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Graphene-based chemiresistive gas sensors

Patrick Recum@ and Thomas Hirsch@*

Gas sensors allow the monitoring of the chemical environment of humans, which is often crucial for their
wellbeing or even survival. Miniaturization, reversibility, and selectivity are some of the key challenges for
serial use of chemical sensors. This tutorial review describes critical aspects when using nanomaterials as
sensing substrates for the application in chemiresistive gas sensors. Graphene has been shown to be
a promising candidate, as it allows gas sensors to be operated at room temperature, possibly saving large
amounts of energy. In this review, an overview is given on the general mechanisms for gas-sensitive
semiconducting materials and the implications of doping and functionalization on the sensing
parameters of chemiresistive devices. It shows in detail how different challenges, like sensitivity, response
time, reversibility and selectivity have been approached by material development and operation modes.
In addition, perspectives from the area of data analysis and intelligent algorithms are presented, which

rsc.li/nanoscale-advances

Introduction

Society is becoming more aware of environmental pollution
concerns and the impact of air quality on public health is
getting increased attention.’ Gases, mostly color- and odor-
less, have long been overseen for causing health risks after long-
term exposure. As an example, only recently it was found that
slightly increased levels of O3 or SO, can lead to cardiovascular
diseases.®® Other health impacts are caused by NO,, which
reduces the lung function or impact organs like the spleen or
liver.®

Accordingly, guidelines were implemented to minimize the
exposure to toxic, or otherwise harmful gases. To reduce health
risks by long-term exposure and environmental damages,
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can further enhance these sensors’ usability in the field.

assessment thresholds have been defined by the European
Parliament. These limit concentrations of toxic gases in air over
a certain time. Specifically, 166 ppb per day and 33 ppb per year
have been set for NO,, 290 ppb per hour and 105 ppb per day for
S0,, and 8 ppb in a workday (8 h) for CO.* Similarly, maximum
workplace concentrations, as provided by the German Research
Foundation, limit the concentrations for short-term exposure,
to 790 ppb for NO,, 2.2 ppm for SO,, 5.9 ppm for H,S, 29 ppm
for CO, and 7500 ppm for CO,, respectively."* However,
ensuring the compliance of such limits requires individual
monitoring. This and the goal of improving the overall quality
of life through the possibility of individual risk evaluation leads
to a steadily growing demand for miniaturized gas sensors with
low power consumption, that can be implemented in smart-
phones, smart-watches and smart-homes."”™** Fields of appli-
cation additional to safety aspects, such as warning of acute
toxic gases and gas leaks, are the control of industrial processes
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and production, quality control in food, guarantee of func-
tionality as in the lambda probe, monitoring greenhouse gases,
and detection of biomarkers in breath.**

Field-effect transistors (FET) and chemiresistive gas sensors
can help to overcome the limitations of current analytical
methods in achieving an improved local precision of air quality
monitoring. In principle, a chemiresistor consists of a sensing
material deposited on an inert substrate, modified with a source
electrode and a drain electrode or with interdigital electrodes
(IDEs). It can be turned into a FET-based sensor by contacting
a gate electrode to the semiconducting channel in between to
apply a gate voltage.” Their small form factor together with
simplicity, easy fabrication, and high sensitivity at low power
consumption makes them well-suited candidates for the inte-
gration in a dense information network consisting of several
hundreds or thousands of individual sensor stations to monitor
toxic and greenhouse gases.'®

As the sensitive layer, graphene and its derivatives have been
intensively researched over the past decades. Their inherent
material properties promise to further enhance the described
advantages of chemiresistors and chem-FETs in terms of
miniaturization, power consumption, and the abundant
resource availability.

New powerful algorithms are being developed to handle the
large volumes of geologically widely distributed data expected
with the increasing popularity of internet of things (IoT)
applications, that require a high number of such sensors."”

Chemiresistive gas sensing
mechanisms

Chemiresistive gas sensors respond to changes in resistance
caused by electrons that are exchanged when gas molecules
interact with either the semiconducting sensing layer or the
metal electrodes. These interactions strongly depend on the
kind of material, type of gas (reducing or oxidizing), on
temperature, pressure, and relative humidity (RH).**>°

When a semiconducting sensing layer is contacted by
a metal electrode, the Fermi levels (Er) of both materials must
line up while in equilibrium. The Fermi level describes the
thermodynamic work, which is required to add one electron to
a solid-state body, not accounting for the work required to
remove the electron from wherever it may come from. For
a semiconductor it usually lies within the bandgap. The
minimal work required to remove an electron from a point
within a solid-state body is called the work function ¢ and is
equal to the energy difference between the Fermi level and the
vacuum level.** If now the work function of the metal electrode
is larger than the work function of the semiconductor (®y; >
®gc), high energy electrons from the conduction band (Ec) of
the semiconductor move from its bulk to the surface of the
metal, thereby leaving an electron depletion layer (EDL) at the
interface. For n-type materials, where Er lies close to E¢ and
electrons are the majority charge carriers, the emerging,
depleted junction is called a Schottky barrier. This type of
contact shows rectifying behavior and can be used as a diode. If
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dgc > Dy, a Schottky barrier is also formed for p-type materials,
with Ep close to the valence band (Ey) and electron-holes (h") as
majority charge carriers. Here, electrons move from the metal
surface to the empty states in the valence band of the semi-
conductor bulk and an electron-accumulation layer/hole-
depletion layer (HDL) emerges. In other cases, ohmic contacts
are formed. However, these appear to be less relevant for use in
chemiresistive gas sensors. The height of the Schottky barrier
from metal to semiconductor is mainly governed by ®y; and the
electron affinity of the semiconductor. The height and thick-
ness of the built-in potential barrier (Viuiiein) across each
depletion layer depends on the difference in the work functions.

The effect of chemical-doping on pristine graphene by
gaseous molecules was first described by Schedin et al in
2007.** Adsorbed oxidizing gas molecules such as NO,, SO,, or
water vapor withdraw electrons from the semiconductor, while
reducing gases like NH3, H,, and H,S donate electrons to it.>*
For n-type semiconductors a decrease in electron density means
fewer majority charge carriers and therefore a higher resistance
across the sensing layer, while an increasing number of charge
carriers leads to a lower resistance. On the other hand,
a reduced number of electrons (more h') results in a lower
resistance for a p-type material, while an increasing number of
electrons (fewer h") increases resistance.

Additionally, the chemical doping of the semiconductor by
gas molecules is reported to influence the resistance across the
Schottky barriers at the electrode contacts.'® Adsorbed electron-
donating gases lead to n-doping of the material, such that the
semiconductor's Fermi level is shifted towards its conduction
band. For n-type materials in contact with an electrode this
results in an increase of Vyyiin and due to the higher dopant
concentration, a reduced thickness of the depletion layer.
Consequently, the tunneling probability for electrons increases
and the resistance at the junction decreases. The reverse case
can be observed for p-doping by electron-withdrawing gases.>*
The Fermi levels are shifted in the same way for a p-type
material, but with electron holes as the relevant charge
carriers the contact resistance is increased by n-doping
(reducing gas) and decreased by p-doping (oxidizing gas). In
Fig. 1 the effects of such interactions are shown for a Schottky
barrier between gold and n-type MoO, as well p-type reduced
graphene oxide (rGO) as examples.

Pristine graphene does not form a Schottky barrier with
metals due to its semimetallic rather than semiconducting
characteristics. However, Schottky junctions can be formed
between pristine graphene and various semiconductors.>*>¢

As a side-effect, the adsorption or desorption of electrons on
the metal contact has an influence on the resistance of the
sensor.>”*° Specifically, an increase of the metal's work function
can be observed, when an oxidizing gas adsorbs, forming
surface dipoles. Thereby the Schottky barrier height (Esg) as well
as the Vpuiwin are increased for contacts with n-type and
decreased for p-type materials. Again, reducing gases have the
exact opposite effect. This is particularly visible for palladium
exposed to H,.** It was found that the choice of electrode metal
can have a significant influence on the sensing
characteristics.*"*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Gas sensing mechanisms on a semiconducting material, such as a graphene derivative; (a) electron exchange between gas molecules and
receptor; (b) shift of the band structure at the semiconductor-electrode contact.

For each semiconductor-metal pair the respective work-
functions @, as well as the semiconductor's bandgap (Eg) and
electron affinity are needed, to determine the type of junction
and its behavior. The bandgap of a solution processed material
like rGO is often determined by processing the data from its
absorption spectrum via a so-called Tauc plot, but the accuracy
of the obtained values stands and falls with the quality of the
measurement and precise fitting, which is often challenging,
especially for solids dispersed in a solvent. A less biased method
for the task presents reflection electron energy loss spectros-
copy (REELS). Here, an electron beam is reflected from the

in equillibrium
\_¢ Viivin]
ESB C uilt-In ESB
Ee
N_& /
electrodes semiconductor

reverse bias  forward bias
{ﬁerma| ucﬁvuﬁonJ

L
tunneling ESB

Fig. 2 Typical band diagram of a double-Schottky barrier device in
unbiased and biased condition. A potential is applied to the left
contact. Electrons flow from left to right; redrawn and adapted, with
permission from ref. 39.

© 2024 The Author(s). Published by the Royal Society of Chemistry

sample-surface and the loss in energy of the reflected electrons
is measured. Because of the broad electron beam (~1 mm in
diameter) a large and homogeneous sample area is neces-
sary.’*** However, the electron affinity cannot be measured
directly, but a workaround can be achieved by finding the
highest energy state of the valence band by photoelectron
spectroscopy (PES) and subtracting the energy of the bandgap.
The entire band-structure of a material can be determined by
angle-resolved photoelectron spectroscopy (ARPES),***” while
the work function of graphene and other materials is usually
measured using a Kelvin probe.*®

In a typical sensor-architecture the sensitive layer is con-
tacted by two electrodes, often IDEs. A Schottky barrier is
formed on each of the semiconductor-electrode contacts, one in
forward bias and one in reverse bias, independently of the
direction of the applied voltage. The latter accounts for the
higher resistance across the sensing layer. Thus, the overall
measured resistance is proportional to the leakage-current in
reverse bias. The band diagram for a biased double-Schottky
barrier device is shown in Fig. 2.*°

Potential barriers also occur on the contact points of indi-
vidual flakes or grain boundaries of 2D-layered materials.***!
The barrier height depends on doping and adsorbed gas
species, causing additional sensitive areas on the sensor
surface. A smaller flake or grain size results in a higher resis-
tance. The influence of each of the described effects to the
overall signal can vary for different sensitive materials, elec-
trodes, and sensing environments.

Chemiresistive signal generation under
ambient conditions

Many semiconducting materials have been developed to serve
as a sensitive layer on chemiresistive gas sensing devices, such
as metal oxides (MOx), transition metal dichalcogenides
(TMDs) and carbon materials. The respective underlying
mechanism is primarily dependent on the choice of carrier for

Nanoscale Adv, 2024, 6, 1-31 | 13
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the target gas. While the main response is generated by phys-
isorption and direct electron exchange in inert carrier gases,
like N, or Ar, the mechanism in air is quite different. Here, the
surface of the semiconducting material is preconditioned by the
adsorption of ionized oxygen and the consequential formation
of a depletion layer. For metal-oxides the charge that is trans-
ferred in the process strongly depends on temperature. In
particular, more electrons are donated from the MOx to the
adsorbed oxygen at higher operating temperatures. In the
process, the resistance is decreased for n-type (e.g., SnO,, In,03,
ZnO) and increased for p-type (e.g., Co3;0,, NiO, CuO) semi-
conductors, due to the altered number of charge carriers.***
Target gas molecules can then react with the species of adsor-
bed oxygen ions and change the material's resistance according
to their oxidizing or reducing properties. Fig. 3 summarizes the
main reactions for NO,, NH; and acetone for measurements in
inert gas (a) and in air (b). The number of electrons, which are
transferred from the material by the oxidizing gases as NO, and
vice versa to the material by reducing gases like NH; or acetone,
depends on the charge of the adsorbed. Consequently, more
transferred charges are leading to a higher difference in
conductivity and thus a higher signal response of the
sensor.*>™*®

Different MOx sensing substrates have been reported to
enhance the sensitivity towards certain gases, improving the
selectivity of the respective sensor. Many of the mostly n-type
materials, including SnO,, WOj;, Bi,O3, ZnO, and In,Og,
showed significantly stronger responses to NO, compared to
other gases.*”** On the contrary, p-type semiconductors like
CuO have been shown to selectively sense e.g., H,S.>* NiO is
reported to be selective for NH; compared to various volatile
organic compounds (VOCs),*® and Fe,O; showed a higher
sensitivity towards acetone besides ethanol, NH; and H,.*® For
some MO, such as WO; a temperature dependent sensitivity

o 3
I 00z

NO/NO; (gas) + €~ = NO™/NO3 (qas)

NH3 (gas) = NHF (qas) + €~

=<
CH3COCHs (gas) = CH3COCH (qas) + €~ ’/‘ e
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towards different gases was found. The material is sensitive
towards NO, at an operating temperature of 150 °C, while being
most sensitive to H,S at 200 °C.5”

Interactions with H, pose a special case, as there are addi-
tional mechanisms proposed in literature, that are based on
direct reactions with the sensing material. ZnO for example is
reported to become reduced by H, gas, resulting in a surface-
metallization of the material, as shown in Fig. 4.*

For H, as analyte gas, decorating the sensor surface with
noble metals like gold, silver, platinum, or palladium has
turned out to be favorable. Two distinctive mechanisms are
described, depending on the sensing ambience. In an inert
atmosphere with most often N, as carrier, molecules of the
target gas get physisorbed on the noble metal's surface and
change the local resistance by donating or accepting electrons.
The expected response in this case is quite high, as no other
interfering gases are present. The physisorption of H, on
a platinum surface in N, ambience for example can be written
as eqn (1):**

2Pt(s) + Ha(gas) = 2PtH( (1)

For measurements in air, the sensor is again preconditioned
with adsorbed oxygen, but already at lower temperature. When
then H, approaches the sensor surface, it reacts with the oxygen
ions following eqn (2) and (3).*>*® The same mechanisms occur
for palladium surfaces.*

2Pt(g) + OZ(gas) g 2Pt0(g) (2)
2Pt0(s) + 3H2(gas) - 2PtH(5) + ZHzo(gas) (3)

At ambient conditions, when humidity comes into play,
water molecules can occupy some of the binding sites,
hindering the adsorption of H,. Further, since oxygen is still

b)

0, (gas) ~ 0, (ads)
03 (adas) + €~ = 03 (qas) (T <150°C)
03 (aas) + 2€~ = 20 (gq5) (150°C < T < 400°C)

02(aas) + 4™ = 20054 (400°C <T)

NO/NO3 (gas) + 03 (aas) = NO7/NO3 (aas) + Oz2(gas)

4NH3 (gas) + 503 (aas) = 4NO (gas) + 6H20 (gas) + 5€~

CH3COCH3 (gas) + 403 (aasy = 3C€02 (gas) + 3H20 (gas) + 4€”

Fig. 3 Reaction equations for NO,, NH3 and acetone on a semiconducting sensor substrate with inert gas (a) and air (b) as support gas.

Temperature dependent oxygen adsorption applies to MOx sensors.
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Fig.4 H, sensing mechanisms of MOx based H, sensors. (a) Reducing
gas effect. (b) Metallization effect; reprinted (adapted) with permission
from ref. 43. Copyright 2020 American Chemical Society.

a major component in ambient air, desorption of H, takes place
at the same time, see eqn (4):*>*

2Ha(ads) + O2gas) = 2ZH20gas) (4)

This dynamic process results in a weaker response of the
sensor under ambient conditions, but simultaneously a quicker
recovery compared to measurements in N, under otherwise
equal conditions.*

Somehow contradictory, however, these noble metals have
also been reported to be the foremost choice for doping due to
a distinctive selectivity towards NO,, as well as NH; or CO,.*>*!
Reasons for differences in the sensitivities are often not dis-
cussed, thus mostly the metal itself is assumed to cause selec-
tivity. In fact, however, its synthesis route with the resulting
surface area and texture may play a huge role, if the sizes of the
respective nanoparticles or nanowires differ strongly, synthesis
residues remain, or different stabilizers (e.g., citrate) are added.

A promising alternative to MOx-based sensor-materials is
presented by TMDs, which are mainly sulfides of Mo, W, Sn, or
Ni, with the main difference of a 2D arrangement in the
molecular structure. Sensing mechanisms of TMDs are usually
based on a direct charge transfer from their defect sites or from
p-orbitals of the chalcogenide atom. They perform well in terms
of sensitivity at room temperature, but the recovery of such
sensors is still challenging, limiting their long-term use or their
ability for fast real-time monitoring. Additionally, TMDs suffer

© 2024 The Author(s). Published by the Royal Society of Chemistry
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from strong interferences by humidity. Improving recovery by
UV-illumination or heating has been attempted, but the
resulting damage to their nanostructure often leads to reduced
sensitivity, which is discussed in more detail elsewhere.****%

Graphene-based chemiresistors

Two-dimensional carbon materials have become a popular
choice as sensitive material in gas sensors. Especially graphe-
ne's favorable intrinsic properties that exceed those of MOx and
even transition TMDs in terms of thermal conductivity (5000 W
mK ' at 27 °C), high room-temperature carrier mobility (20 000
em? V™! s71), low density (0.77 mg m™2) at simultaneously high
chemical stability, and mechanical durability (Young's modulus
approx. 0.05 TPa) are almost predestined for miniaturized,
flexible gas sensors with high sensitivity at low operating
temperatures.®®® It is noted, that the term graphene is often not
used properly across literature and in commerce and seems to
serve as placeholder for all types of carbon-based layered crys-
tals. This includes its original meaning as a monolayer of nearly
perfectly oriented hexagonal carbon atoms, often named pris-
tine, but also few- or multilayered, defective structures, as in
laser-induced-graphene, graphene oxide (GO), or rGO, which
have entirely different electrical, mechanical, and chemical
properties. In the following these types of materials are there-
fore referred to according to their way of manufacturing.

A key parameter for a wide variability in sensor development
based on graphene derivatives is the possibility to tailor the
electrical and optical properties by introducing defects in the
carbon lattice, like shown in Fig. 5. Those can be for example
vacancies or sp>-hybridized carbon atoms, which can addi-
tionally be functionalized e.g., by oxygen groups. Depending on

Fig. 5 Typical structural defects within graphene flakes. Borders,
which are not shown here, comprise various functional groups, such
as hydroxy-, carboxy-, amine- or sulfo-groups, depending on the
chemicals present during manufacturing.

Nanoscale Adv, 2024, 6, 1-31 | 15
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the synthesis route, whether in a bottom-up approach by
chemical vapor deposition (CVD),** or by exfoliation from
graphite-flakes in a variety of top-down approaches, different
characteristics can be obtained.®>*

Important characteristics related to gas sensing include
electrical resistance and the number of active sites, which are
both minimal for pristine- or CVD-graphene with little to no
defects. At room temperature the resistance of CVD graphene
(p-type) is therefore only slightly decreased, when oxidizing
gases are physisorbed on the surface and electrons are trans-
ferred from the graphene to the electron accepting gas, leaving
a higher number of h* in the lattice. Contrarily, reducing gases
donate electrons to the graphene and increase its lateral
resistance.

In 2012 Chen et al. studied CVD-graphene grown on copper
foil for sub-ppt detection of a variety of gases, such as NO and
NO,, NH;, N,O, O,, CO, and H,0 in an Ar or N, atmosphere.
The respective limits of detection (LOD) were calculated in the
range from 0.16 ppt for NO and 136 ppt for CO,, while other
gases had LODs in between.* The extremely low LODs can be
attributed to the minimal noise that is generated by the very low
resistivity of pristine CVD-graphene (107° Q cm).?2%>% These
findings inspired many researchers to investigate the huge
potential of graphene and its derivatives in chemiresistive gas
sensing applications. The challenge is to maintain the high
sensitivity but to introduce selectivity by modifying the gra-
phene structure. Chemical exfoliation via oxidation of graphite
flakes to GO results in such a material with a great number of
defects and oxidation sites,* increasing the bandgap of the
material to regions where it becomes almost insulating with
basically infinite resistance.®® In its untreated form, however,
due to the lack of good electrical conductance, it does not play
any significant role in the development of chemiresistive
sensors.*

More interesting for gas sensing applications are therefore
two-dimensional carbon materials with a defect density in
between the practical limitations represented by CVD-graphene
and GO. Possible synthesis methods include epitaxial growth on
SiC, liquid phase exfoliation (LPE), ball milling, laser inducing
(LIG), and chemical reduction of GO.*

rGO has been exploited for the high number of active sites on
the carbon lattice and the possible tuning thereof. Due to these
defects rGO can be seen as p-type semiconducting material, so
that oxidizing gases decrease and reducing gases increase the
material's resistance.®® Several methods have been established
to control the number of defects, which are inevitably intro-
duced in synthesis. The group of Eigler studied the influence of
temperature during the oxidation of flake graphite according to
the Hummers-method to obtain less defective GO-sheets of
larger size at reaction temperatures of <10 °C.”° Additional
defects may be introduced by applying heat,””* visible or UV-
illumination,” plasma treatment,”* ion bombardment,” or
ultrasonication.” Further control can be achieved by choice of
a reducing agent. For example, hydrazine-hydrate,”® ascorbic
acid,” or sodium borohydrate,” as well as electrochemical
reduction” were reported for processing in liquid phase. In the
dry state thermal annealing in vacuum,® the reaction with

16 | Nanoscale Adv, 2024, 6, 1-31
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hydroiodic and trifluoroacetic acid,® or microwave assisted
reduction® have been studied among others. These manifold
options open-up access to a large number of materials with
different electrical properties as well as adsorption character-
istics towards different gases. Density functional theory calcu-
lations revealed that an increased oxygen content in rGO
increases the electrical bandgap. A non-linear trend with values
from 0.1 eV at 6.25% of oxygen to approx. 3 €V at 50% were
reported.®® These oxygen groups, mainly carbonyl-, carboxyl-,
hydroxyl- and epoxide-functions were also found to increase the
work function of rGO from 4.2 eV up to 6.7 eV.** Such trends
may be well transferable from oxygen groups to defects in
general, since both functionalities involve sp*-carbon atoms or
vacancies that disrupt the sp>lattice.® Yet, the great diversity in
materials that can be achieved by applying different synthesis
routes still lacks on a standardization to allow a better compa-
rability of different graphene-based sensor materials. Unfortu-
nately, their exact properties, such as number of defects or
bandgap, are often difficult to determine and for this reason not
always communicated. The number of defects in a graphene
lattice can be quantified by the intensity ratio between D-band
and G-band of the respective Raman-spectrum. However, this
depends strongly on the experimental conditions and further
does not apply to high defect densities as in GO/rGO.”®

Responses were reported to significantly increase towards
the detection of O,, as a larger number of defects translates to
more active binding sites for gas molecules.?® Thereby, the
positive influence of defects on the performance of gas sensors
is clearly demonstrated. In this context, Table 1 lists the
parameters of a selection of standalone sensing devices based
on carbon materials, MOx, TMDs, carbon nanotubes (CNTs),
and conducting polymers (polyaniline and Poly-3,4-
ethylenedioxythiophene).

At a first glance, it appears that purely graphene-based gas
sensors give similar signal responses to a variety of different
gases as MOx, TMD, CNT, and conducting polymer sensors do.
All of the materials above have certain drawbacks, mainly with
respect to selectivity, long response times and incomplete
recovery, which are discussed elsewhere.*****® Most notable,
the operating temperature of MOx-based sensors is consider-
ably higher compared to many graphene-based sensors, that
work even at room temperature. The aspect of operating
temperature, which is responsible for a major part of the
sensor's total power consumption gives graphene a distinct
advantage for the use in smartphones or watches. Also, gas
sensing networks towards the IoT are a conceivable option,
consisting of thousands of individual sensing devices for envi-
ronmental monitoring, which quickly scales up the total power
demand. In addition, the high surface to mass ratio of graphene
results in smaller amounts of required material, with carbon
being an easier accessible resource compared to many transi-
tion metals.

Graphene by itself allows very sensitive detection of various
gases even at very low concentrations. But, due to the limited
variety in adsorption sites, the issue of selectivity remains
challenging and requires supplementary binding characteris-
tics. For exploiting and tuning those special properties, it is
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Table 1 Overview of different graphene-based gas sensors with respective sensing performances compared to MOx-, TMD-, CNT-, and
polymer-based sensors
Supporting Operating Response Response Recovery

Sensing material ~ Test gas gas temperature Concentration Response calculation time time LOD Ref.
Graphene (CVD) NO, N, RT 400 ppt 0.04  Ad/ay 5 min — 2.06 ppt* 64

NH; Ar 400 ppt 0.005 5 min 33.2 ppt”
Graphene (CVD NO, N, 50% RH RT 150 ppm 30%  AR/Ry-100% tgo = 4 min — 18 ppm” 86
plasma-treated) NH; 100 ppm 4.5% tgo > 10 min 2 ppm®
rGO SO, Air 25% RH RT 5 ppm 5.9%  AR/Ry-100% t9o =110 s too =145 s — 87
rGO NO, N, RT 0.6 ppm 2% Ac/ay-100% too = 116 s too = 169 s 9.1 ppb® 88
rGO NO, Synth. Air 150 °C 5 ppm 32%  AR/Ry*100% t50=125s — 0.21 ppb* 71
rGO NH; Dry air RT 50 ppm 5.7%  AR/Ry-100% too =24 s too =805  — 89
rGO CO, Air 100 °C 1000 ppm 81% AR/Ry-100% too = 139 s tyo = 600 s 100 ppm 72
SnO, NO, Dry air 200 °C 0.5 ppm 18 Rg/RO tgo =43 s tgo =18 s — 90
In,0;-ZnO NO, Air 150 °C 10 ppm 25% AR/Ry-100% tos = 3.5 min  t95 = 45 min 12 ppb* 91
MoS, NH; N, RT 2 ppm 0.3%  AR/R,-100% 15s - 300 ppb 92
Single walled CNTs NO, N, RT 20 ppm 1.5 Ad/ag ~10 min ~10 min 44 ppb® 93
PANI film NH; Dry air RT 10 ppm 4.29 AR/R, too =213 s too =98 s 5 ppm 94
PEDOT nanowires NO N, 80 °C 100 ppm 0.12 AR/R, tos = 5.53 min tg5 = 3.4 min 9 ppm* 95

“ Calculated by signal to noise ratio (3S/N). ? Calculated by linear regression.

crucial to have a fundamental understanding of the types of
binding interactions for different materials and under varying
conditions.

Graphene-hybrid materials

Many researchers propose hybrid materials as solution to
address gas sensing at low power and ambient temperature. It is
expected that benefits of two worlds can be united to a syner-
gistic effect: on the one hand the excellent conductivity of 2D
carbon materials and on the other hand the selectivity of
nanomaterials made from metals, semiconductors, or organic
compounds. All those materials differ in their adsorption
behavior towards certain gases. One common requirement is
that their electrical properties need to change and by this affect
the conductivity of the material composite.

Hybrid materials consist of two or more materials, usually
one providing good conductivity, the others a selective inter-
action with certain gases. On a graphene surface, the adsorbed
nanomaterial functions as a kind of mediator, by collecting
information on the gas composition by specific interactions
with its components. It can enhance the signal as it often
provides a high surface to mass ratio which generates more
binding places.

Exclusively to carbon materials like graphene derivatives and
nanotubes, such functions can be covalently bound to the
crystalline structure, either by nucleophilic or electrophilic
substitution, condensation, or addition.?”® Linkable functions
can be other all-carbon materials (nanotubes or fullerenes) or
a large number of different organic molecules.*****

Many other material composites consist of a p-type semi-
conductor (e.g., rGO) combined with an n-type semiconductor.
At their contact points, these types of composites form p-n-
junctions, which are more sensitive to adsorption of gas mole-
cules and play a major role in the overall resistance of the sensor
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substrate.**'**'** In contrast to metal-semiconductor contacts
a depletion layer occurs on both sides of p-n-junctions, namely
an EDL on the n-doped, and an HDL on the p-doped side. This
results in a potential barrier for electrons as well as holes.
Differences in the bandgap of the materials cause the presence
of discontinuities within the junction (AE¢, AEg). The depletion
layer is usually not symmetrical, and its thickness on either side
depends on the permittivity of the material. In Fig. 6 a typical
band diagram of a p-n-junction is shown.

These materials can be engineered or functionalized indi-
vidually to further increase the variety of intrinsic properties. In
graphene for example doping is possible using boron (p-
doping) or nitrogen (n-doping), which results in changes of its
Fermi level Eg,'® and defect engineering to tune the bandgap Eg
and work function @.*** Functionaliz