conductivity can be increased. For the
maximum response at 50%r.h., the explanation is that towards this concentration
the oxygen species and hydroxyl groups on the sensing layer increase and
therefore the reactivity does. Beyond 50%r.h. the high amount of hydroxyl
groups inhibits the reaction with oxygen groups and subsequently lowers the
response. George et al. used a combination MOX nanomaterial and highly
structured carbon nanotubes, whereas NiO nanoflakes acting as a p-type
semiconductor [19]. The low selectivity of NiO as a room temperature gas sensor

can be counteracted by the high sensitivity of the MWCNTs. Through a series of
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interactions between CO: and hydrogen and hydroxyl ions carbonate ions form
at the surface of the sensor. The CO: molecules consume electrons at the surface

with each interaction, therefore lowering the resistance in the p-type material as

shown in Figure 1.9.
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Figure 1.9. Left hand side: Sensitivity of the NiO-MWCNT nanocomposites towards a) 1000 ppm,

b) 2000 ppm, c) 3000 ppm and d) 4000 ppm of COz. On the right hand the linear increase in
sensitivity is shown. Reprinted from [19].
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Table 1.1. Summary of sensor properties as NO:z and CO: sensors of different material combinations.

R D i R Re- ion T -
Material es.p(-)I}se Sensitivity etfe ct‘10n Operation Gases esponse{ € Operation Tempera Identifier
Definition Limit covery Time ture
R 'Rair :
graphene / SnOz %—*100 5 ppm: - NO: pure 180s /1500 s R.T. (7]
air 12.5%
graphene / pol- R-R .
.90 45 ppb d -/- R.T. 8
ystyrene beads R, 1 ppm: 2% PP Ty an / 18]
rGO fiber / WOs I{g'I{air * o, o
nanorods R 100 5 ppm:9.2% 1 ppm (2.6% r.h.) 4805s/528s 100 °C [9]
L-I ) 27.9 ppb dry N2 + diluted
rGO/MoS:NPs  5-2+100% 10 ppm: 12 min / 30 min 80 °C [10]
Io 2483% (theoretical) gas
air'Rgas
rGO / FesOs 100 5 ppm: 1.7% 1 ppm pure gases 300s/350s 200 °C [11]
gas
R,-R, ) 25°C, dry air + dry
CNTs / —8 4100% 5 ppm: 250 ppb 655 /668 s R.T. [12]
polypyrrole R, 24.82% N2
MWCNTs/IrOx  Ro-Rga 950 Db 1ppb, LOQ
ppb: - °
NPs R, 2.0% 3.2 ppb dry 30 min / hours 25 -150 °C [13]
(theoretical)
polyaniline / R,Rg 100 ppm:
WO R 100% 35% 1 ppm 40% r.h. + air -/- R.T. [14]

14



Chapter 1: Perspectives on Chemiresistive Gas Sensors Based on Nanomaterials

R-Ro d thetic air +
Co304 / Al/ZnO R, 50 ppm: -40% - Y Syngaz teat 1 min /5 min 120 - 260 °C [15]
R D i - i -
Material es.p(.nfse Sensitivit et.e ct.lon Testing ambient Response{ Recov-  Operating Tempera Identifier
y 8
Definition Limit ery Time ture
polyaniline / Ry-R, 60 ppm:
graphene on R, 20 ppm diluted in N2 65s/65s R.T. [17]
polystyrol 0.78
G
ZnO nanoflakes — 600 ppm: 0
Go 01125 200 ppm pure gas 9s/9s 250 °C [18]
' R.-Rg
NiO /CNT R, 4000 ppm:6.5 1000 ppm pure gas 155/15s R.T. [19]
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1.4.3 Sensors for other Toxic Gases

To ensure human safety it is of utmost importance to detect harmful gases with
sensors. The lowest limit of detection possible is desirable for these types of
sensors. While for ammonia (NHs) the maximum intake over an 8 h workday is
set to 50 ppm by the Occupational Safety and Health Administration [20], the
WHO recommends a limit of 81 ppb for 30 min of exposure for formaldehyde
[21].

In terms of graphene-based sensors different approaches were used. Kodu et al.
compared V205 layers on top of a graphene, deposited via pulsed laser deposition
technique with epitaxial graphene (EG) on SiC [22]. The V:0s functionalization
enhanced the sensitivity towards NO2z, Os, SOz, CO and NHs. The selectivity
towards NHs over the other gases is also improved. Both graphene samples
showed similar adsorption sites. This indicates that NHs binding takes mostly
place at the functionalization. They also showed that by irradiating the sensing
layer with UV light (365 nm) the sensitivity as well as the response and recovery
times change. For EG the effect from irradiation is outstandingly strong. The
typical p-type sensor response changes to an n-type response after shining UV-
light on the surface. The light exposure leads to desorption of gas atoms from the
surface, therefore cleaning it and opening up free binding sites. Adsorbates that
act as p-type dopants like Oz and H20 are removed from this step and lead to the

change of behavior Figure 1.10.
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Figure 1.10. Sensor responses towards different NHs concentrations of a) pure CVDG and
functionalized CVDG under UV (365 nm) irradiation. Red dotted line shows the reference
without UV irradiation. b) Response of epitaxial graphene with and without functionalization
and UV irradiation. Reprinted from [21].

The functionalization of graphene with MOX NPs has also been reported [23, 24].
Rodner et al. used FesOs NPs to functionalize graphene and achieved responses
of 0.04% and 0.02% for 1 ppb of formaldehyde and benzene respectively. The
response and recovery times are approximately 50 s and 70 s, which is suitable
for fast harmful gas detection. An alternative way for composite material is
created from graphene foam (GF) by growing graphene on nickel foam by
chemical vapor deposition (CVD) followed by etching the nickel with FeCls.
Lastly graphene oxide (GO) was added by dipping the GF in GO solution. The
GF/GO compound showed approx. 1.55 higher response towards 1500 ppm
isopropanol as well as good selectivity against ethanol and methanol [25]. The
lowest step of 100 ppm with a response of approx. 7% is acceptable for ethanol,
where the threshold limit value (TLV) is 1000 ppm according to the National
Institute for Occupational Safety and Health (NIOSH).

Research based-on CNTs is reported by Muangrat et al. who combined graphene
nanosheets (GNS) with CNTs through a facile two-step CVD method [26].
Through the addition of GNS the response to approx. 1000 ppm ethanol
increased from 0.22 to 0.69 and the limit of detection (LOD) decreased from
257 ppm to 13 ppm. Using a composite increased the recovery time significantly

by almost a factor 4, while the response time remained unchanged. Janfaza et al.
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used polymer NPs with CNTs to detect VOCs [27]. When exposed to the same
gas concentrations, the sensor is most responsive to hexanal, and least responsive

to methanol therefore showing a selectivity over the other gases.

Graphene oxide is commonly used in gas sensor applications as it is easy
producible and scalable. Lee and Wang employed conductive polyaniline
together with reduced graphene oxide (rGO) for room temperature ammonia
sensing with a sub-ppm detection limit of 0.3 ppm [28]. The response of the
composite was higher than the sum of the individual responses. The response
and recovery time also change with the material composition. The compound
exhibited lower response time of 1.6 min than either of the base materials (2 min
and 3.4 min), whereas pure rGO has the lowest recovery time with 8 min. The
decrease of response time is due to the higher sensing surface area by preventing
aggregation of polyaniline. To detect VOCs rGO [29] and functionalization such
as Si-nanowires [30], polymer nanowires [31] or by amino-groups [32] are in use

and show sensitivities down towards sub-ppm level.

As well as graphene and MOX modifications there is also plenty of research
towards rGO and MOX modification. Ternary nanocomposites of Ag/SnO:/rGO
[33] and Pt/WQOs/rGO [34] are used for VOC detection as well as selective

triethylamine (TEA) detection in the first case (Figure 1.11).
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Figure 1.11. Sensitivity of three different sensors (SnO2, SnO2/rGO and Ag/SnO2/rGO) to different
gases. It is clearly visible that Ag/SnO:/rGO shows the highest selectivity to triethylamine.

Reprinted from [32] with permission from Elsevier.
Selectivity towards ethanol over other similar gases is the topic of Tian et al. who
worked with rGO and CosOs NPs [35]. The higher sensitivity of the composite
towards ethanol is owed to low oxidation potential of adsorbed oxygen, which is
beneficial to selection of ethanol (Figure 1.12). Due to more defects in the
synthesis CosOs adsorbed acetone molecules easily. Through heterojunctions
between rGO and Co30s in turn reduced the possibility of adsorption of acetone
and decreased the response accordingly. The same MOX nanomaterial was also

used by Cao et al., Jin et al., and Gui et al. to detect VOCs [36-38].
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Figure 1.12. a) Temperature dependence of sensor response to ethanol; b) response and recovery
with 100 ppm ethanol at 200°C; c) selectivity of GCO 15% to ethanol over other gases; d) response
dependent on ethanol concentration Reprinted from [34] with permission from Elsevier.

In Table 1.2 different carbon-based devices are compared towards several factors
critical in sensor development such as material combinations, sensitivity, target

analytes as well as response, recovery times and operating temperature.
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Table 1.2. Material combinations based on carbon nanomaterials for chemiresistive gas sensors for harmful gases.

R Def- D i i R Re- i
Material esl-)o.n‘se e Sensitivity Gas et.ect.lon Operation esponse{ e Operating Identifier
inition Limit Gases covery Time Temperature
1887 s /1607 s
graphene / G-Gg 329s/43s
— 131% NH; 0.1 ppm N: R.T. [21]
Va0Os Go PP 6955/ 658 s
474s/41s
graphene / Rg-Ro o o formaldehyde . 3
FesOs R, 0.04% /0.02% bergene 1 ppb synth. air 50s/70s 150 °C [22]
RiestR; 27s/10s
graphene / Pd / t‘*lf{t o 10.5% H2/ 6.8% .
SO, . 1018ert ethanol H: / ethanol 2% [ - N2 20s/27s R.T. [23]
35s/30s
R.-R 1500 ppm: isopropanol /
GF /GO ; £+100 12.5%/11.4% /  ethanol / meth- 100 ppm air 2 min/2 min R.T. [24]
2 11%
anol
REthanol'RNz
— 257 ppm 480s/525s
CNT / GNS Ry, 0.69% ethanol PP No RT. [25]
* 100 13 ppm 428 5 /2000 s
MWCNT / AR 200 ppm hex-
GNS Ry anal: 2.5% VOCs 10 ppm pure analyte 450s/450s R.T. [39]
R VOCs/ triethyl 305/80s
a s/ triethyl-
Ag/ SnO2 / rGO R 80 ) Y 0.5 ppm 14s/70s 220 °C [34]
g amine
11s/70s
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1.5 Multigas Sensing

Even more challenging compared to the determination of a single gas is the
simultaneous analysis of different gases in a complex mixture. VOCs, NO, Os
and CO are all harmful and need to be detected all at once. Inherently, the high
sensitivity of chemiresistive sensors is a positive trait. Here, so-called electronic
noses come into play, which combine multiple sensors with different sensing
materials to detect a specific fingerprint of a gas. Generally, the more different
sensing fields there are the more gases can be discriminated. The optimal sensor
array should be able to discriminate gases with the least required sensing fields
through combination of data analysis. Sun et al. used this approach by combining
an array of MWCNTs with non-covalently functionalization to selectively detect
ozone [40]. The functionalization improved the response to 5 ppm ozone up to
34.4% Using principal component analysis (PCA) enables the classification of
different. As shown in Figure 1.13, the sensor responses towards gases are
clustered together for the individual gases, which proves that it is possible to
distinguish the gases with the sensor array. The authors prove the selective
determination of single harmful gases. Another example for the use of multiple
receptors on one sensor is given by Freddi et al. who used an array of carbon
nanotubes with nanoparticle decoration to detect different target molecules [41].
The array of sensors can detect gases and distinguish them through a PCA
approach (Figure 1.14). When the sensor amount is increased to six by a humidity

sensor the discrimination via PCA works better, especially for VOCs.
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Figure 1.13. Results of PCA analysis with a) five gas sensors and b) five gas sensors and a
humidity sensor. By adding the humidity sensor the discrimination ability increases, especially
towards VOCs. Reproduced from [40] with Permission from Royal Society of Chemistry.
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Figure 1.14. a) PCA chart with average sensor response of six sensors. Responses to gases b) Os,
¢) ethanol, d) formaldehyde, e) propanol, f) NO, g) 75% r.h. and h) 100% r.h. Reprinted from [39]

with permission from Elsevier.

1.6 Conclusion and Outlook

In this article, we compared current research papers about chemiresistive gas
sensors based on nanomaterials. We conclude that there are various papers
regarding research towards gas sensors in general. Nanomaterials of different

elements and theircombinations are used in gas sensors and show valuable
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properties for sensor applications. We can conclude that the main topics of
research in chemiresistive gas sensors are a) increasing sensitivity, b) increasing
selectivity, c) lower response and recovery times, and d) data evaluation and post

processing for selectivity.

Graphene, CNTs, and derivatives like GO or rGO play a huge role due to their
easy fabrication and manageability. This is true for their combination and
interactions between nanomaterials. However, for gas sensing the interest in bare
materials is slowing. Nowadays research is directed towards material composites
from two or more materials. Many researchers use metal oxides in combination
with the outstanding graphene properties to combine them into a device that in
most cases achieves a result that the individual components could not achieve on
their own. It is important to state that the properties of material mixtures differ
from the initial material parameters and often overtake the sum of the initial

parameter’s sensitivities.

For harmful gases like ammonia, methanol, formaldehyde, and VOCs graphene
and graphene-like materials are still the most used base materials while for NO:
detection the base materials vary. Combination of nanomaterials also include
conductive polymers, metal oxides and sulfides, as well as combination of two
different metal oxides. Some research is also towards ternary composites in the
form of noble metal, metal oxide and carbon-based nanoparticle where the noble
metal acts as catalyst to facilitate the reaction while the sensitivity derives from
the other two materials. It is palpable from the evaluated data that the sensitivity
changes by combining different materials together in one sensor element. This
trend is also noticeable for not only metal oxides and sulfides but also conductive
polymers like polyaniline. Moreover, the sensitivity towards only one specific
gas can be increased by combining materials, thereby increasing the selectivity of

the sensor. This is especially striking for distinctly measuring VOCs.
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Besides those improvements, the response and recovery time can be modulated.
These reductions often originate from increase in active surface as well as
reactivity due to changes in surface energy. It is desired to modulate the sensing

behavior in such a way that the response and recovery time are minimal.

A different approach towards selectivity is the use of multiple sensing fields on
the same chip. Each sensor field has a different material that reacts in a certain
way towards analyte gases. The separation of gases happens in a later stage by
evaluating the response with statistical approaches like PCA. This is the least
published and yet most promising approach for integration in smart device later

in the development cycle.
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2 Carbon Nanomaterials for Miniaturized
Gas Sensors

2.1 Abstract

Nanomaterials are in the focus of research due to their outstanding chemical,
physical and electrical properties [1]. Society is also becoming more aware of air
pollution and its negative effects due to numerous debates. As interest is growing
to unite these two areas, the interest in materials for miniaturized gas sensors is
growing as well. This is a key step to enable the later integration of gas sensors
into portable electronics. Within the scope of this work, carbon nanomaterials
prepared by a modified Hummers method were tested and compared for their
suitability as sensor materials for miniaturized, low-power consuming
chemiresistive gas sensors. The graphene flakes have been characterized by
optical flake size analysis, defects were compared using Raman spectroscopy and
interpretations are given. Furthermore, the sensors response to NO: was
evaluated. The temperature dependence of the signal was investigated as well as
calculations towards the power consumption were done. The results provide a
comparison of the graphene-based materials and indicate their usefulness in low-

power miniaturized gas sensing.

This chapter has been published. Fabian Aumer, Fabian Hecht, Anton Kroner,

Patrick Recum, Dr. Thomas Hirsch. Mikrosystemtechnikkongress, 2019.

Author contributions: This manuscript was published in the proceedings of the
Mikrosystemtechnikkongress 2019. PR and AK synthesized the materials. FH
deposited the materials onto the sensor devices supervised by FA. FA performed

the flake size characterization and the gas measurements. PR performed Raman
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spectroscopy of the sensor surfaces. The manuscript was written by FA and

revised by TH. FA is the corresponding author.

2.2 Introduction

The market of gas sensors offers several options mainly based on electrochemical
transduction. Semiconductor materials allow the detection of gases with extreme
low limit of detection down to about 100 parts per billion (ppb) and even the
selectivity is excellent [2]. Nevertheless, the products available so far often suffer
from poor robustness or complex calibration, and especially the ones with
resistive readout need to be operated at high temperatures of 200 °C and higher,
or bulky filters need to be applied to exclude humidity [3,4]. These features are
accompanied by a large form factor and moderate energy consumption. Both are
in contradiction to the need of portable sensing devices which can be integrated
in wearables to improve the quality of life or for safety reasons. Two-dimensional
carbon materials are well known for their outstanding electrochemical
properties, especially their excellent conductivity [5]. Therefore, these materials
are promising candidates in the development of gas sensors operated at low
temperature. In this study we focused on the optimization of those materials in
terms of fabricating them with a low number of defects and large flake size
dispersed in inks to be compatible with the production lines of highly integrated
gas sensors. This is the first report which demonstrates the benefit of such
materials to be applied in gas sensors with low power consumption for a proof

of concept study to detect NO: in air.
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2.3 Experimental

2.3.1 Material synthesis

2.3.1.1 High Temperature Graphene Oxide (HTGO)
The synthesis of HTGO was performed by a modified Hummer’s method [6]. 6 g

flake graphite with 4.5 g NaNOs were suspended in 450 mL of 95% (v/v) H2SO.u.
The mixture was cooled in an ice bath, while 27 g KMnO: were added in small
portions over a duration of 2 h under vigorous stirring whereby the temperature
reached a maximum of 3 °C. The mixtures color changed from the graphite-grey
to a dark green. During a sonication step the temperature went up to 60 “C. After
3 days of stirring at room temperature (RT) the color changed to violet. Yet, the
end-temperature was approx. 30 “C. While cooling on ice, 450 mL of 5% (v/v).
H250s were added to the mixture, reaching a temperature of 45 ‘C. Heating at
100 °C for 2 h changed the color via yellow to a light-brown. After cooling to RT,
80 mL of 34% (v/v) H2O: were added, resulting in heavy foaming. The brown
dispersion of graphene oxide (GO) was centrifuged at 3000 g for 5 min and the
supernatant was removed. The residue was washed three times with 3% (v/v).
t2so4 containing 0.5% (v/v) H20z, two times with 1 M HCl and once with water.
Then, the GO did no longer precipitate during centrifugation. As a final step
about 1/3 of the mixture was dialyzed for 11 d against 8 L of water, which was
changed three times. When the conductance reached a constant value the dialysis
was stopped. The resulting GO suspension had a mass concentration of

2.6 mg-mL™" which was determined by gravimetry.

2.3.1.2 Low Temperature Graphene Oxide (LTGO)
In comparison, also LTGO was fabricated by an adapted method as described by

Eigler et al. which is also based on Hummer’s method [7]. 2 g flake graphite with
1.5 g NaNOs were suspended in 150 mL of 95% (v/v) H2SOs. The mixture was
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cooled to 0 °C in an ice bath, while 9 g KMnOs were added in portions over a
duration of 8 h under stirring at 400 rpm. During that time, the temperature
reached a maximum of 0.8 °C. The mixtures color changed from the graphite-grey
to dark green. After permanently cooling by an ice bath overnight, the mixture
was sonicated for 3 h at a maximum temperature of 8 °C, and stirred for 6 days at
4°C in a cold water bath. No change in color was observable, as it was the case
with the synthesis at high temperature. Water (200 mL) was added very slowly
over a duration of 7h to the mixture cooled by an ice bath to maintain the
temperature below 10 ‘C. When the mixture starts to thicken, the color changes
to violet and water was added to keep the suspension liquid. At the end of the
hydrolysis the mixture had a brown color. After an additional night of stirring,
30 mL of 35% (v/v) H202 were added to the mixture very slowly, to prevent
excessive foaming. The mixture got clear. The LTGO was then washed in the
same manner, as for HTGO, but using cold solvents, storing the LTGO on ice and
centrifuging at 0 “C. After dialysation for two weeks against 8 L of water, which
was changed 5 times, conductance of the dispersion reached a constant and the
dialysis was stopped. The final LTGO-solution had a concentration of

3.2 mg-mL-!, which was determined by gravimetry.

2.3.2 Sensor Fabrication

For simplicity the suspensions will be referred to as inks from now on. The inks
were diluted with water to a concentration of 0.1 mg-mL™" and 1.0 mg-mL™ for
LTGO and HTGO respectively to ensure processability. Higher concentrations
lead to clogging of the deposition device, while lower concentrations didn’t result
in a reproducibly continuous film. The sensor substrates are interdigitated gold
electrodes on silicon nitride. They were cleaned and hydrophilized in a 30 s Oz
plasma step at 50 W. The inks were treated with an ultrasonic bath for 5 min to

improve the dispersion of the particles. Following that they were drop-casted
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with a semi-automated tool while heating the sensor surface to 50 “C to ensure
uniform evaporation. The sensor substrate consists of eight sensor fields that can
be separately read out. HTGO was applied to the four outer sensor fields while
LTGO was applied to the four inner ones as shown on the bottom right hand side
in Figure 2.1. After the deposition the carbon nanomaterials were thermally
reduced from GO to rGO under N2 atmosphere at 400 °C for 10 min. Afterwards
the sensors substrates were bonded on a printed circuit board for further

evaluation.

2.3.3 Characterization Techniques

For the flake size analysis Scanning Electron Microscope (SEM) pictures were
taken at a Zeiss SEM 500 with an acceleration voltage of 1 kV. The pictures were
taken with a back scattered electron detector. Raman measurements were taken
on a DXR Raman Microscope from Thermo Scientific with a wavelength of

532 nm at a magnification of 10.

~06% RH

| MFC Gas outlet
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%R.H--
sensor

Gas battles
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—_— flow cell

Mass Flow
Controller

el. Readout

Figure 2.1. Scheme showing the mixture and application of test gases to the sensor. The
measurement cell is depicted in the photograph. The inset shows the eight individual sensor
fields. All sensor fields are connected to an electrical read-out system recording the resistance of
the sensor material applied on the interdigitated electrodes.

Resistances with and without the presence of an analyte gas were measured at a

self-built, fully automated gas characterization setup which is shown in
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Figure 2.1. Target analyte gases were diluted by synth. air to the desired
concentration values by mass flow controllers (MFC). Relative humidity (R.H.)
was controlled by bubbling one stream of synth. air through a water bath and
mixing the humid air with another stream of dry synth. air. The humid target
gas/synth. air mixture was led into a small testing chamber of around 4 cm?® were
the sensor was located. For the first 1200 s the sensor was heated up to the target
temperature and the measurement chamber was flooded with a constant stream
of 100 sccm of synth. air in order to allow the sensor and setup to settle.
Thereafter, a total flow of 100 sccm of target gas and synth. air at a specific
concentration followed for 1200 s. Lastly came a step with 100 sccm flow of synth.
air to regenerate the sensor for 1200 s. The last two steps were repeated for every

tested concentration.

2.4 Results

2.4.1 Flake Size Analysis

The flake size distribution is one of the most influential parameters on the
conductivity of the sensor films. Therefore, SEM images (Figure 2.2) of the
diluted inks have been investigated by an image processing software to estimate
average flake sizes. As visualized in Figure 2.3, the flake size distribution of
HTGO ranges from < 0.5 um2 to 2 pm2. 90% of all flakes have an area of 0.5 um?
or lower, while the other 10% are spread out to higher areas with <1% at 2 um?.
On the contrary, the flake size distribution of LTGO looks a lot different. The area
range is wider and more big flakes were detectable. 90% of the flakes were
between 0.5 um? and 3 pm? in size. The rest of the flakes was larger with almost
9% showing an area of >4 um?, with the largest one being 60 um?. This shows that
the low-temperature manufacturing process for GO flakes results in bigger flakes

than the high-temperature method.
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Figure 2.3. Flake size distribution of LTGO and HTGO. All flakes >4 um? were sorted in the
4.5 pm? bin, even though their real dimension can be bigger.

2.4.2 Defect Analysis

GO modified surfaces are often thermally treated to cure the defects. The material
is called reduced graphene oxide (rGO). So as to get an overview of the defect
density Raman spectra were taken of the rGO surfaces after thermal reduction.

From each sample 3 line scans with 50 spectra each were taken. Afterwards the
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mean value was taken and the spectra were normalized to the G-Peak at approx.
1600 cm™. While the rLTGO exhibits a peak ratio (Io/Ic) of 0.77 the rtHTGO shows
a ratio of 0.85. The lower peak ratio in rLTGO indicates a lesser defect density
compared to the rHTGO [8]. This is in agreement with the results from the flake

size analysis. The smaller flakes of rHTGO possess a higher amount of edges and

therefore more defects.
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Figure 2.4. Raman spectra of rLTGO (in blue) and rHTGO (in orange) The lower concentration of
rLTGO is the reason for the noisier signal and the prominent peak at 500 cm™ representing
vibrations from the silicon substrate.

2.4.3 Sensing Properties

The normalized sensor response S for changes in the resistivity upon the change

in the composition of the gas mixture is defined in Eq. 1 as:

S=— 0 4 100% 1
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The resistances of the carbon material refer to the absence (Ro) and to the presence
(R) of a certain amount of analyte gas. The change of resistance AR depends on
the amount of adsorbed molecules  on the sensor surface following Eq. 2.

1
AR =
qxpx*Mmg—ng)

The raw data from the measurements was normalized for better comparability

and a moving average filter using 5 data points was applied to smooth the data.
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Figure 2.5. Response to 500, 1000, 2500 and 5000 ppb of NO: while the sensor surface was kept at
a constant temperature of 50 °C. Humidity was fixed at 40%r.h.. rTHTGO sensor on top, rLTGO
on bottom.
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The sharp periodic peaks are caused by the MFCs switching. For the collected
response data at 50 °C and varying concentrations of NO: shown in Figure 2.5,
the maximum response is 1.5% at 5000 ppb NO: for rLTGO and 7% for rHTGO.
For the response of rLTGO it is visible that the signal is noisier compared to
rHTGO response. At analyte gas concentrations of 500 ppb to 1000 ppb both
materials can fully recover to the initial resistance values after flushing with
synth. air. Whereas with higher concentrations of 2500 ppb to 5000 ppb the
recovery is not completed within the given time before the next concentration
step starts. Both materials react to NO: at temperatures slightly above room
temperature. A temperature dependence of the sensor signal was detected and
offers potential for further improvement. Again the findings are consistent and
the more defective material shows a higher response to the analyte implying that
the NO2 more prone to bind at defective sites and induce a conductance change

as proposed by [9].

2.4.4 Power Consumption

For later application in low energy systems it is of utmost importance to have a
device that can be operated at low power. Most of the consumed energy comes
from heating the sensor to operating temperature during the measurement.
Following Eq. 3, the power for operating the system at different temperatures can

be calculated.
P=U=xI 3

The power increases steadily from 7 mW at 30 °C to around 500 mW at 250 °C
with a slope of 2.4 mW °C! making a lower operating temperature of 50 °C

consume only 15% of the power at 200 °C.
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2.5 Conclusion and Outlook

Two differently produced Graphene Oxide materials were compared for low
power gas sensing capabilities. We were able to manufacture miniaturized gas
sensors that are able to detect NO: concentrations down to ppb levels while
operating at slightly above room temperature. The possibility to operate the
sensors at such low temperatures drastically facilitates future application in low-
energy devices. Compared to one another, the rHTGO material showed better
possibilities for sensing applications in the current state. A future challenge is to
further optimize the sensor fabrication process in order to create rLTGO sensors
with higher electrical resistance to make them viable for low power sensing. This
could be done by operating the sensor without heating. As a result, the selectivity
can suffer as well as the influence of humidity can increase. In order to counter
that, additional research towards nanoparticles and material composites is
required. They can be used as alternatives or functionalizations in miniaturized

gas sensing to enhance sensitivity, selectivity and power consumption.
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3 Electrical Impedance Spectroscopy on 8-
channel PSoC-Based Miniaturized Board
to Enable Data-Rich Environmental Sens-
ing

3.1 Abstract

A variable signal generation and data readout board for miniaturized
biochemical and chemical sensors for application in environmental monitoring,
agro-food or biomedical applications is presented. The PSoC 5LP-based board is
able to deliver DC as well as AC voltage or current of up to 62.5kHz to a
maximum of 8 different sensing fields as well as read back the resulting data and
processing it on-board. A sensible use therefore is Electrical Impedance
Spectroscopy (EIS). The data received from EIS carries a lot more information
about the sensor surface or interaction with the surroundings compared to DC
resistance measurements found in literature. Through the frequency-dependent
response of the system one receives a much more detailed description of the
sensor-analyte-interaction. This enables the use of more complex biological or
chemical sensors as well as mixed sensors arrays. The system is evaluated using
a gas sensor featuring an array of 8 sensor fields with different u-dispensed
functionalities and following algorithm-assisted data evaluation which can later

be integrated on chip level.

This chapter has been published. Fabian Aumer, Torsten Hinz. Smart Systems

Integration Conference, 2021. Publication pending July 2021.

Author contributions: FA designed the system in cooperation with Torsten Hinz.
FA built the system and validated it in cooperation with Torsten Hinz. FA is the
corresponding author.
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3.2 Introduction

With increasing pollution of surrounding in air, water and soil the need for
environmental sensing is growing. Fine particles as well as harmful chemicals
polluting air, water and soil. Extending on that, people’s awareness for their
surroundings, food and sustainability is growing as strong as never before in
history. With ecological products more and more prominent in everyday life and
the will towards a healthy life the need for environmental sensing is ever
growing. In order to fulfill this need many different approaches are available.
From devices to control air quality coupled with air purifiers and smart HVAC
systems to the supervision of meat quality in super markets and testing the water
quality in homes. Our motivation is to ensure the need for further testing devices
can be met by using our newly designed, miniaturized board targeted towards
use in predevelopment by enabling on-site testing through its small footprint and

integrated data acquisition possibilities.

While many applications in e.g. gas sensing rely on resistance change for target
analyte detection other uses like histamine sensing [1] require more complex
methods as electrical impedance spectroscopy (EIS) for their detection. In order
to increase sensor sensitivity many sensors are targeted to specific analytes and
are therefore covered in analyte-specific functionalizations [2], [3]. With as many
possibilities for sensor sensitivity increase there are also ways to increase the
sensors unspecific sensitivity or selectivity. The selectivity of the sensor is of
utmost importance to make sure the right harmful analyte is detected without
sounding a false alarm. One way to achieve that is use different
functionalizations combined in to an array on a single sensor device. This leads
to fingerprint-like responses for each analyte if the surface modifications show

different behavior towards the analytes if an array of different materials is used
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for the sensing device [4]. On top of that, the sensor response as well as the
validity of data can be enhanced by post processing of the data. Another
approach to enhance the sensor selectivity is to use EIS to simultaneously detect
analytes as well as interfering environmental factors as humidity [5]. While the
sensitivity depends mostly on the specific material and the preparation
parameters, the selectivity can be increased by a number of ways like EIS and

sensor arrays.

However, a combined approach is not shown yet. In this paper we target this
issue with our newly developed miniaturized data acquisition board based on
PSoC component. Through the combination of EIS and multivariate data analysis
we ensure the sensor selectivity. The board is validated on a gas sensor
equivalent array but can also be transferred to applications in liquid sensing or
other biomonitoring applications that require EIS on multiple sensor fields to

enhance their use.

3.3 Board Design

3.3.1 Hardware

In order to make EIS possible we used the PSoC 5 LP from Cypress as the
processing unit as its many integrated components allow for quick changes
without the need for redesign. The setup is designed for galvanostatic EIS and
positive voltage amplitude as well as DC offset voltages between 0-1 V. First, a
sine wave is generated by the 8-bit WaveDAC component on board the PSoC 5
LP device. For DC-resistance measurement Vac remains 0 V and only Voc is
applied. That sine wave is then filtered with a two stage Low-Pass-filter (blue in
Figure 3.1) with fc = 200 kHz to reduce aliasing at the ADC avoid current ripples
affecting the EIS. (Ri = R2 = 5.1 k(); C1 = C2 = 150 pF) After filtering the current is
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generated by an operation amplifier (OpAmp) in a voltage to current setup. The
sensing current can be changed by switching either one of the three high
precision (+ 0.1%) reference resistors (Rrert = 2 k2, Rre2 = 20 k(2; Rees = 200 k(2; red
in Figure 1) to ground via connection to a pin in open drain, drives low
configuration and leaving the other two floating. Therefore, a wide range of
possible sensor resistances Rsense can be accurately measured. The voltage over
Rsense (8 fields, green in Figure 1) can, if necessary, be amplified by a
programmable gain amplifier (PGA, orange in Figure 1) and is fed into a 12-bit
ADC for detection. Figure 1 shows the signal path from generation to detection.
The ADC is synced to the waveform output and is oversampling the sine wave
16 times to ensure accurate sampling following Shannon-Nyquist theorem. For
reference purposes we applied a nine-channel Multiplexer (MUX) for eight
sensor signals as well as one additional reference resistor Rs to determine phase
delay offset in the system. Each sensor field is exposed to a continuously
increasing frequency range. Most of the components, except the filter and
reference resistor could be integrated onboard the PSoC 5LP device without the
need for additional external setup. The integration of these onboard components
allows for a small footprint of the sensor board. Each sensor field is exposed to a
rising frequency range until the set number of frequencies (100 Hz — 62.5 kHz)
have occurred and were detected at the ADC. Afterwards the active sensor is
switched to the next channel in the MUX. This relatively high frequency range
(>100 Hz) was chosen in order to be able to detect changes in the sensor system
with high temporal resolution. For the detection of other processes e.g. food
sampling the frequency range can be extended to lower ranges to accommodate
for slower processes. This frequency spectrum is applied and the response

detected for each sensor element on the board in series.
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prd-ie

Figure 3.1. Schematic of board setup. Low-pass filter with fc =200 kHz (left, blue); 8 connections
for Devices under test (DUT) with equivalent test circuit of a sensor in inset a) + additional
reference resistor Rs for debugging (middle; green), 3 high precision reference resistors (red,
middle), Programmable Gain Amplifier (PGA) for signal amplification (orange, right).

The board offers a 50 pin 2 slot board to board connector to easily add
interchangeable sensor boards to it. Data acquisition and power is delivered via
USB connection on board. Data is transmitted using USB UART and multivariate
data analysis is done off-board. This step can later be integrated on-board as well.
Additionally an SHTC3 sensor was added on board to measure humidity and
temperature during the EIS measurement and allow for correction. The board is

shown in Figure 3.2.
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Figure 3.2. Physical version of the measurement board on the bottom including a 50 pin adapter
for possible sensor devices on top

3.3.2 Firmware

In order to get the Impedance spectra at reasonable speed and low computing
power we employed a simplified Discrete Fourier Transformation (DFT) targeted
to each individual frequency, the Goertzel algorithm. This algorithm is
commonly used in touch tone detection (DTMF) but can also be applied with
little tweaking to work for EIS. The method uses less processing power than a
Fast Fourier Transform (FFT) while still delivering the desired outcome. With
little precomputing the required constants can be calculated once at the start of
the program and do not have to be changed afterwards [6]. These constants are

shown in the following equations (1) through (3):
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N
k=0.5x M 1
fsample
2T
=05%x—=x*k 2
w * N *
sine = sin(w); cosine = cos(w); coef f = 2 * cos(w) 3

Here, N is the number of samples taken into calculation and the ratio of fsample :
frarget is @ constant factor of 16:1, thereby ensuring an oversampling of 16x. As the
target frequency furget as well as the sampling frequency fsample are the same ratio
for each step and sample number N (=800) not changing, the Goertzel algorithm
is perfectly suited for this application. Following the previous calculations each
sample is then processed individually and at the end the final results are
calculated. In practice this means that after 52 periods of sine generation with 16
samples per sine wave 832 samples arrive at the ADC. To ensure reliability the
first 18 samples and last 14 samples of each sine wave are discarded and 800
samples are used to calculate the real (Z’) and imaginary part (Z”) of each
frequency response as well as magnitude (/Z1) and phase angle (¢). Three
operation modes were integrated. Single acquisition of one sensor field (see
Figure 3.3), single acquisition of each sensor field as well as continuous

acquisition of each sensor field.
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Figure 3.3 High level flow chart of a frequency sweep including data output on a single sensor
field

The last one is the preferred method to ensure the highest temporal resolution of
acquired data in a sensing system. The board communicates with the master
device (PC) and opens a virtual COM-Port and waits for user input in an endless
loop. The communication with the board is implemented via terminal program
HTerm. Single char commands (1; 8 and c respectively) can be sent to the board
and the board responds with the corresponding spectra of the active sensor field.
After receiving a command, the board starts an EIS measurement and returns the

values to the PC.

3.4 Testing and Capabilities

In order to test the functionality of the developed board we examined the phase
response of a common equivalent circuit diagram used in electrochemistry, the
Randles circuit seen in Figure 3.1, inset a). Where Ri = 560 (+1%) (); R2 = 10
(#1%) kQ and Ci = 33 (+5%)nF. As well as being a common circuit in
electrochemical systems this circuit also exhibits a phase shift of about 56° in the
delimited frequency range, making it perfect for testing purposes. First, the

system was simulated in LTSpice XVII and afterwards the developed PSoC-
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board was tested and the results were compared to gain insight on the

performance. In Figure 3.4 the results of the benchmark are shown.
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Figure 3.4. Frequency dependent phase behavior of test circuit. Simulated values (stars), and
measured results (squares) for magnitude |Z| (black) and phase ¢ (red).

The board results pose the mean of 8 sensor fields tested. Firstly, there is no
noticeable deviation between sensor fields, resulting in a low standard deviation.
The median deviation for the magnitude |Z| with the board compared to the
simulation results is -6.39%, whereas for the phase ¢ the value is -5.55E-1%. The
most deviation for the phase occurs at higher frequencies, while the most
deviation in magnitude occurs at lower frequencies. Table 3.1 shows a summary

of the deviation from simulation results.
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Table 3.1. Median deviation of Magnitude |Z| and Phase ¢ of measured values compared to
simulation.

Developed Board
Median A |Z1 (%) -6.39
Mean A phase ¢ (%) -5.55E-1

3.5 Discussion and Outlook

We developed and tested a novel readout board that can perform Electrical
Impedance Spectroscopy (EIS) on up to 8 sensor fields that can be
interchangeably connected to the board via board connector. These results show
that the board can be used for EIS in the given frequency range with a median
deviation of -6.39% for impedance as well as -5.55E-1% median deviation for the
phase angle . The findings indicate a usefulness for application of the developed
board in a multitude of areas where EIS ma by relevant as e.g. environmental
monitoring, agricultural or food testing or biomedical applications as well as
water contamination testing. Furthermore the board is suitable for applications
that benefit from an array of sensors to increase their analytic performance. While
technically the lower limit for target frequencies is 2.61E-4 Hz with the current
configuration, there is no practical use due to time critical processes on the sensor
surface. The range at higher frequencies is capped at 62.5kHz due to the
maximum sampling speed of the onboard ADC of the PSoC device of 1 MHz In
terms of precision, an improvement can be made in future iterations by sampling
multiple time and applying a digital filter afterwards to improve the data. All in
all this system offers a low-cost and miniaturized testing system for EIS in many
different areas. The future potential of a combining the aforementioned array of

functionalized material as well as an EIS based readout should be targeted next.
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4 Impedimetric Sensing of NO2 with Carbon
Nanomaterials at Ambient Temperatures
and in Presence of Humidity

4.1 Abstract

Gas monitoring of hazardous volatile compounds is a highly discussed topic
especially in times of continuously evolv-ing globalization. Many gas sensors
targeting at NO:2 have been reported so far. Yet, most of them omit the influence
of humidity, investigating the sensor’s performance under laboratory conditions
in dry environment or by measuring at high temperature coming at the cost of
elevated power consumption. To address these drawbacks a recognition layer
formed by various graphene materials, derived either mechanically, or
synthesized by Hummer’s method were examined upon layer thickness and
defects on the sensitivity towards NO: sensing at room temperature. It turned
out that the more defective reduced graphene shows a higher sensitivity which
allows the determination of about 150 ppb NO: at variable relative humidity
levels from 0 — 40%. Electrochemical impedance spectroscopy was chosen as
read-out technology, as frequency dependent analysis in the range from 100 Hz
to 1 MHz results in a data set which enables the clus-tering of the data points for
NO;, relative humidity and mixtures of both by principal component analysis. It
is believed that this sensing technology together with improved electrode design
and tailored nanomaterials can help to fabricate highly sensitive gas sensors to
qualitatively and quantitatively detect individual gases within a complex

mixture at ambient conditions.
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4.2 Introduction

The progressing globalization leads to high emissions of potentially harmful
gases, i.e,, NOz, which is mainly formed as combustion by-product of fossil fuels.
Besides the traffic-based emission of NO:, the main indoor source of toxic NO: is
the combustion in stoves, heaters as well as tobacco smoke, which play a crucial
role in terms of emerging health risk factors.! An increased uptake of NO: affects
the respiratory system, which can lead to asthma and respiratory infections. The
World Health Organization (WHO) recommends a maximum intake limit for 1 h
of 100 parts per billion (ppb).2 Poor air quality is a risk to health and environment,

which makes gas monitoring inevitable.

Analytic devices based on optical spectroscopy or gas chromatography coupled
with mass spectrometry provide reliable, accurate results with a low detection
limit. Nevertheless, they suffer from bulky instrumentation, complex and cost-
intensive analysis under operation of qualified personnel. The implementation
of these devices into the everyday life of an ordinary consumer is simply
impracticable.® To prevent individuals from putting themselves into a perilous

situation caused by poor air quality, there is an urgent need for the wide
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distribution of sensor systems in the environment.* Driving forwards the idea of
Internet of Things technologies, mobile applications and automation, the need of
miniaturized, cost-efficient, easy-operable, customized devices providing low
detection limits, is more demanding than ever.® The simplicity of electrochemical
gas sensors, i.e. based on the change of the intrinsic resistance of the sensor
material upon gas exposure, lay the foundation for sensor technologies available
for individual use.®” Nevertheless, even if there is great attention in research on
this field there are still hurdles to overcome to bring such sensors to market. A
lot of studies investigate sophisticated composite materials to improve the
sensitivity, but they still suffer from cross sensitivity and high-power con-
sumption.® One major obstacle, which has to be ad-dressed is the omnipresent
influence of humidity during monitoring of air quality.® The established metal
oxide-based sensors deal with it by application of heating steps, desorbing water
molecules from the sensor surface.!®!! Yet, this does not fulfill the requirements
of low power applications. A smart way to overcome these challenges is to use
photoactivation, which was successfully demonstrated for the detection of NO:
at low power and without interference with humidity.!>!3> Nevertheless, such
sensors suffer from a complex setup and fabrication. Another possibility to
minimize the sensor-humidity-interaction is to use 2D carbon nanomaterials as
receptor layers.!*1> They provide high surface-to-volume-ratio, low charge
transfer resistance, facile synthesis and functionalization techniques.'® To design
a gas sensor based on 2D carbon nanomaterials offers a huge variation in the
choice of materials. On the one hand there is almost perfect graphene, which
consists of a single layer of sp? hybridized carbons only, not showing any band
gap and therefore characterized by the behavior of a semimetal.!” In contrast to
this, a very ill-defined carbon lattice with many defects consisting of few to

multilayer material, as it is presented by reduced graphene oxide (rGO), displays
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semiconductor behavior.®® In dependence of the material fabrication all
intermediates are available and by screening the literature it becomes obvious
that many of those materials have been used in gas sensors.?2° Still, there is a lack
of information in comparing such materials regarding the advantages of either
one type within this carbon material class in gas sensing. With this motivation
we compare two different carbon nanomaterials in chemiresistive gas sensing for
NO: at ambient temperature. Among the pool of graphite exfoliation techniques,
the chemical synthesis is the most commonly used one. Promising results
towards toxic gas analysis have been achieved so far, using reduced graphene
oxide.?2 Nevertheless, the influence of humidity still plays a crucial role. On the
one hand, it is targeted by operating the device under enhanced temperatures,
subsequent thermal treatment or UV-illumination.? On the other hand,
hydrophobic heterostructures are designed to reduce the impact of humidity.?
In this work, the effect of humidity towards NO: sensing under ambient
conditions is tackled by combining two approaches, a) choice of the proper
material and b) frequency dependent read-out of the electrical properties during

sensing.

Sensor characteristics on two of the most-suitable graphene allotropes to be
integrated as sensor layer are conducted. Graphene, exfoliated by chemical
synthesis, is compared to mechanical exfoliation upon their structural
characteristics by Raman spectroscopy as well as contact angle measurements.
From its morphology, mechanically derived graphene (meG), exfoliated by
application of shear forces in an organic solvent is attractive as sensor material as
it lacks oxygen residues and defective sites caused by oxidation procedures. With
this, the sensing interface becomes hydrophobic which is expected to block water
molecules more efficiently from absorbing to the surface. Reduced graphene

oxide (rGO), as second studies material, is characterized by oxygen containing
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groups which are beneficial in attracting the analyte gas and therefore to gain

high sensitivity.

The chosen read-out technique in this approach is electrochemical impedance
spectroscopy, as it allows to obtain information on the frequency dependent
change of the resistivity. In contrast to a simple DC resistance measurement, in
which the total signal is a sum of the signals generated by the individual gases,
it is expected to get a better discrimination between the target gas and humidity.
When graphene oxide is in contact with humid air the dielectric constant of the
carbon material decreases linearly from 3.0 to 2.4 by an increase of the relative
humidity (r.h.) from 0 to 60%.% This effect is attributed to hydroxyl groups
binding to the defects within the carbon nanomaterial.** Changes in the dielectric
properties of the material are known for their impact on the capacitive current
and therefore on the imaginary part of the resistance when the impedance vector
is analyzed in a Nyquist plot. Taking this into account, impedimetric gas sensing
is expected to distinguish between NO: and humidity effects on the sensor signal

already at room temperature.

4.3 Experimental Section

Reduced graphene oxide was prepared by a modified Hummer’s method? with
a subsequent reduction step based on hydrazine. China flake graphite (1 g) from
K. W. Thielmann & Cie KG and NaNO: (0.75 g, 8.9 mmol) were mixed in conc.
sulfuric acid (75 mL). The dispersion was stirred for 30 min, cooled in an ice bath
and KMnOx (4.5 g, 28 mmol) was added. The mixture was sonicated for 4 h and
afterwards stirred for 3 d at ambient conditions. After addition of H2SOs (5%
(w/v), 75 mL), the mixture was refluxed for 2 h at 115 °C. Excess KMnOs was
precipitated by addition of H.02 (30% (w/v), 15mL). The suspension was

centrifuged at 2,650 rcf and the supernatant was removed. The graphene oxide
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was four times washed with H250s (3% (w/v)) containing H202 (0.5%, (w/v)),
two-times with HCl (3% (w/v)) and three times with H20 followed by dialysis
(pore size: 12 — 14 kDa) for 12 days. The graphene oxide dispersion (7 mL, Bco =
0.5mg mL') was mixed with NHs (32% (w/v), 31 uL) and hydrazine
monohydrate (98% (w/v), 5 uL). The mixture was refluxed for 1.5 h. The product

was purified by three washing steps with HzO.

Mechanically exfoliated graphene was prepared by shear exfoliation technique.
A dispersion of 60 mg mL? China flake graphite in N-Methyl-2-pyrrolidone
(NMP) (Honeywell) was exfoliated via ULTRA-TURRAX T25-S25N-18 G (IKA-
Werke GmbH & Co KG) at 6,000 rpm for 1 h. The dispersion settled over night
and was centrifuged at 500 rcf for 90 min. The supernatant was discarded, and
the sediment resuspended in NMP. A second exfoliation step is performed at
6,000 rpm for 1 h. A centrifugation step at a speed of 1,000 rcf removed residual
unexfoliated graphitic material. The meG dispersion (3 = 0.126 mg mL) was

obtained after centrifugation at 9,000 rcf.

The sensor element consists of an array of eight inter-digitated gold electrodes
on top of a silicon nitride wafer piece (Figure 4.51). Before dispensing, the
dispersions of the carbon nanomaterials (0.1 mg mL?) were sonicated for 5 min.
The dispersions were drop-casted (6 nL for meG and 8 nL for rGO) on a single
interdigitated electrode with a semi-automated VIEWEG F7000NV dispensing
tool in combination with a micro dispensing valve VERMES MDV 3200+ while
heating the sensor surface to 40 °C to ensure faster evaporation of the solvent. To
vary the thickness of the carbon nanomaterial layer on top of the electrodes the
dispensing was repeated. Finally, the sensor element was glued and bonded on

a printed circuit board for further evaluation.
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Figure 4.S1. Optical microscope image of the sensor element. It consists of eight interdigitated
electrodes of 400 nm thick gold on top of 50 nm SisN4. The length of the fingers is 500 um and the
width is 6 pm with 6 pm spacing in between. On the upper row rGO was dispensed on the lower
row meG. The numbers indicate the number of dispensing steps. Due to different wettability, and
smaller average flake size, meG cannot be visualized at this magnification. For rGO the larger
flakes accumulate to a so-called coffee ring.

A DXR Raman microscope from Thermo Scientific was used for characterization
of the carbon nanomaterials deposited on the sensor element. Raman spectra
were recorded upon excitation at 532 nm at a power of 8 mW with a 50 um slit at
a 20-times magnification with an MPlan N objective (Olympus SE & Co. KG). The

acquisition time is 0.8 s and spectra are averaged over 13 measurements.

Contact angle measurements via sessile drop technique with 0.2 uL H20O were
conducted on graphene-modified surfaces using a DataPhysics OCA 15EC
(DataPhysics Instruments GmbH, Filderstadt, Germany). All contact angles

given reflect the average value of three independent measurements.
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Electrical impedance spectroscopy (EIS) at 51 frequencies ranging from 100 Hz
up to 1 MHz was performed on a single interdigitated electrode applying an
Agilent 4284A Precision LCR Meter coupled with a Hewlett Packard E5250 low
leakage switch mainframe in order to record the data of individual sensors on
the sensing element. The voltage amplitude Vac was set to 50 mV at a bias voltage
Vocof +200 mV. When data points are presented together with error-bars, these
values are the average of three measurements. The error bars are the standard

deviations in these measurements.

For the DC resistance measurement, we used the same switch mainframe in
combination with a digital multimeter (Hewlett Packard 3458A) to record each

Sensors response.

Gases were introduced to the measurement chamber by three mass flow
controllers (Figure 4.52). The first two supply dry and humid synthetic air
respectively from in-house purified air, while the third one is used for the NO:
gas, which is supplied from a pressurized bottle of 10 ppm NO:2 in synthetic air
from Linde AG. The measurement cell consists of a custom-made 3D-printed
flow cell with gas in- and outlet. Before the gases enter the flow cell, they are
mixed in a passive mixer. Pneumatic valves ensure no reflow back in the gas
pipes. Next to the sample outlet, a relative humidity sensor (Sensirion SHTx2) is

installed in series to validate the relative humidity level in the chamber.
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Figure 4.52. The measurement setup consists of three mass flow controllers (MFC). The first two
supply dry and humid synthetic air respectively, while the third one is used for the analyte gas.
On the right-hand side is a custom-made 3D-printed flow cell with gas in- and outlet that can be
plugged onto gas tubes. Before the gases enter the flow cell, they are mixed in a passive mixer.
Pneumatic valves ensure no reflow back in the gas pipes. The sensor device was screwed on the
chamber and sealed shut with silicon foil between the printed circuit board and the connection
to the chamber. Behind the sample outlet, a relative humidity sensor is installed in series to
validate the relative humidity level applied to the sensor element

4.4 Results and Discussion

The two graphene samples, rGO and meG, have been synthesized by a modified
Hummers method and by mechanical shear exfoliation. After purification, a
dispersion of rGO in water and meG in NMP with identical mass concentration
of 0.1 mg mL"! was used to apply the materials under identical conditions onto
solid supports. Solvents have been evaporated at ambient temperature under
vacuum before characterization. Raman spectroscopy allows to evaluate the
structural details of the different graphene materials upon the number of intrinsic
defects. Figure 4.1a shows the Raman spectra for tGO and meG. The D-band,
located at around 1,350 cm!, the G-band at around 1,580 cm?, and the 2D-band
at 2,700 cm™ are the characteristic vibrations to be found. As no band of the

solvent NMP (Figure 4.53) was found, its removal was successfully proven.
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Figure 4.S3. Raman spectrum of N-methyl-2-pyrrolidone.
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Figure 4.1. a) Raman spectra (n=20) of meG (blue), and rGO (orange) deposited by single
dispensing step on interdigitated electrodes (a). Images of surface wettability by water for meG
(b) and rGO (c) deposited on a piece of a silicon wafer.

Furthermore, the intensity of the 2D band indicates the exfoliation efficiency of
each preparation technique. The increase of 2D/G-peak ratio of meG compared
to rGO indicates that the reduction of graphene oxide yielded a multilayered
graphene compound ((Lzo/Ic)co = 0.08 + 0.015), whereas mechanical exfoliation
results in carbon flakes with few layers of graphene stacked together (I2p/Ic)mec =

0.31 = 0.07). The structural defect distribution within the carbon lattice is
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correlated to the intensity of the D/G-peak ratio, as the D-band is activated in
presence of edges, defects or structural disorder within the sp2-hybridized carbon
lattice.?® The low ratio of (In/Ic)mec = 0.69 + 0.20 is attributed to the mechanical
exfoliation, which does not introduce functional groups by additional exfoliation
agents. In contrast, exfoliation techniques, which rely on oxidation steps during
the processing introduce oxygen defects within the sp>-hybridized carbon lattice
giving rise to the D-band in the Raman spectra. Reduced graphene oxide
resulting in (In/Ic):co = 1.10 + 0.01. This is in accordance with literature findings
and implies that the nanoflakes are decorated by oxygen residues mainly located

at the flakes” edges as well as defects, such as vacancies.”

Investigations on the hydrophobicity of the materials were performed by contact
angle measurements via sessile drop technique with H-O (Figure 4.1B). Reduced
graphene oxide shows hydrophilic character as it displays the lowest contact
angle of (64 + 3)°, which is attributed to the oxygen moieties and structural
defects, still remaining after the reduction process. Mechanically exfoliated
graphene with an increased contact angle of (109 = 11)° is of hydrophobic
character. The water-repelling behavior of this carbon material forms a good

starting position in terms of humidity-insensitive gas monitoring.
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Figure 4.2. Impedance spectra of rGO (a, c) and meG (b, d) on inter-digitated electrodes in
presence of different concentrations of NOz. In (e) AZ (= Z — Z) is taken from (c and d) at 10 kHz
while Zo is the impedance in dry synthetic air at the same frequency.
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When applying both carbon materials in the same mass concentration on
interdigitated electrodes, they clearly differ in their impedance spectra. From the
Nyquist plots (Figure 4.2a, b) a full semi-circle is found at bias voltage of +200 mV
and an amplitude of 50 mV in the frequency range from 100 Hz to 1 MHz for
rGO. In synthetic air the impedance of rGO can be fitted by a Randles equivalent
circuit of a resistance (~32 kQ)) and a capacitance (~13 nF) in parallel with a
resistance (~151 Q) in series. The characteristics are affected in their magnitude
by applying the test gas NO:. The situation is different for the case for meG. Here
the Nyquist plot is described by a linear increase towards lower frequencies
which is typical for diffusion dominated processes. One can assume that NO: is
mainly detected by an association of the molecule to any of the defects or
functional groups present in rGO. Due to the absence of these groups in meG the
change in the impedance is mainly caused by diffusion of the gas molecules in
between the individual graphene sheets. The Bode plots (Figure 4.2c, d) show
that the magnitude of the impedance change in the low frequency range is
significantly higher for rGO when comparing to meG. For both materials at
frequencies higher than 0.1 MHz almost no change in the impedance in presence
of NO: is detectable and at frequencies lower than 1 kHz, for meG the signal
changes became not reproducible any longer as it can be seen from the huge
error-bars. This might also be a consequence of the diffusion of the analyte in
between the graphene layers. Detailed investigations are needed to clarify these
findings, which are out of the scope of this study. In terms of sensing, one can
conclude that rGO results in a relative impedance change of about 5.4% at a
frequency of 10 kHz in presence of 400 ppb NO:, which is 6.8-times higher than

the sensitivity for meG.

To verify the influence of the thickness of the carbon layers on the interdigitated

electrodes it was tried to deposit as low amount of material as possible. After op-

66



Chapter 4: Impedimetric Sensing of NO2 with Carbon Nanomaterials at Ambient
Temperatures and in Presence of Humidity

timization of the dispensing protocol approx. 7 nL (0.1 mg ml?) of the carbon
material resulted in a complete layer, verified by line scans recorded by the
Raman microscope. Upon repeating the dispensing for a second and a third time
different layer thicknesses have been realized. In Figure 4.3 the impedance
spectra of GO and meG in the presence of 400 ppb NO: are depicted. The
difference in the absolute change in the impedance at 10 kHz for both materials
might be attributed to lower number of binding sites for the analyte in the less
defective material. In both cases it is obvious that thinner layer result in higher
signal changes. This clearly indicates that an emphasis needs to be put in sensor
devel-opment to further reduce the layer thickness and to optimize the
homogeneous deposition of rGO to further improve the sensitivity. Instrumental

limitation hin-dered a further decrease of the amount of deposited carbon
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Figure 4.3. Impedance spectra of meG (a) and rGO (b) on interdigitated electrodes in presence of
400 ppb of NO2. The numbers indicate the dispensing steps to apply thicker layers of the carbon
material.

The advantage to use 2D carbon materials in gas sensing is ascribed to the fact
that no heating of the sensor element is needed to obtain signal changes with ex-
tremely high sensitivity. Even a concentration of 100 ppb NO: is easy to

determine by rGO modified interdigitated electrodes. For smaller concentrations
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the error in the gas mixing is getting too high to determine a limit of detection for
this sensor. For an application in a miniaturized device humidity is known to
seriously affect the most commonly used resistive-based signal read out. This
leads to complex settings where the sensing element is placed below some
materials adsorbing all the humidity. This is accompanied to slow diffusion of
the analyte gas to the sensing element and long response times are the
consequences. This is the reason why we used an impedimetric approach. The
impedance of the sensor is also affected by humidity as one can see in Figure 4.4.
Again, the performance to meG with only low number of defects shows slightly
lower signal changes towards an increase in humidity as for rGO as sensing

material.
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Figure 4.4. Impedance spectra of rGO (a, c) and meG (b, d) on interdigitated electrodes in in dry
air and in presence of 40% relative humidity. In (e) AZ (= Z - Zo) is taken from (c and d) at 10 kHz
while Zo is the impedance in dry synthetic air at the same frequency.
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In general, the impedance obtained at 10 kHz showed a much smaller impact of
the humidity (Figure 4.4e) in respect to the presence of NO: (Figure 4.2e). For
rGO the maximal increase in signal is about 8 times smaller in presence of 40%
humidity in respect to the relative sig-nal decrease caused by 1000 ppb NO.. The
total signal change obtained for rGO covered electrodes is about 8% for
impedimetric (AC) measurements and about 7% for resistive (DC)
measurements. The benefit of AC measurements is clearly seen when humidity
comes into play. Here the maximum signal change generated by NO: is only
affected by about 1% by humidity whereas about 3.5% variation in the signal can

be expected for the same scenario in DC measurements (Figure 4.54).
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Figure 4.54. Relative signal response of rGO towards NO: (red) and relative humidity (blue).
AR (= R — Ro) was measured at a constant electrode potential of 200 mV. Ro is the resistance in dry
synthetic air at this potential.
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This means that fluctuations in humidity by 40% will not allow to reliable detect
NO: levels lower 400 ppb in DC measurements, but the same electrode in the
same setup enables by switching to AC measurements the detection of levels
down to about 150 ppb NO: by taking data ob-tained only at one frequency are
considered. In AC measurements the recording of a full impedance spectrum,
here for 51 frequencies within 2.5 minutes with a miniaturized homebuilt circuit
board which additionally can operate eight individual sensors offers the
potential of retrieving many datapoints compared to resistivity measurements
performed upon a DC potential applied to the electrode.?® In DC technique there
is only one resistance for measurement point. Not only the total impedance is
recorded in AC measurements, but together with the phase angle, a real part and
an imaginary part of the impedance can be assigned for every measured
frequency by vector analysis. Therefore, this technique enables the
discrimination of gases which show different interactions with the sensing
material, as the imaginary part of the impedance is affected by changes in the
dielectric constant of the sensing material, whereas the real part of the impedance
is not. To demonstrate this, a multivariate data analysis was applied to the data
set recorded by AC technique at 51 different frequencies for changes in NO:
concentration, the humidity and both parameters simultaneously. By principal
component analysis, after normalization of the data set to a standard deviation

of 1 and a mean value of 0, clustering was obtained (Figure 4.5).
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Figure 4.5. Principal component analysis of a data set obtained by impedimetric measurement of
51 frequencies ranging from 100 Hz to 1 MHz for rGO covered electrodes in presence of different
concentrations of NO», different humidity levels and the simultaneous change of both
parameters.

The rGO modified electrodes showed a fully reversible responds toward changes
in NO2 concentration as well as for humidity changes and within 6 months of
storing at ambient conditions the sensor still is fully operational. Both parameters
need to be further investigated in detail with an optimized sensor design.
Especially the recovery rate of about 15 min which was observed when synthetic
air was applied again after the signal was stabilized in presence of 400 ppb NO:
is not acceptable for high precision online monitoring. Nevertheless, a slight
increase in sensor temperature or a short heating pulse might overcome this
drawback. It is also expected that a smaller gap and variations in size of the

interdigitated electrodes together with an improved deposition of rGO on the
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electrode will lead to faster response and recovery times and to better sensitivity.
It is also suggested to control the defects of the carbon material for improving the
sensitivity as well as to use an array of 2D carbon materials with different
amounts of defects. This could lead to sensors identifying more than one gas

qualitatively as well as quantitatively by pattern analysis.

4.5 Conclusion

In conclusion we demonstrate that it is possible by the use of 2D carbon materials
to build a sensor for NO2 with high sensitivity down to the 100-ppb range which
can be operated at room temperature and therefore consumes low power. The
2D carbon sensing material needs to have defects within the carbon lattice to
improve the sensitivity and the layer thickness should be as thin as possible to
obtain the best results. Using AC impedimet-ric readout technique gains benefits
compared to DC resistive measurements by enabling readout at certain
measurement frequencies. Hereby it is possible, together with proper design of
the sensing material to address different binding mechanism of different analytes
at the same time, e.g., if one type of analyte affects the specific conductivity of the
material whereas another analyte causes changes of the dielectric constant of the
material due to the interaction or reaction at the surface. By introducing this
concept, we hope to stimulate research in this direction also for other material
and analyte combi-nations towards fast electrical sensing applications con-

ducted at ambient conditions.
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5 Conclusion and Future Perspectives

The awareness of air pollution in the present day is increasing and its effect on
human health is becoming clearer. More than 7 million casualties worldwide are
attributed to the result of poor air quality each year according to the World
Health Organization (WHO) (1). As the current monitoring methods are costly,
bulky, and centralized they pose the bottleneck towards higher spatial coverage.
In 2021, there are only 265 testing stations (2) for air quality in Germany, meaning
that each station theoretically covers approximately 1,350 km?2. An area this large
is not fit to tell the individual what the current level of pollution at their location
is. The end user wants to know the current pollution level and is able to partially
achieve his goal through measurement devices as shown in Figure 5.1 with the
current infrastructure. The goal is to increase the mesh density of the air quality
measurement by providing miniaturized, low-cost, highly sensitive and selective
sensor devices for a wide range of pollutant gases in a high volume and still be
sustainable. This will inevitably lead to further information and quality of life in

various areas on the end user’s side.

N
N
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Environment Measurement End user

»

Figure 5.1. Schematic visualization of chain of information from the environment to the end user.
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While the outdoor pollution poses a big threat with an attributed 4.2 million
deaths annually there is also a not negligible pollution factor from indoor air with
3.8 million deaths per year (1). People in higher developed countries tend to
spend 90% of their time in closed rooms. The main sources of pollution for indoor
air are open cooking, smoking, outgassing of furniture and mold. Among the
most common pollutants are CO, COz, NHs, NO2, SOz, various volatile organic

compounds as well as particulate matter and allergens.

The sampling of the environment can be classified in different areas. These are
active, passive, intermittent and continuous sampling. Each excelling at their

own application scenario.

Passive sampling means the passive accumulation of analytes such as gases,
pathogens or allergens in testing devices or tubes through passive physical
processes such as diffusion or permeation through membranes. This can be done
cheaply and allows for widespread application. Collecting the accumulated
analytes is simple and effective to monitor long-term changes in the measured
system. The downside to this is that the analysis needs to happen off-site in a
laboratory and thus reduces the time from pollution events to their discovery and
possible countermeasures. Also, quick spikes in pollution cannot be seen with
this method as only the average over the sampling period is detected. Another
application of this is colorimetric dosimeters that change their color when they
encounter a certain amount of analyte. They are simple to use and give clear and
instant results but can only be used once before they need to be replaced. The
preferred use for this in areas where the pollution levels are uncertain and the
exposure to possibly lethal gases needs to be monitored closely without the need
for active sampling or electricity. They are, however, limited in their use for
continuous measurement by their common one-time use. Active sampling on the

other hand describes the process that is prevalent in current measurement
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stations across the globe. The concentration of pollutants is measured, and the
results can be evaluated on-site leading to a high spatial resolution at the current
site. This is limited by the amount of monitoring stations and expensive as the
testing stations are large and complex. Furthermore, the devices need to be
maintained and operated by experts further increasing their cost. Cyclic
monitoring describes the process of taking samples at a given interval such as
once per hour or once per day. This allows for lower power consumption of the
measurement devices as the power only needs to be switched on periodically.
The lower power consumption makes this a great way to include sensing devices
in mobile applications. Analysis can be done on-site as well and allows for quick
results and counteractions towards occurring events. The downside to this
method is, that if a pollution event occurs too early or too late after the
measurement the event will not be detected. The solution to this is continuous
monitoring where the environment is permanently monitored. This allows for
real time data if a pollution even were to occur with high temporal solution and
spatial resolution near the device. On the other hand, continuous uptime of the
measurement device comes with a reduced lifetime and a large amount of data
that needs to be handled. Many data points can certainly be helpful in times when
the pollution changes rapidly in other to find the source but are useless and
cumbersome in times where the pollution level is stagnant. An environmental
sensor on its own does not contribute to enhance air quality. However, the sensor
can provide detailed information about the current air quality and can prompt
an action following the results and inform the user of a possible drop in air
quality. These actions can be an action taken by the user consciously such as
opening a window or an automated action as turning on an air purifier or the
Heating, Ventilation and Air Conditioning (HVAC) system in the building.

Possible applications are summarized in Table 5.1 below.
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Table 5.1. Summary of application scenarios for miniaturized gas sensors.

Application Description Example Sampling
Indicate harmful pollutants quickly and allow Colorimetric dosimeter can be attached to
Dosimeter p N Y clothing and changes color to alarm the user of passive

user to leave harmful environment - L
a perilous situation

Using sensor to detect rising pollution level [ CO2/ VOC monitoring through smart devices in

Action Warning active cyclic/ continuous

and infroms the user to take action schools, homes, offices
Power Reduction Use devices to turn on / off ventilation I\{Ionltor_ pollution level an tum on HVAC sy§tem active continuous
if required or turn off when no longer required

Small devices at pedestrian crossings Cyclic or on-demand measurement of air

Air Quality Tags deliver the air quality to the user after quality to inform passing users of air quality active cyclic
prompt level and gives instructions
Long-term health Long-term measurements of pollutants/
9 Monitor users health allergens at home/ site in order to be able to |active continuous/ cyclic

monitoring :
correlate or prevent disease

Sensor grid around busy intersections or
Identify Pollution Sources |Use sensor grid to identify pollution sources | factories and find areas of high pollutionin | active continuous/ cyclic
correlation with weather conditions
Equip new cars, planes, ships and retrofit old
ones with air quality monitoring devices in active continuous

order to map the global air pollution

Equip vehicles/ Deploy sensors on cars, planes, ships and
transportation increase global pollution monitoring

Another possibility is to tell the user to avoid certain routes on their daily
commute on bike or during sport activities when the body is most sensitive to
pollution. One can think of an automated notification in meeting rooms where
an air pollution management can be included to detect CO: level and warn
meeting participants of a rising CO: concentration that could hinder their
productivity and decision-making capabilities. Miniaturized devices can be
integrated into smart home devices such as speakers that are already deployed
in many homes and tend to grow further in the future. This solution can also be
applied to class and lecture rooms in schools and universities or office buildings.
The application of smart sensor devices in buildings can also help to bring more
sustainability. The system can detect the occupant’s presence in the form of a
rising CO:level. Afterwards, the HVAC system can be turned on in the respective
rooms while staying on standby in the other parts of the building. This can
therefore reduce the overall energy consumption of the building by reducing
useless air exchange. Furthermore, this also increases longevity of the system as
its uptime is reduced. Another possibility are passive air quality tags around
intersections in lamp posts or traffic lights. The system measures the air quality
at certain intervals and if a user comes in close range with his mobile phone the

data can be transferred to the user forwarding the relevant information.
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Following up on that idea the sensors could also continuously monitor the air
quality and if there is a relevant drop give that information to either pedestrians
or another service provider such as Google that can use that information in their
navigation tool maps to provide alternative routes for pedestrians, bikers, and
drivers. With the wide spread of sensing technology one can use the collected
data to study health effects that long-term pollution levels can have on people
living in high pollution areas. Sicknesses and their probability to arise in certain
residential areas can be monitored and their origin can be detected, and further
sickness development can be negated. If a person lives in an area near a factory
the pollution can be closely monitored over a long time to evaluate the long-term
pollution and possible effects on people. Also, special care can be taken of
persons that suffer from respiratory problems. Through small monitoring
devices in a smartphone the level of pollution the person is exposed to can be
tracked permanently and correlation to symptoms can be made. Another big
aspect is the employment of environmental sensors on newly built vehicles,
ships, and planes as well as retrofitting existing ones. As climate change plays a
big role in today’s world miniaturized devices can also play their part and deliver
meaningful values towards current gas concentrations and temperature in the
atmosphere as well as in bodies of water. On January 1%, 2021 there were 66.9
million vehicles registered in Germany (3). In a similar manner there are
approximately 13,000 aircrafts in the air around the world (4) and approximately
56,000 commercial merchant ships around the oceans as of January 1<, 2020 (5).
Now, if each of these were equipped with a small device to track certain
environmentally critical parameter intermittently or permanently such as the
temperature of the air or water as well as gas concentrations of harmful gases this
would provide the world with many additional, more localized, spots for

tracking the pollution level on a bigger scale. Filling the grid with many more
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devices would allow for better transparency in-between existing stations as well
as allowing for more in-depth analysis of atmospheric pollution for climate
researchers and open the possibilities for further discoveries and understanding

of the underlying processes.

Recently the pollution disparity has been coming more to light in the United
States. Studies show that there is a difference in where different ethnicities in
cities tend to reside that can also be linked to differing pollution levels with even
more influence in race-ethnicity than in income. Even though pollution in general
decreased from 2000 to 2010, people of color tend to live up to 2.5 times more
likely in areas with higher NO: pollution than recommended by the WHO
compared to whites (6). Not only NO: pollution but also fine particles with a
diameter of 2.5 um and below, which are a main cause of excess mortality in the
US linked to pollution (7) are spread unequally (8). This increased exposure can
lead to pediatric asthma stemming from increased NO: exposure (9), pneumonia-
related deaths in adults (10) and increased mortality overall (11). There are studies
towards multipollutant approaches instead of single pollutants (12). However
they all show, that polluted air is dangerous for humans and that effect is only
increased in cities where the pollution is generally higher compared to rural areas
(13). Whereas most studies up until now are focused on health risks as a result of
pollution on a city or state scale more recent studies claim that the pollution and
therefore health inequality is differing in cities as well down to neighborhood
level revealing large and inequal distribution of air quality (14). The suggested
increased grid density enhances the possibility to detect pollution sources and
pollution heat maps. Whereas of now many areas are not covered my constant
measurement, the future could hold more measurement devices around possible
high pollution areas as factories, busy streets, airports, and harbors. This in turn

would empower the people to undermine their knowledge of polluted air in their
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area of residence with facts to prove it and allow them to introduce policies to
decrease pollution by prohibiting factories, shipping routes, and highways to
pass close to their homes. Therefore, the more high-resolution data available for
the public, the better the air quality in urban areas becomes and less people are
endangered from avoidable risks. This increase in more localized, sub-city
determination of air pollutants would benefit people living in generally more

polluted parts of cities the most due to the fact of inequal air quality in cities (15).

Many technologies for active gas detection are currently on the market and each
has their own advantages and disadvantages based on their inherent sensing
principle. There is a summary of selected technologies that are currently in use

below in Table 5.2.

Table 5.2. Comparison of different sensing technology for gas detection.

Technology Metal Oxide Sensors Nanomaterials Non-dispersive Infrared Pellistor Gas Chromatography
below ppm sensitivity ultra high sensitivity ppm range sensitivity high analyte highly sensitive
many target gases many analytes possible good selectivity concentrations possible
low cost low-cost stable long term
Advantages .
fast response fast response no poisoning

simple fabrication
low energy

poor selectivity poor selectivity high power consumption low selectivity very large size

high energy consumption | not ready for big scale | possible overlap of analytes low sensititivity very high cost

Disadvantages cross sensitivity drift behaviour sophisticated fabrication | high power consumption very complex
drift behaviour expensive

large

Pellistor devices exploit either the heat loss in presence of analyte gas (Thermal
conductivity type) or the change of resistance that is induced by burning the
analyte gas on their catalytic surface (catalytic type). Therefore, catalytic type can
only be used to detect flammable gases (16). This principle allows for the
detection of a wide range of flammable gases, therefore inherently bearing the
risk of cross influences from non-target analytes in the environment. They also
require elevated surface temperatures and therefore bear a risk of explosion in
use (17). Their use is mostly limited to areas where high concentrations (percent
range) of flammable gases need to be detected. Gas chromatography is the

principle of selectively separating gaseous components in the sample along a
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mobile phase in the device according to their properties. In this list gas
chromatography is the principle that can achieve the highest selectivity as well
as the highest sensitivity, however coming with the downside of the highest
price, size and complexity. Hence, making them useless for their widespread
application (18). The sensing principle of non-dispersive infrared sensors (NDIR)
is based on the absorption of light of a given wavelength or spectrum in
interaction with the target analyte molecule. A typical device incorporates
multiple parts. Firstly, either a broadband light source in combination with an
optical filter to select the correct wavelength or a narrow bandwidth emitter such
as a light emitting diode or a laser diode. Secondly a tube where the analyte
passes through and lastly a detector to capture the absorbed light. Many devices
incorporate a reference channel without analyte gas to enable differential

measurement (19,20).
I =1, *es*cd

Following the Lambert-Beer law with Io and I being the light intensity at input
and output, ¢ as the wavelength dependent absorption coefficient of the analyte,
concentration of analyte ¢ and d the optical way length the light passes through.
With the absorbance data of selected analytes over a part of the mid IR range in
Figure 5.2 it becomes obvious that each gas absorbs infrared radiation at another
wavelength. This technology is therefore a fitting tool to separately detect a
certain gas species without the interference of another gas species at certain
wavelengths but also brings out the disadvantage of this technology. For each
analyte a separate detector at the given wavelength is required to receive a signal
response. While there is work towards Micro-Electro-Mechanical Systems
(MEMS) based miniaturized sensors (21) a main problem is the miniaturization
of the optical wavelength the analyte passes through in truly miniaturized

devices (22). This increases complexity, size and thus the cost of the IR based
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sensor devices rendering them unfit for truly miniaturized systems right now
while still maintaining their benefit for sensitive detection of single molecules at

a bigger scale.
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Figure 5.2. Wavelength dependent absorbance in the mid infrared regime for selected
environmental pollutants. Taken from (20).

The detection principle of metal oxide (MOX) sensors is based on the resistance
change of an active material on the sensor surface following an analyte
interaction. After an increase in the sensor surface temperature to 150-400 °C
oxygen atoms from the surrounding air interact with the active material such as
SnO: and form ions which can in turn react with the analyte gas. Through
electron interactions in the device and on the surface with the analyte an
equilibrium is formed depending on the analyte gas concentration. Reducing
gases such as H: increase the resistance in an n-type MOX sensor while oxidizing
gases such as NO2 reduce the resistance and vice versa for p-type sensors. The
sensing properties of MOX sensors depend on the active material as well as the
readout techniques. Common techniques are the measurement of the change in
DC resistance in presence of gas as the most common method (23), Hall-effect
measurements in combination with resistance measurements granting additional

insight towards the charge carrier concentration and sign of the majority charge
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carriers (24) or electrical impedance measurements to investigate the surface
charge layer and electrode-metal oxide contacts (14, 15). MOX sensors are
commonly applied in car exhausts and also indoor applications as the technology
is mature already with the most commonly known example of the Figaro Gas-
Sensor TGS-813 that is used for detection of combustible gases since many
decades (16). MOX sensors are relatively simple to fabricate, can target many
gases and exhibit a quick response time of seconds, however, they require a lot
of energy to properly elevate the sensor temperature to achieve selectivity as well
as sensitivity in the sub-ppm range. Meanwhile investigations towards
irradiation with a fitting light source (27) are ongoing and deliver promising

results that could pave the way for low-power MOX sensors.

All of the aforementioned sensing technologies are already established and offer
little room for innovation whereas the potential of nanomaterials is not yet at its
limit due to their more recent discovery with the most renowned representative,
graphene, discovered in 2004 by Novoselov and Geim (28). Nanomaterial based
sensors also have their own benefits and downsides. They consist of materials
with at least one dimension on the nanoscale and the other dimensions possibly
exceeding that scale. They offer unique properties not found in bulk material
such as ultrahigh electron mobility (29) and high reactivity (30). Due to their
properties they can be applied in numerous scenarios from drug delivery (31) to
surface plasmon resonance (32) and chemiresistive gas sensing (33) as well as
many more. Nanomaterials can be produced either bottom-up, where the
nanomaterials are grown from the educts as well as top-down, where the
nanomaterial is derived from a larger scale material down to nanoscale. During
these processes the nanomaterials properties can be tuned to fit certain
application scenarios by changing parameters in the process. They can be

functionalized through a combination with other nanomaterials into compounds
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to increase sensitivity or response time or to achieve higher selectivity (34) by
addition of functional groups which react with specific analytes (35). Here, the
reaction needs to be reversible to receive a proper sensing device. These sensors
furthermore provide ultrahigh sensitivity down to ppb-level at low energy
consumption with a fast response (seconds) and can be fabricated easily and at
low-cost. However, they come with the downside that they can, also exhibit low
selectivity, just as MOX sensors, and often come with a drift in the sensing signal
over a long period of time. With the ever-growing research towards algorithms
and artificial intelligence this will also become a much more prevalent method to
strengthen the field of nanomaterial-based sensors. As visualized in Figure 5.3 a
measurement device, in this case a nanomaterial-based gas sensor has several
crucial points that need to be validated to make use of them on a big scale. The
fitting material must be selected to achieve longevity, sensitivity, selectivity, and
response time. On the method side one can choose from simple DC
measurements with the lowest effort up to more sophisticated methods such as
using alternating current or Hall-effect measurements to further increase the
sensors performance as already known from MOX sensors. Another crucial
aspect is the proper analysis of the resulting data to receive meaningful
information about the analyte in question. This can enhance the sensors
performance even further through the application of artificial intelligence and
algorithm based data processing (36). Afterwards the data needs to be transferred
to a format that can be understood by the end user such as different colors
indicating different levels of threat to the users’ health. Combining this effort
with a proper choice of material as well as fitting data processing methods such
as principal component analysis can lead the way to enable nanomaterials on
their way towards wider application and help increase the mesh density of the

current environmental measurement grid.

87



Chapter 5: Conclusion and Future Perspectives

Material Data Visualization

unhealthy for

. sensitive dangerous
v ety & o
b & very

moderate unhealthy
. ‘ ‘ good unhealthy
Method .

: /\ Data Analysis
=0 15
> Time VO
b= 1 o
o 05 *
Alternating Current £ . sl
=1
£
o .
3 S 05
g § s o
€0 N
%‘3 Time g .
=54
. 5 0 3 10 15
Direct Current Principal Component 1

Figure 5.3. Schematic shows the approach to achieve useful data on the example of a
chemiresistive gas sensor.

The energy efficiency of sensor devices surely is a point which takes priority in
the list of things to be enhanced furthermore in easily deployable sensor devices.
However, this could be not as crucial as thought of before. While the sensor
devices still need to have a low-power consumption, the difference between
ultra-low and low enough might not be as staggering. The material which would
lead to lower power, being the cleanest and defect free material, might bear other
problems. As discussed previously in this work in chapter 3 the graphene flakes
consisting of a generally higher average size interact differently with the analyte
compared to the graphene flakes of an inherently lower average area. From a
theoretical point of view a large and sp>*hybridized carbon lattice might be
considered the optimum graphene sheet due to the long free path the electrons
in the material can travel upon. Whereas more defects lead to a lower free path
length, decreasing its conductance tremendously. However, in real life sensing

applications the material with less defects shows remarkably less sensitivity
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towards the analyte where the signal is lost in the noise from the electronics
around it. However, the more defective material shows a higher signal response
to identical analyte concentration leading us to the conclusion that there seems
to be a sweet spot of defects in the material that creates the best signal response.
Considering miniaturization of sensing devices nanomaterials are a valid choice
as the go-to active material because they are inherently miniaturized and
therefore strive in this part. Therefore, it is important to also have miniaturized
electronics such as developing suitable hardware as described in Chapter 4 which
allow the application of truly miniaturized devices. However, the selectivity of
the materials towards the analytes is still an issue and other gases present in the
sample may introduce perturbing cross influences on the signal response as is
also the case with other sensing technologies. Through the introduction of
advanced sensor stimulus such as electrical impedance spectroscopy as shown in
Chapter 5 the cross influence towards humidity and possibly other gases can be
reduced. Through the combination with additional signal processing including
principal component analysis this can be achieved. As a PCA is only one of the
simplest techniques in dimensionality reduction there is certainly a lot more
research towards that area in the future. The possibility to apply even more
advanced strategies such as non-linear processing techniques can certainly help
shape the future of miniaturized sensor devices that can be on par with their huge
currently existing counterparts. Additionally, another possible way to reduce the
cross-influence of non-target analytes on the final signal response is the
implementation of multiple sensor fields into a sensor array containing different
materials, functionalization, or even composite materials. By allowing each
material to be tailored towards a certain analyte or cross-influencing gas the
selectivity of the sensing device might be drastically increased. In theory a

portable gas sensor device could incorporate multiple sensor fields in an array
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that allows for the selective detection of each analyte that influences the overall
air quality in the devices surrounding making it a perfect match for the scenarios
where detection of multiple analytes at once could increase the well-being of
users. Here, the possibility of combination with advanced signal processing also
is a key technology to achieve this goal and much research and breakthroughs in
this area are to be expected. On a more low-level point of view many key aspects
are still subject to investigation. Among them, but not limited to, the
interdigitated electrode setup used in this work as well as the active materials
thickness. For the geometry of the sensor device other configurations should be
evaluated to find the optimum electrode setup that is easily mass-producible
while also delivering the highest possible sensor response. Key parameters are
the electrode width, length, and overall number of electrodes. As also explained
in detail in Chapter 5 the active materials thickness plays an important role in the
sensor characteristics. We could prove that the sensor response is inversely
correlated to the active materials thickness. Therefore, decreasing the thickness
of the active material will lead to an increase in sensitivity towards the analyte.
However, we were limited in the material application on the sensor surface by
the given tools and could only provide proof from the opposite approach by
applying additional material on the devices resulting in a decrease in the signal
response. The optimum possible case here would be a single atomic layer with
defective material to achieve the highest possible sensor response. This might be
achieved by a large-scale manufacturing of monolayer materials such as
monolayer graphene grown by chemical vapor deposition or other processes
used commonly used in the semiconductor business. The monolayer can
afterwards be treated with either an oxygen plasma to introduce defects or be
treated with wet processes to alter the overall surface composition by breaking

the sp? hybridized bonds. While nanomaterials can decrease the need for heating
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completely, they are still not applied in technical products and are more used as
a gimmick in marketing with a graphene tennis racket being the most prominent
example (37). Researchers evaluated the properties of the so-called graphene in
the racket and found that the material is in terms of nomenclature graphite. These
results raise awareness for a fundamental problem in nanomaterials, the lack of
proper characterization of materials being synthesized. Mulvaney et al. tackled
this issue already back in 2016 (38). When comparing nanomaterial fabrication to
synthesis of organic compounds (39) the differences are staggering. In organic
chemistry the characterization of novel compounds is standardized including
methods and tools that need to be employed for each chemical. Purity, physical
properties, and functional groups are determined by validated and standardized
methods. This allows for reproducible fabrication of materials. The nanomaterial
community lacks this kind of standardization and materials can be synthesized
in many forms such as dispersed in solvents, powder form or as thin films grown
on a carrier substrate. This will result in vastly different properties of the
resulting substance which need to be characterized in a unified way. For future
research it is of paramount importance to follow strict characterization standards.
No new method or material can enter the mass fabrication without compatibility
or at least overlap with past or present technologies and without proper
characterization an industrial scale application is unthinkable for the near future.
But with constant and further work in this direction, the progression towards
nanomaterial based environmental sensors that can help create more awareness

about pollution and help solve this issue will be achieved.
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7 Summary

This thesis addresses the development of a miniaturized chemiresistive gas

sensor based on carbon nanomaterials for the detection of nitrogen dioxide in air.

Chapter 1 reviews the state of the art approaches towards chemiresistive gas
sensing in air. The following section describes sensing mechanisms of metal
oxide based gas sensors as well as in chemiresistive gas sensors. Furthermore
sensors for different gases as NO2, CO: and other toxic gases are examined.
Materials used in chemiresistive gas detection in air, their sensitivity, target
gases, detection limits as well as response/ recovery times and their operating
temperatures are listed and compared. Approaches towards multigas sensing are
shown and the importance of data evaluation using data processing and
algorithms with focus on principal component analysis is explained. Key points
in gas sensor development are sensitivity, elimination of cross sensitivity via

selectivity, low-temperature operation and small size.

Chapter 2 explains two different preparation methods for reduced graphene
oxide as a sensing layer and compares them for the applicability in gas sensing.
The materials are characterized by Raman spectroscopy for defect density,
scanning electron microscope for flake size and electrical characterization in a gas
measurement setup. The materials differ in their defect density, flake size,
resistance and sensitivity towards NO.. The material with less defects and higher
flake size exhibits a lower resistance and also a lower sensitivity towards NO:
compared with the material with more defects and overall smaller flake size
distribution that has a higher resistance. Therefore implying that the material

choice is of utmost importance in the process of gas sensor development.

Chapter 3 explains the basics of electrical impedance spectroscopy (EIS) and its

advantages in gas sensing compared to DC resistance measurements as low-
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power method as no heating is required to achieve sensitivity and selectivity. To
show the applicability an electrical read-out board capable of EIS measurement
in the range from 100 Hz up to 62.5 kHz was designed and built. The validation
of the board is done with a equivalent Randles test circuit that is commonly used
to model electrochemical sensors. The results show that EIS is a fitting
measurement method to use in gas sensing as the increased amount of data
received from it can be used for further in-depth data evaluation such as principal

component analysis which was shown to be a valuable tool in Chapter 1.

Chapter 4 shows the combination of material choice suited to the detection of
NO: as well as application of EIS to further enhance the measurement data
including the separate detection of relative humidity from NO:, therefore
increasing the selectivity of the sensor device to the target analyte in presence of
another analyte. Two different material preparation methods are used to
fabricate mechanically exfoliated graphene (meG) with high hydrophobicity and
reduced graphene oxide (rGO) with lower hydrophobicity. Both materials are
applied to the sensor device surface and examined via Raman spectroscopy as
well as electrical characterization using EIS and DC resistance measurements in
a gas chamber with varying content of NO: on ppb-level, relative humidity and
a mixture of both analytes. The resulting data from EIS is then evaluated using
PCA and a distinction between the analytes using pattern analysis. This
demonstrates the possibility to build a miniaturized, low-operating-temperature,
carbon nanomaterial based chemiresistive gas sensor in combation with proper

data processing techniques for the detection of nitrogen dioxide in air.
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8 Zusammenfassung

Die vorliegende Arbeit befasst sich mit der Entwicklung eines miniaturisierten
chemiresistiven Gassensors auf der Basis von Kohlenstoff-Nanomaterialien zur

Detektion von Kohlenstoffdioxid in Luft.

Kapitel 1 gibt einen Uberblick {iber den Stand der Technik bei der
chemiresistiven Gassensorik in Luft. Der folgende Abschnitt beschreibt die
Sensormechanismen von Gassensoren auf Metalloxidbasis sowie in
chemiresistiven Gassensoren. Weiterhin werden Sensoren fiir verschiedene Gase
wie NO2, CO: und andere toxische Gase untersucht. Die bei der chemiresistiven
Gasdetektion in Luft verwendeten Materialien, ihre Empfindlichkeit, Zielgase,
Nachweisgrenzen sowie Ansprech- wund Erholungszeiten wund ihre
Betriebstemperaturen werden aufgefiihrt und verglichen. Ansitze zur Multigas-
Sensorik werden aufgezeigt und die Bedeutung der Datenauswertung mittels
Datenverarbeitung und Algorithmen mit Schwerpunkt
Hauptkomponentenanalyse erldutert. Wichtige Punkte bei der Entwicklung von
Gassensoren sind Empfindlichkeit, Eliminierung von Querempfindlichkeit

durch Selektivitat, Tieftemperaturbetrieb und Miniaturisierung.

In Kapitel 2 werden zwei verschiedene Herstellungsmethoden fiir reduziertes
Graphenoxid als Sensorschicht erldutert und hinsichtlich ihrer Anwendbarkeit in
der Gassensorik verglichen. Die Materialien werden mittels Raman-
Spektroskopie fiir die Defektdichte, Rasterelektronenmikroskop fiir die
Flockengrofie und elektrischer Charakterisierung in einem Gasmessaufbau
charakterisiert. Die Materialien unterscheiden sich in ihrer Defektdichte,
Flockengrofie, Widerstand und Empfindlichkeit gegeniiber NO:. Das Material
mit weniger Defekten und hoherer Flockengrofle weist einen geringeren

Widerstand und auch eine geringere Empfindlichkeit gegeniiber NO: auf,
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verglichen mit dem Material mit mehr Defekten und insgesamt kleinerer
Flockengrofsenverteilung, das einen hoheren Widerstand aufweist. Daraus ergibt
sich, dass die Materialauswahl bei der Entwicklung eines Gassensors von grofster

Bedeutung ist.

Kapitel 3 erklart die Grundlagen der elektrischen Impedanzspektroskopie (EIS)
und ihre  Vorteile bei der Gassensorik im  Vergleich zu
Gleichstromwiderstandsmessungen als stromsparende Methode, da kein Heizen
des Sensors erforderlich ist, um Empfindlichkeit und Selektivitdt zu erreichen.
Um die Anwendbarkeit zu zeigen, wurde eine elektrische Ausleseplatine
entworfen und gebaut, die EIS-Messungen im Bereich von 100 Hz bis 62,5 kHz
ermoglicht. Die Validierung der Platine erfolgt mit einem Ersatzschaltbild einer
Randles-Testschaltung, die iiblicherweise zur Modellierung elektrochemischer
Sensoren verwendet wird. Die Ergebnisse zeigen, dass die EIS eine geeignete
Messmethode fiir die Gassensorik ist, da die grofiere Menge an Daten, die sie
liefert, fiir eine weitergehende Datenauswertung verwendet werden kann, wie z.
B. die Hauptkomponentenanalyse, die sich in Kapitel 1 als wertvolles Werkzeug

erwiesen hat.

Kapitel 4 zeigt die Kombination von Materialauswahl, die fiir die Detektion von
NO: geeignet ist, sowie die Anwendung von EIS zur weiteren Verbesserung der
Messdaten, einschliefilich der separaten Detektion der relativen Feuchte von
NOz, wodurch die Selektivitdat des Sensors fiir den Zielanalyten in Gegenwart
eines anderen  Analyten erhoht  wird. Zwei verschiedene
Materialherstellungsmethoden werden verwendet, um mechanisch exfoliertes
Graphen (meG) mit hoher Hydrophobizitat und reduziertes Graphenoxid (rGO)
mit geringerer Hydrophobizitat herzustellen. Beide Materialien werden auf die
Oberflache des Sensorbauteils aufgebracht und mittels Raman-Spektroskopie

sowie elektrischer Charakterisierung durch EIS- und
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Gleichstromwiderstandsmessungen in einer Gaskammer mit variierendem NO:-
Gehalt im ppb-Level, relativer Luftfeuchtigkeit und einer Mischung beider
Analyten untersucht. Die resultierenden Daten aus der EIS werden anschliefSend
mittels PCA ausgewertet und eine Unterscheidung zwischen den Analyten
mittels Musteranalyse vorgenommen. Dies demonstriert die Moglichkeit, einen
miniaturisierten, auf Kohlenstoffnanomaterialien basierenden chemiresistiven
Gassensor der bei niedriger Betriebstemperatur arbeitet in Kombination mit
geeigneten Datenverarbeitungstechniken fiir den Nachweis von Stickoxid in Luft

herzustellen.
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