
Chapter 9
Chemoelectrical Gas Sensors of Metal
Oxides with and Without Metal Catalysts

G. A. Mousdis, M. Kompitsas, G. Petropoulou, and P. Koralli

Abstract The interest for gas sensors is uprising due to the increased demand
for many applications such as: Security, Environment, Industry, Medicine etc.
Therefore, the development of new, cheap, easy to prepare, simple, low energy
consuming and reliable sensors have become of great significance. A category of gas
sensors with these characteristics is the metal oxide chemoelectrical sensors that are
the most common ones used today. The sensing properties of these sensors depend
mainly on the surface properties such as roughness, porosity, crystallinity etc. that
are strongly depended on the preparation method. Moreover, the addition of metal
nanoparticles and especially nanoparticles of noble metals with catalytic properties
differentiate (mostly improve) the sensing efficiency. In this work we used the PLD
technique to prepare thin films of CuxO (1 < x < 2) and surface decorated some of
them with gold nanoparticles to be used as sensors. These sensors consisted of the
sensing thin film on the surface of a quartz tube surrounding a ceramic heater with
low thermal capacity. The films are characterized by AFM and SEM techniques. A
significant response to several concentrations of the hydrogen and acetone at relative
low temperatures was demonstrated.

Keywords CuxO thin films · Au · Nanoparticles · Hydrogen sensor · Acetone
sensor

9.1 Introduction

Gas sensors have a great impact on many areas such as security, environment,
industry, medicine, automotive applications, space houses, sensors networks etc.
Moreover, process and manufacturing industries find extensive applications of
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various toxic and combustible gases, such as hydrogen sulfide (H2S) [1], NH3 [2]
CO [3], H2 [4], flammable volatile organic compounds [5] etc. Gas sensors can
monitor the concentration of these gases detecting and avoiding gas leaks.

There is a huge need in the market for new cheap small, stable reliable and low
power consuming gas sensors. This need in combination with the large applications
range triggered the last decades a huge worldwide research for new sensor materials
with improved properties. Gas sensor manufacturing technologies have been further
improved by the development of nanotechnology [6–10], low-power and low-cost
microelectronic circuits [11], chemometrics [12, 13], and microcomputing [14, 15].
The global gas sensor market was valued at USD 2.05 billion in 2018 and an
increase of 7.8% from 2019 to 2025 is expected (http://www.grandviewresearch.
com/industry-analysis/gas-sensors-market).

A gas sensor is a transducer that converts the presence and measures the con-
centration of a gas into a physical property [16]. There are many categories of gas
sensors such as electrochemical, optical, semiconducting, capacitance, calorimetric,
ultrasonic etc. The type of sensor to be used depends on the application demands and
characteristics. The factors that have great importance in the sensor type decision
are: gas type and concentration range, humidity, temperature, pressure, gas velocity,
chemical poisons and/or interfering species, power consumption, response time,
maintenance interval, fixed or portable, point or open path etc.

The most common category of gas sensors are the resistivity sensors (also known
as chemiresistors). The transduction mechanism of resistive gas sensors is based on
the change in resistance of the sensing layer upon adsorption and reaction with the
target gas molecules. The sensing layer usually determines the sensitivity and the
selectivity. In most cases, the sensing material is an organic polymer [17, 18], an
organic [19] or hybrid semiconductor [20] or a metal oxide (MOx) [21]. Although
the number of chemiresistors based on polymers is increasing [22], those based on
metal oxides are the most popular. Their popularity is due to: simple construction,
low cost, compact size, high compatibility with microelectronic processing high
accuracy, big variety of detectable gases, and their ability to monitor on a real-time
basis. Gas-sensing characteristics such as gas response, selectivity, stability, and
short response/recovery time are closely dependent upon the preparation method
and condition of the sensor. But there are two main disadvantages, their poor
selectivity and the elevated operating temperatures. The addition of a catalyst
can decrease the operating temperature and even increase the selectivity and the
sensitivity in respect to a specific analyte gas.

The MOx films can detect, reductive (e.g., H2, CO, Hydrocarbons), oxidative
(e.g., O2, O3) or neutral (e.g., CO2, H2O) gases. Their main use is the detection of
leaks of toxic or explosive gases at chemical and industrial processes [23]. Lately
their use is expanded into many other activities concerning human health [24],
drinks and food quality monitoring [25], traffic safety [26] etc. A big variety of
transition or post transition metals have been used for the preparation of metal oxide
sensors. The main reason of choosing these metals is the small energy difference of
their cations (dn configuration) with the dn+1 or dn−1 configuration [14]. The most
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effective metal oxide sensors are those with cation configurations d0 (e.g. TiO2) or
d10 (e.g. SnO2, ZnO).

Copper is a transition metal with the Cu+ and Cu+2 configuration [Ar]-3d10, -d9

respectively. The difference in energy between these two states is small because of
the primarily antibonding character of these two high-lying d orbitals [27]. Copper
oxide (CuO) is a p-type semiconductor with a direct bandgap of 1.2–1.9 eV [28].
Gas sensors based on CuO nanostructures have attracted considerable attention
because of their excellent sensitivity and selectivity in detecting a range of gases
and vapors: water vapor, HCOH, C2H5OH, NO2, H2S, and CO [29, 30]. A range of
different techniques such as wet chemical methods [31], sol-gel [32], spray pyrolysis
[33], sputtering [34] etc. have been used to prepare CuO thin films.

As a part of research to understand and configure the parameters that influence
the sensing properties of MOx films, we have prepared copper oxide thin films
with and without dispersed gold nanoparticles on quartz tubes substrates using
the Pulsed Laser Deposition technique (PLD). The thin films were studied as gas
sensors and the effect of the Au nanoparticles as a catalyst on gas sensing was
investigated. Structural, morphological, and compositional properties were studied
by atomic force microscopy (AFM), Scanning Electron Microscopy (SEM), and
Energy Dispersive X-ray (EDS) Spectroscopy, respectively. The sensing properties
of CuO and CuO:Au towards H2, and acetone were investigated at different
concentrations and operating temperatures up to 345 ◦C.

9.2 Experimental Techniques

9.2.1 Film Growth

The CuO thin film sensor has been grown by the PLD method (Fig. 9.1a) [35, 36].
The laser beam was delivered by a Mo. Nano S 130-10 Q-switched Nd:YAG laser
(Litron Lasers) 532 nm and with pulse duration 10 ns. The repetition rate was 10 Hz
and a total of 4 h was employed to complete a deposition. The beam was focused on
the Cu target resulting to 14 J/cm2 fluence. This foil target was mounted on a XY-
translation stage that was driven by a microprocessor and performed a meander-like
movement. Thus, target drilling was avoided. Before deposition, the high vacuum
chamber was pre-evacuated down to a base pressure of 10−5 mbar. Then, oxygen
reactive gas was inserted and kept at a 20 Pa dynamic pressure during film growth.
The CuO thin film was deposited under RT on a Pyrex tube substrate (Din = 8 mm,
thickness 1 mm) that was rotating vertically by an electrical motor with a few
revolutions/s. After deposition, the CuO thin film was annealed at 500 ◦C for 1 h.
For the CuO:Au compound thin film sensor, a gold target was ablated for 15 min in
vacuum by the same technique as above to partially cover the CuO thin film surface
with Au nanoparticles and all measurements were repeated.
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Fig. 9.1 (a) Schematic diagram of the PLD set-up for the preparation of CuxO and CuxO–Au
doped films. (b) Photo of the high temperature ceramic cylindrical heater and the CuO thin film on
a quartz tube

9.2.2 Gas Testing Apparatus

Gas testing was performed inside an aluminum chamber with controllable pressure.
For sensing, the tube substrate was heated by a home-made cylindrical oven: this
consisted of an alumina tube (4 mm in Dia.) including a Ni–Ni/Cr thermocouple for
temperature measurement, a Ni–Cr wire wrapping up the tube that served as heating
element (Fig. 9.1b) with the current from a stabilized power supply to set the desired
operating temperature. A high-temperature paste covered the oven and transferred
the heat to the quartz tube substrate efficiently. Prior to gas testing, the chamber was
evacuated down to 10−4 mbar by a mechanical pump. Then the chamber was filled
with atmospheric pressure from a bottle (80% N2, 20% O2), by using a Bronkhorst
gas flowmeter and the pressure was controlled by a Baratron gauge. Analyte gas
concentrations were calculated from partial pressure measurements displayed on
the Baratron gauge. The film sensor was connected in series with a Keithley pico-
Ameter in an electrical circuit, biased by a voltage of 1 Vdc. Upon inserting the
analyte gas, the resistivity change of the sensor resulted to a current change through
the circuit that was recorded in real time, digitized and displayed on the computer
screen.

9.3 Films Characterization

9.3.1 Scanning Electron Microscopy (SEM/EDS) Results

Figure 9.2 show SEM images of the prepared CuO films with different magnifica-
tion. As we can observe (Fig. 9.2a), a smooth and uniform surface of CuO film is
formed with small particles (size <5µm) on it. It is known from the literature that
PLD grown thin films exhibit on their surface a large number of such droplet-like
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Fig. 9.2 SEM images of CuO film

Fig. 9.3 SEM and EDS images of CuO:Au film

particles that consist of pure target material (here copper) which is ejected from
the target during laser ablation. Images of higher magnification (Fig. 9.2b and c)
reveal that the surface of CuO is granular, highly dense and compact, consisting of
a homogeneous distribution of CuO grains with sizes 50–80 nm.

The SEM/EDS analysis (Fig. 9.3) confirmed that the droplet-like particles consist
indeed of Cu (the yellow colour corresponds to Cu). Moreover, we can see on the
surface of the CuO/Au films small particles of Au with sizes ∼1µm (orange colour
is the Au).
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Fig. 9.4 3D, 2D and profile AFM images of CuO films

9.3.2 Atomic Force Microscopy (AFM) Results

From the AFM images (Fig. 9.4) we can see that the surface of the films is uniform
with some Cu particles on it with sizes heights less than 700 nm. From the two-
dimensional AFM (contact mode) images, as well as from the profile images, we
observe that the surface of the films is very smooth and exhibit hillock morphology,
including columnar grains growing along the c-axis, perpendicular to the substrate
surface. The grain boundaries of CuO are clear and the grains seem to have similar
dimensions and round shape in plane.
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9.4 Gas Sensing Results

9.4.1 Sensing Mechanism

The fundamental sensing mechanism of metal oxide based gas sensors relies on
the change in electrical resistivity of thin films on exposure to a target gas. The
gas molecules interact with the metal oxide surface, acting as donors or acceptors
of electrons thus altering the resistivity of the metal oxide film. Initially, O2 air
molecules are adsorbed on the film surface, bind to it by film electrons, and
subsequently dissociates and transforms to charged ions according to the following
reactions:

O2 (gas-adsorb) + e− ←→ O−
2 (T � 200 ◦C)

1/2O2 (gas-adsorb) + e− ←→ O− (T � 200 ◦C)

1/2O2 (gas-adsorb) + 2e− ←→ O−2 (T � 200 ◦C)

The reactions are endothermic and the equilibrium is moved to the right by
increasing the temperature [37]. The gas molecules to be detected react with the
adsorbed oxygen are oxidized and as a result the bonding electron is released
back to the film. This induces a change of the number of charge carriers of the
semiconducting metal oxide and consequently its resistivity (Fig. 9.5). Depending
of the semiconductor type (n- or p-type) of the sensor and the type of analyte
gas (oxidizing or reducing) the resistivity increases or decreases respectively [38]
(Table 9.1).

Besides the type of the analyte, the magnitude of the resistivity change for a
specific MOx film to an analyte depends on the number of the surface complexes, the
proximity to the gas, and the sensor temperature. For these reasons the morphology
of the sensing layer (e.g. porosity, crystallinity, and surface roughness etc.) are

Fig. 9.5 Schematic representation of band models of conductive mechanism and resistance
change for (a) an n- or (b) p-type metal oxide, without and with exposure to analyte gas, for
reducing gases
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Table 9.1 Dependence of
resistance change from the
type of semiconductor and
the gas

Classification Oxidizing gases Reducing gases

n-type Resistance increase Resistance decrease

p-type Resistance decrease Resistance increase

Fig. 9.6 Schematic depiction of the electronic sensitization mechanism (a) and the chemical
sensitization mechanism (b, c, d)

crucial for the sensor efficiency [39]. As a consequence, the properties of the sensor
strongly depend on the preparation method and processing (e.g. annealing).

The sensing properties can be improved by the presence of metal nanoparticles
(mostly noble metals) on the surface of the sensor. This improvement can be
attributed to two different sensitization mechanisms: (a) the electronic sensitization,
caused by interfacial electronic redistribution and (b) the chemical sensitization
[40]. In the electronic sensitization mechanism, there is a transfer of electrons
between the noble metal and the MOx beneath, due to the work function difference
(Fig. 9.6a). In the chemical sensitization mechanism, the noble metals facilitate the
chemical reactions between target gas and metal oxide surface through the spill-over
phenomenon [4, 41]. The results depend strongly on the type and the concentration
of the noble metal.

More specifically, the action of noble metal nanoparticles is based manly in
the production of charged oxygen species due to highly effective dissociation
catalytic ability (Fig. 9.6b) [42]. The noble metals are effective oxygen dissociation
catalysts. They react with oxygen molecules and dissociate them to charged species
(Fig. 9.6b). The charged oxygen diffuses onto the surface of the metal oxide
(Fig. 9.6c). In addition, the noble metal nanoparticles attract and dissociate the
O2 molecules adsorbed in the neighboring metal oxide area before desorption
(Fig. 9.6d). As a result, they create an “effective area” [43] around the metal
nanoparticle with an increased number of charged species. Therefore, the ideal case
would be that the nanoparticles are evenly dispersed on the surface so that these
“effective areas” cover the whole surface of the film.

In many cases the nanoparticles also catalyze the reaction of the analyte with the
O species e.g. in the case of H2 the following reactions occur:

(a) H2(g) → 2Hads , (b) Hads → H+
ads + e−,

(c) H+
ads + O−

ads → OH, (d) 2OH → H2O + Oads ,
where the first 2 reactions (a and b) were catalyzed by Pd.
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Fig. 9.7 Response of the CuO and CuO:Au sensors at 345 ◦C for different concentrations of H2

9.4.2 H2 Sensing

Hydrogen sensing was studied at two different temperatures (305 ◦C and 345 ◦C). In
all cases there was a clear and fast response to the presence of H2 (rise time less than
1 min). A typical set of real-time measurements is shown in Fig. 9.7 which presents
the transient response of a CuO and a CuO:Au sensor to various concentrations of
H2 in air, for an operating temperature of 345 ◦C.

In the case of the Au doped sample the signal at 305 ◦C was more than three
times bigger than that of the pure CuO (Fig. 9.8) resulting at a lower detection limit
(Table 9.2). By increasing the temperature the signal improved significantly in the
case of pure CuO and slightly in the case of CuO:Au sensor.

The enhancement of the sensor sensitivity towards hydrogen has been also
observed previously in the case of the NiO:Au nanocomposites [44]. Au nanoparti-
cles acting as catalysts are reducing the dissociation barrier for both hydrogen and
atmospheric oxygen in their vicinity. The produced highly active atomic species
interact with each other very fast, in particular at this high operating temperature,
and it results to an additional increase of the film resistance [45].

9.4.3 Acetone Sensing

Acetone sensing was studied at two different temperatures (305 ◦C and 340 ◦C). In
both cases, we can observe again a clear and fast response to the presence of acetone.
A typical set of real-time measurements is shown in Fig. 9.9, which presents the
transient response of a CuO and a CuO:Au sensor to various concentrations of
acetone in air, for an operating temperature of 340 ◦C. On Fig. 9.10 we can see
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Fig. 9.8 Diagrams of the CuO and CuO:Au sensors response at 305 ◦C and 345 ◦C for different
concentrations of H2

Table 9.2 Detection Limits of CuO and CuO: Au sensors at 305 ◦C and 345 ◦C

Sample Lower detection limit of H2 Lower detection limit of acetone

CuO At 305 ◦C 267 ppm 56 ppm

CuO:Au 50 ppm 128 ppm

CuO At 345 ◦C 70 ppm 7 ppm

CuO:Au 50 ppm 12 ppm

the response of CuO and CuO:Au sensors to various concentrations of Acetone in
air at 305 ◦C and 345 ◦C.

We can notice from this graph that partial surface coverage with Au particles
deteriorates the sensor sensitivity towards acetone at both temperatures, in contrast
with what was observed in the case of H2. A possible explanation would be as
follows: Au metallic nanoparticles act as catalysts again, promoting the dissociation
of adsorbed oxygen only, but not the dissociation of acetone that would lead to
signal enhancement, as for H2. On the other side, the Au nanoparticles cover a part
of the film surface, therefore less film surface is available to acetone to oxidize. To
prove this hypothesis, more CuO:Au nano-composites with different concentrations
of Au nanoparticles are necessary to be tested as acetone sensors. Such experiments
are now under consideration.
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Fig. 9.9 Response of the CuO and CuO:Au sensors at 340 ◦C for different concentrations of
Acetone

Fig. 9.10 Diagrams of the CuO and CuO:Au sensors response at 305 ◦C and 340 ◦C for different
concentrations of Acetone

9.5 Conclusions

We have deposited CuO and nanocomposite CuO:Au thin films on quartz tubes
by the PLD technique. A new type high temperature ceramic cylindrical heater
was inserted into the tubes to prepare low cost gas sensors. AFM and SEM/ADX
images have shown the granular film surface with a large effectiveness, appropriate
to be used as gas sensors. They were tested as H2 and acetone sensors with
satisfactory results. The presence of Au nanoparticles on the film surface enhances
in the case of H2 detection the sensing efficiency significantly, but in the case of
acetone deteriorates it. The experimental results showed that CuO and CuO:Au films
prepared by PLD can be used as cost effective sensors. Experiments are in progress
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towards lower concentrations of the analytes, and investigating parameters such as
the concentration and the type of noble metals.
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