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Abstract: The application of metal oxide gas sensors in Internet of Things (IoT) devices and mobile
platforms like wearables and mobile phones offers new opportunities for sensing applications.
Metal-oxide (MOx) sensors are promising candidates for such applications, thanks to the scientific
progresses achieved in recent years. For the widespread application of MOx sensors, viable
commercial offerings are required. In this publication, the authors show that with the new Sensirion
Gas Platform (SGP) a milestone in the commercial application of MOx technology has been reached.
The architecture of the new platform and its performance in selected applications are presented.

Keywords: metal oxide; gas sensor; industrialization; miniaturization; microelectromechanical
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1. Introduction

We are in the midst of the so-called sensor revolution: the Internet of Things (IoT), comprising
smart appliances and smart gadgets, as well as ever more powerful wearable and mobile consumer
devices fuel the demand for smarter sensor solutions. In particular, the field of environmental sensing
has received growing interest, mostly due to rising awareness of the environmental effects on health
and human well-being. Air pollution has been universally acknowledged as a significant cause of
health problems and even premature death [1–5]. As a consequence, there is a growing demand for
personal and affordable air-quality monitoring solutions.

Until now, commercially available metal-oxide (MOx) sensors had technical shortcomings which
limited their usage in many interesting applications.

Even though the selectivity of MOx sensors can be tuned and notably improved, long-term
stability in the presence of siloxanes will deteriorate their accuracy over time or even make it impossible
to use sensors in applications with high siloxane loads such as mobile phones [6–8]. Moreover, most
available sensors do only offer a simple analog interface. The output signal is provided in form
of a resistance for which additional circuitry has to be implemented. On top of this, a calibration
routine has to be realized if calibrated concentration readings are required. Because the heating
elements are mostly operated in an open loop, such analog sensors are often susceptible to changes
in environmental conditions. Additionally, many of the available solutions are not suited for mobile
applications due to their size and prohibitive power consumption. Furthermore, while the broadband
sensitivity of MOx sensors is beneficial for the detection of a wide variety of volatile organic compounds
(VOC) in indoor air-quality (IAQ) monitoring, it is a limitation in applications which require a certain
level of selectivity to specific gases. Among the different approaches to improve selectivity [6,9–21],
temperature modulation [8,10,22,23] and combination of multiple sensing elements with different
intrinsic selectivity [8,10] are promising approaches to improve the selectivity of MOx sensors.

While there are sensors on the market which fulfill individual aspects of these requirements,
there are, to the knowledge of the authors, no commercially available products which conform to
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all of them. For instance, as of today, the most prominent commercially available sensors in the
market are analog [24–26]. In order to tackle the unique challenges for gas sensing in IoT and mobile
applications, Sensirion developed the Sensirion Gas Platform (SGP) multi-pixel gas sensor. Multiple
sensing elements are combined with a siloxane resistance, which is unprecedented for a commercially
available MOx sensor. The sensing elements are integrated with a digital interface into a small surface
mount device (SMD). In combination with the on-chip calibration data, the digital interface greatly
simplifies the integration of the SGP into different applications, since the output signal can be directly
used by customers for air-quality indication without further processing.

2. Materials and Methods

2.1. Sensor Architecture

The SGP offers a complete gas sensor system integrated into a very small 2.45 × 2.45 × 0.9 mm3 dual
flat no-lead (DFN) surface mount package. Sensirion’s proprietary CMOSens® technology (Sensirion
AG, Stäfa, Switzerland), allows the co-integration of analog and digital electronics together with a
micro-hotplate and the sensing elements on a single chip, as shown in the block diagram in Figure 1.
Four MOx sensing elements based on layers of MOx nanoparticles are deposited on a micro-hotplate
(Figure 2). Each sensing element can be measured separately by read-out electrodes. To guarantee
stable operation independent of the surrounding temperature, a heater and a temperature sensor are
integrated on the hotplate to actively control its operating temperature.

Figure 1. Block diagram of the SGP multi-pixel gas sensor platform [27], including the I2C (inter-integrated
circuit) bus interface, consisting of serial data (SDA), serial clock (SCL), supply and ground voltages
VDD and VSS. VDD and the hotplate supply voltage VDDH can be shorted.

The signals from the four sensor elements are measured by an optimized amplifier covering
a measurement range of eight orders of magnitude. This is crucial for measuring a wide variety
of different MOx sensing materials as well as different gases and gas concentrations with a
single hardware platform. The signals are further processed in the digital signal-processing
stage with algorithms e.g., for averaging, baseline compensation and humidity compensation. In
addition, individual calibration parameters are written during production into an on-chip one-time
programmable memory. This allows conversion of the sensor raw signals into calibrated output signals
such as those for concentrations of volatile organic compounds.
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Figure 2. Micrograph showing the four sensing elements (indicated by colored shapes), the read-out
electrodes and the heater element.

2.2. Manufacturing Process

Sensirion sensors are fabricated with a high level of automation and quality control. Figure 3 gives
an overview of the manufacturing process of an SGP gas sensor. The structures for the logic elements of
the chip are produced in a Bipolar-CMOS-DMOS (BCD) technology process, where CMOS and DMOS.
In a subsequent MEMS (microelectromechanical systems) step the heater, temperature sensor and the
MOx read-out electrodes are deposited and patterned. A backside cavity is etched via deep reactive-ion
etching (DRIE), followed by the MOx deposition. The currently available products, SGPC3 and SGP30
(Sensirion AG, Stäfa, Switzerland), are based on SnO2 materials with palladium doping between 0.1%
and 5%. In future products, further material combinations can be integrated to take full advantage
of the multi-pixel platform. After wafer probing, the individual hotplate temperature sensors are
calibrated on the wafer level. Following leadframe assembly, dicing and packaging, each sensor chip
is calibrated to the target gases. In the case of indoor air-quality monitoring, ethanol and hydrogen
(H2) are used as calibration gases (for more details about the gas choice, please refer to Section 3).
After calibration, a final end-test and outgoing inspection of each chip is performed before packaging
the chips into reels.

Figure 3. Process flow.



Sensors 2018, 18, 1052 4 of 12

The entire process is tightly monitored at every step and strict grading ensures that only sensors
which adhere to the specifications and can be readily used by the customer are shipped.

2.3. Experimental Methods

The sensors were reflow soldered on either custom printed circuit boards (PCBs) or flexible PCBs.
To increase sample size, the solid PCBs allow up to 32 sensors to be accommodated per board. Because
the sensor chips contain all the necessary analog circuitry, the read-out electronics have been kept
simple. Apart from a stable 1.8V power supply, only an i2c bridge and, in the case of the multi-sensors
boards, an i2c multiplexer chip, is required. The entire electronics were designed in-house.

For the field measurements, the read-out electronics were connected to a miniature computer
(Raspberry Pi 2, Raspberry Pi Foundation, Cambridge, UK) which controlled the data-acquisition and
the data upload via WiFi. As a reference for CO2 a non-dispersive infrared (NDIR) sensor (Senseair
K30, Senseair AB, Delsbo, Sweden) was connected. The devices were placed in regular meeting rooms
and were operated without interruption.

In the laboratory measurements, gas mixing systems (GMS) with up to 8 channels were employed.
Each channel was controlled with a Sensirion SFC5400 mass flow controller (MFC) (Sensirion AG, Stäfa,
Switzerland). For the dry channel, air generated by a zero-air generator was used. In the wet channel,
the zero air was passed through a water bubbler. To avoid errors due to incomplete saturation of the
air in the bubbler, the ratio of dry and wet channel was controlled in a closed loop using a Sensirion
SHT temperature and humidity sensor (Sensirion AG, Stäfa, Switzerland). To stabilize the temperature,
the bubbler and the measurement chamber were installed in environmental chambers manufactured
by Thunder Scientific (Thunder Scientific Corp., Albuquerque, NM, USA). The temperature uniformity
and stability is specified to ±0.1 ◦C. The gas provided by the MFCs was fed through a metal tube
acting as a heat-exchanger. The total flow was chosen to be 0.5 L/min. To ensure a leak-free system,
the total flow was monitored with a Sensirion SFM5400 mass flow meter (MFM) (Sensirion AG, Stäfa,
Switzerland) after the measurement chamber before the gas was fed to the exhaust.

To simulate stress under siloxane load, a separate GMS was employed to avoid contamination.
The system was equipped with an additional bubbler containing decamethylcyclopentasiloxane (D5).
The bubbler is circulated by water and the temperature is actively regulated using a chiller to yield a
concentration of about 500 ppm [28]. Subsequently, humid air is mixed in to yield 250 ppm D5 at 50%
relative humidity.

The sensors from other manufacturers were operated as specified in their respective datasheets.
To supply the sensors and measure their resistance R, laboratory grade benchtop power supplies and
multimeters (Agilent E3647A and Keysight 34461A, Keysight Technologies, Santa Rosa, CA, USA) were
employed. Prior to their exposure to D5 or their operation in the phone, the sensors were calibrated to
ethanol in the GMS using ethanol steps ranging from 0.3–30 ppm. Then, the usual power law:

cEtOH(R) = c0

(

R

R0

)
1
n

(1)

is fitted to obtain a calibration unique to each sensor. R0 is the baseline resistance. The sensitivity n

and the scaling factor c0 are fitting parameters.

3. Results

3.1. Siloxane Stability

In most applications in consumer and appliance markets, stable and maintenance-free operation
of sensors over a device lifetime of 3–10 years is required. On the other hand, MOx-based gas sensors
suffer from poor long-term stability when they are operated in atmospheres containing even very
low concentrations of siloxanes [6–8]. The degradation caused by siloxanes typically translates into
a significant decrease in VOC sensitivity and a strong increase of response time, potentially caused



Sensors 2018, 18, 1052 5 of 12

by silicon dioxide (SiO2) formation [6,29]. Unfortunately, silicon-containing compounds are found in
many products used in everyday life such as cosmetics, cleaning agents or plastic parts [30–33] and,
therefore, siloxanes are present in all relevant operational environments. In fact, recent studies have
shown that siloxanes are the most abundant volatile organic compound (VOC) emitted by humans
due to their extensive use in personal care products such as antiperspirants [34]. The overall siloxane
background concentration determines the time scale of degradation and, therefore, the total sensor
lifetime. This problem is particularly pronounced in applications like mobile phones, where the sensor
is constantly exposed to high siloxane concentrations originating from various parts of the mobile
phone. Figure 4 shows data recorded with a commercially available MOx sensor which was mounted
and operated inside a mobile phone in an ambient indoor environment. At regular intervals the phone
with sensor was exposed to 0.5 ppm of ethanol. For this sensor, like for most air-quality sensors,
this amount of ethanol corresponds to a typical air-quality signal. After an initial increase, the signal
drops significantly within a few days. After only 2 weeks, the sensitivity to ethanol has decreased to
almost zero.

Figure 4. Normalized signal of a traditional metal-oxide (MOx) sensor to 0.5 ppm ethanol as function
of operating time. The sensor was mounted inside a mobile phone. After 2 weeks, the sensitivity to
ethanol is close to zero.

The core technology of the SGP, MOXSens® (Sensirion AG, Stäfa, Switzerland), provides the
sensor with a unique robustness against contamination by siloxanes. This is achieved by a combination
and optimization of the sensing material, operation mode, and the on-chip evaluation of multiple
signals from different sensing elements. To simulate the effect of siloxane exposure during multiple
years of operation, an accelerated lifetime test can be employed. For this, the sensors are characterized
in a GMS with clean zero air and a fixed concentration of a target gas, in this case ethanol at 10 ppm.
Subsequently, the sensors are operated in an atmosphere containing an elevated concentration of
250 ppm of D5 for up to 200 h. D5 is chosen as it is the most abundant siloxane in most environments
and commercial products [30–33]. Concentration and exposure time are chosen to approximate
10 years of operation in a background of 40 ppb of siloxanes [35]. After exposure, the sensors are
re-characterized using the same ethanol concentration of 10 ppm.

In Figure 5, the signal response, normalized to the signal prior to D5 exposure, is shown as a
function of degradation time. In addition to a Sensirion sensor, two commercially available MOx
sensors for the IAQ market are shown. While the Sensirion sensor only shows a minor, initial signal
variation, the traditional sensors exhibit a significant decrease in their sensitivity of more than 90%
of the initial signal response. The enhanced siloxane resistance significantly improves the long-term
stability and accuracy of the SGP.
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Figure 5. Long-term stability in an accelerated life-time test. The normalized ethanol concentration
for different degradation time intervals is plotted for two commercially available sensors (blue and
orange) and one Sensirion SGP sensor (green). The sensors have been calibrated before the accelerated
lifetime test. The signals are normalized to their respective values before the test.

3.2. Total Volatile Organic Compounds

The widespread use of new products and building materials has resulted in increased concentrations
of indoor pollutants, in particular VOCs. These VOCs originate from a number of different sources
including building materials, cleaning agents, furniture and indoor chemical reactions [36,37].
A number of systematic human exposure studies have reported a decrease of cognitive abilities
and various adverse health effects caused by exposure to elevated VOC levels [38,39]. As a practical
time and cost-effective method of surveying indoor environments for contamination, the total VOC
(tVOC) concept has been introduced [40]. The term tVOC refers to the total concentration of VOCs
present simultaneously in the air. Global consensus has resulted in the emergence of guidelines for
tVOC standards of indoor air quality issued by governmental organizations in different countries.
The maximum tVOC levels that are considered as acceptable range from ~0.6 to ~1 mg/m3 [40].

Laboratory techniques to determine VOC concentrations, such as flame ionization detectors (FID)
or gas chromatography–mass spectrometry (GC–MS), are either too expensive, too power-intensive
or too large to be applicable in compact and affordable IAQ devices in e.g., smart home applications.
For these applications, MOx sensors are the preferred technology due to their high sensitivity and
broadband-sensing capabilities. This is illustrated in Figure 6 for Sensirion’s SGP30 sensor, where the
sensor output is shown as a function of the gas concentration for different gases representing important
classes of indoor air pollutants. The signal is calibrated such that the sensor output Sout follows:

ln
(

c

cref

)

=
Sref − Sout

a
(2)

where c is the applied ethanol concentration, Sref the value of Sout at a reference concentration cref,

and a = 512 a scaling factor. In this graph, Sout is normalized to the sensor signal at 0.5 ppm H2,
which corresponds to the atmospheric background concentration and thereby represents clean air [41].
The SGP shows high sensitivity to different VOCs, even in the sub-ppm concentration range which is
most relevant for most indoor air-quality applications.

The different existing technologies, such as FID, photo-ionization detectors (PID) or MOx sensors,
have varying sensitivities to each analyte [42,43]. These response curves are related to the employed
technologies and do not reflect the relevance of the single gas components. Therefore, the use
of gas mixtures with a defined but broad range of VOCs have been proposed to simulate IAQ
levels [39,40,44,45]. To overcome impracticalities with such complex gas mixtures during factory
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calibration and testing, the sensor output is usually calibrated to a single gas. Which gas is suited best
depends on the particular sensor technology. Ideally, the sensor should have a similar sensitivity to
the single gas and a typical mixture of indoor VOCs.

Figure 6. Sensor output (Sout) normalized to the sensor signal at 0.5 ppm H2 (Sref) as function of the
analyte concentration for various gases. Indoor air quality (IAQ) Mix refers to a gas mixture proposed
by Mølhave et al. [39] representing a typical mixture of volatile organic compounds (VOCs) found in
indoor environments.

In the case of the SGP, identical sensitivities can be found for ethanol (red circles in Figure 6)
and the gas mixture proposed by Mølhave et al. [39] (pink stars). The sensor can thus be calibrated
to ethanol in the fabrication process. In the field, this raw ethanol signal is baseline-corrected and
converted using the known conversion factor to yield an absolute tVOC output. All the computations
are performed on-chip using the stored calibration parameters. Figure 7 depicts tVOC signals for
10 sensors which were operated in parallel for about 4 months in a meeting room. Colored spans
indicate internationally accepted tVOC air quality levels [46]. The impact of meetings on the air quality
can be monitored over the entire period simply by reading the sensor without the need for additional
data processing or recalibration. In addition, the SGP production process and calibration ensure that
the sensors show negligible device-to-device variation.

Figure 7. Total VOC (tVOC) signal in a typical meeting room, recorded with 10 different SGP sensors
(green) over a period of about 4 months (a); the median is given as black line. The two red rectangles
indicate the position of the zoom-ins provided in panels (b,c). On the secondary y-axis, the maximum
values of the corresponding air-quality levels are indicated [46].
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3.3. Humidity Cross-Sensitivity

It is well known that MOx sensors are sensitive to water vapor. In general, literature treats humidity as
a reducing gas [47,48]. In reality, the picture can be more complex and the microscopic understanding
is still the subject of extensive research [49,50]. From the application point of view, the cross-sensitivity
to humidity is treated as nuisance and should be reduced as much as possible.

In Figure 8, the humidity dependence of the SGP30 at an ambient temperature of 25 ◦C and an
ethanol concentration of 10 ppm is plotted. The graph shows the relative error in ethanol concentration
for 32 SGP30 sensors. The experiment was performed in a temperature-stabilized GMS. The ethanol
concentration output has a relative error of up to 40% depending on the humidity. However, the
humidity dependence has very little variance over the entire set of sensors. As such a humidity
dependency is undesired in most applications, the sensor offers an on-chip humidity compensation.
Using the signal from an external humidity sensor like the Sensiron SHTxx and the internal calibration
data, the sensor can compensate for the humidity cross-sensitivity. The compensated signal, shown as
solid lines in Figure 8, only contains minimal humidity cross-sensitivity over the entire range from
20% to 80% relative humidity.

Figure 8. Relative error of the ethanol concentration (dotted line) at 10 ppm ethanol as function of
humidity at 25 ◦C. Data of 32 SGP30 sensors (grey) and the median (green) is plotted. Additionally,
the signal after on-chip correction using an external humidity signal is shown (solid line).

3.4. CO2 equivalent

Volatile organic compounds in indoor environments mainly originate from two sources: human
activities and outgassing from furnishings and building materials. The human contribution to indoor
air pollutants has been historically correlated with CO2 which is commonly used as an indicator for
insufficient ventilation in closed spaces [51–53]. For this reason, the concept of an CO2 equivalent
(CO2eq) has been suggested which is in fact a rescaled tVOC signal from a MOx sensor [54,55]. While
a VOC-based CO2eq clearly captures more air-pollution events than a CO2 measurement, the rescaling
of the tVOC signal into a CO2eq does not provide additional information when compared to a tVOC
signal alone.

In contrast, a multi-pixel approach offers the possibility to increase or tune the selectivity by
combining multiple signals with different response curves. As a first step in this direction, the SGP30
does offer a second raw signal which has an increased selectivity to hydrogen (H2). We propose
that such a signal could be used to distinguish the influence of a human presence from other
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contaminants. The reason is that in indoor environments, the H2 concentration is expected to correlate
well with the CO2 concentration as human breath contains significant concentrations of both, CO2

(4%) and H2 (10 ppm) [56]. Furthermore, humans are the only major source of CO2 and H2 in typical
indoor environments.

In the SGP, the raw H2 signal is baseline-corrected and then converted to an equivalent CO2 value
in ppm, called CO2 equivalent (CO2eq). The conversion factor has been established by correlating
the H2 signal to CO2 values measured with NDIR CO2 sensors in extensive field studies. Figure 9
presents CO2eq data from a SGP sensor in comparison with a conventional NDIR CO2 sensor signal.
The data was taken in a meeting room in a regular office building over a span of more than 3 months.
The graphs are colored to represent the indoor air-quality (IDA) levels as specified by the European
standard on room ventilation [53]. Overall a good correlation between the optically measured CO2

value and the equivalent value can be found. Remaining deviations can be attributed to a limited
cross-sensitivity to large tVOC signals and variations in individual H2 and CO2 breath concentrations.
In addition to the tVOC signal, the CO2eq might be an attractive low-cost alternative to optical CO2

sensors, in particular for applications where a human presence is the major contribution to air quality
(e.g., meeting rooms, schools).

Figure 9. CO2 data taken over about 3 months in a typical corporate meeting room (a). The output of
the non-dispersive infrared (NDIR) CO2 reference (black line) is compared to the output of the SGP
CO2eq algorithm (green line). The two red rectangles indicate the position of the zoom-ins provided
in panels (b,c). On the secondary y-axis the maximum values of the corresponding indoor air-quality
(IDA) levels are indicated [53].

4. Conclusions

The new SGP platform represents a milestone in the commercial application of MOx technology.
The unique combination of sensor and electronics integration, multi-pixel platform and long-term
stability opens a pathway to novel applications for metal-oxide gas sensors in consumer products like
mobile phones, wearables and IoT devices.

Author Contributions: All Authors contributed equally to the manuscript.



Sensors 2018, 18, 1052 10 of 12

Conflicts of Interest: All authors are employed by the Sensirion AG.

References

1. Word Health Organization. Health Risks of air Pollution in Europe–HRAPIE Project: Recommendations for

Concentration-Response Functions for Cost-Benefit Analysis of Particulate Matter, Ozone and Nitrogen Dioxide;

WHO Regional Office for Europe UN City: Copenhagen, Denmark, 2013.

2. Guerreiro, C. Air Quality in Europe: 2013 Report; European Environment Agency: Copenhagen, Denmark, 2013.

3. Lim, S.S.; Vos, T.; Flaxman, A.D.; Danaei, G.; Shibuya, K.; Adair-Rohani, H.; AlMazroa, M.A.; Amann, M.;

Anderson, H.R.; Andrews, K.G. A comparative risk assessment of burden of disease and injury attributable

to 67 risk factors and risk factor clusters in 21 regions, 1990–2010: A systematic analysis for the Global

Burden of Disease Study 2010. Lancet 2012, 380, 2224–2260. [CrossRef]

4. Guerreiro, C.B.; Foltescu, V.; De Leeuw, F. Air quality status and trends in Europe. Atmos. Environ. 2014, 98,

376–384. [CrossRef]

5. World Health Organization. WHO Air Quality Guidelines for Particulate Matter, Ozone, Nitrogen Dioxide and

Sulphur Dioxide. Global Update 2005. Summary of Risk Assessment; World Health Organization: Geneva,

Switzerland, 2005.

6. Tournier, G.; Pijolat, C. Selective filter for SnO2-based gas sensor: Application to hydrogen trace detection.

Sens. Actuators B Chem. 2005, 106, 553–562. [CrossRef]

7. Williams, D.E. Semiconducting oxides as gas-sensitive resistors. Sens. Actuators B Chem. 1999, 57, 1–16.

[CrossRef]

8. Schüler, M.; Sauerwald, T.; Schütze, A. A novel approach for detecting HMDSO poisoning of metal oxide gas

sensors and improving their stability by temperature cycled operation. J. Sens. Sens. Syst. 2015, 4, 305–311.

[CrossRef]

9. Korotcenkov, G.; Cho, B.K. Engineering approaches for the improvement of conductometric gas sensor

parameters: Part 1. Improvement of sensor sensitivity and selectivity (short survey). Sens. Actuators B Chem.

2013, 188, 709–728. [CrossRef]

10. Schütze, A.; Baur, T.; Leidinger, M.; Reimringer, W.; Jung, R.; Conrad, T.; Sauerwald, T. Highly Sensitive

and Selective VOC Sensor Systems Based on Semiconductor Gas Sensors: How to? Environments 2017, 4, 20.

[CrossRef]

11. Strike, D.J.; Meijerink, M.G.H.; Koudelka-Hep, M. Electronic noses—A mini-review. Fresenius J. Anal. Chem.

1999, 364, 499–505. [CrossRef]

12. Güntner, A.T.; Righettoni, M.; Pratsinis, S.E. Selective sensing of NH3 by Si-doped α-MoO3 for breath

analysis. Sens. Actuators B Chem. 2016, 223, 266–273. [CrossRef]

13. Ponzoni, A.; Baratto, C.; Cattabiani, N.; Falasconi, M.; Galstyan, V.; Nunez-Carmona, E.; Rigoni, F.;

Sberveglieri, V.; Zambotti, G.; Zappa, D. Metal Oxide Gas Sensors, a Survey of Selectivity Issues Addressed

at the SENSOR Lab, Brescia (Italy). Sensors 2017, 17, 714. [CrossRef] [PubMed]

14. Sanchez, J.-B.; Lahlou, H.; Mohsen, Y.; Gaddari, A.; Berger, F. Sub-ppm Detection of Ammonia Using a

Microfabricated Gas Preconcentrator and a Room Temperature Gas Sensor. Sens. Lett. 2015, 13, 913–916.

[CrossRef]

15. Tiwary, N.; Vinchurkar, M.; Patel, M.; Nathawat, R.; Pandey, S.; Rao, V.R. Fabrication, Characterization and

Application of ZnO Nanostructure-Based Micro-Preconcentrator for TNT Sensing. J. Microelectromechanical

Syst. 2016, 25, 968–975. [CrossRef]

16. Zampolli, S.; Elmi, I.; Stürmann, J.; Nicoletti, S.; Dori, L.; Cardinali, G.C. Selectivity enhancement of metal

oxide gas sensors using a micromachined gas chromatographic column. Sens. Actuators B Chem. 2005, 105,

400–406. [CrossRef]

17. Cabot, A.; Arbiol, J.; Cornet, A.; Morante, J.R.; Chen, F.; Liu, M. Mesoporous catalytic filters for semiconductor

gas sensors. Thin Solid Films 2003, 436, 64–69. [CrossRef]

18. Frietsch, M.; Zudock, F.; Goschnick, J.; Bruns, M. CuO catalytic membrane as selectivity trimmer for metal

oxide gas sensors. Sens. Actuators B Chem. 2000, 65, 379–381. [CrossRef]

19. Fleischer, M.; Kornely, S.; Weh, T.; Frank, J.; Meixner, H. Selective gas detection with high-temperature

operated metal oxides using catalytic filters. Sens. Actuators B Chem. 2000, 69, 205–210. [CrossRef]



Sensors 2018, 18, 1052 11 of 12

20. Güntner, A.T.; Abegg, S.; Wegner, K.; Pratsinis, S.E. Zeolite membranes for highly selective formaldehyde

sensors. Sens. Actuators B Chem. 2018, 257, 916–923. [CrossRef]

21. Schonauer, U.; Tafferner, M. Catalytic Layer System. U.S. Patent 5969232, 10 October 1999.

22. Gramm, A.; Schütze, A. High performance solvent vapor identification with a two sensor array using

temperature cycling and pattern classification. Sens. Actuators B Chem. 2003, 95, 58–65. [CrossRef]

23. Eicker, H.; Kartenberg, H.J.; Jacob, H. Untersuchung neuer Meßverfahren mit Metalloxidhalbleitern zur

Überwachung von Kohlenoxid-Konzentrationen/A study of new measuring techniques with metal oxide

semiconductors designed to monitor carbon oxide concentrations. Tech. Mess. 1981, 48, 421–430. [CrossRef]

24. FIS Datasheet SMB-AQ1. Available online: http://www.fisinc.co.jp/en/common/pdf/SMBAQ100E_P.pdf

(accessed on 13 March 2018).

25. Figaro Datasheet TGS-2600. Available online: http://www.figarosensor.com/products/2600pdf.pdf

(accessed on 13 March 2018).

26. SGX Datasheet MiCS-5914. Available online: https://www.sgxsensortech.com/content/uploads/2014/07/

1108_Datasheet-MiCS-5914.pdf (accessed on 13 March 2018).

27. Sensirion AG Datasheet SGP30. Available online: https://www.sensirion.com/fileadmin/user_upload/

customers/sensirion/Dokumente/9_Gas_Sensors/Sensirion_Gas_Sensors_SGP30_Datasheet_EN.pdf

(accessed on 13 March 2018).

28. Lei, Y.D.; Wania, F.; Mathers, D. Temperature-Dependent Vapor Pressure of Selected Cyclic and Linear

Polydimethylsiloxane Oligomers. J. Chem. Eng. Data 2010, 55, 5868–5873. [CrossRef]

29. Ehrhardt, J.-J.; Colin, L.; Jamois, D. Poisoning of platinum surfaces by hexamethyldisiloxane (HMDS):

Application to catalytic methane sensors. Sens. Actuators B Chem. 1997, 40, 117–124. [CrossRef]

30. Gaj, K.; Pakuluk, A. Volatile Methyl Siloxanes as Potential Hazardous Air Pollutants. Pol. J. Environ. Stud.

2015, 24, 937–943. [CrossRef]

31. Dudzina, T.; von Goetz, N.; Bogdal, C.; Biesterbos, J.W.H.; Hungerbühler, K. Concentrations of cyclic

volatile methylsiloxanes in European cosmetics and personal care products: Prerequisite for human and

environmental exposure assessment. Environ. Int. 2014, 62, 86–94. [CrossRef] [PubMed]

32. Horii, Y.; Kannan, K. Survey of organosilicone compounds, including cyclic and linear siloxanes,

in personal-care and household products. Arch. Environ. Contam. Toxicol. 2008, 55, 701–710. [CrossRef]

[PubMed]

33. Wang, R.; Moody, R.P.; Koniecki, D.; Zhu, J. Low molecular weight cyclic volatile methylsiloxanes in cosmetic

products sold in Canada: Implication for dermal exposure. Environ. Int. 2009, 35, 900–904. [CrossRef]

[PubMed]

34. Tang, X.; Misztal, P.K.; Nazaroff, W.W.; Goldstein, A.H. Siloxanes Are the Most Abundant Volatile Organic

Compound Emitted from Engineering Students in a Classroom. Environ. Sci. Technol. Lett. 2015, 2, 303–307.

[CrossRef]

35. Umweltbundesamt. Richtwerte für zyklische Dimethylsiloxane in der Innenraumluft. Bundesgesundheitsblatt

2011, 54, 388–400. [CrossRef]

36. Weschler, C.J. Ozone’s Impact on Public Health: Contributions from Indoor Exposures to Ozone and Products

of Ozone-Initiated Chemistry. Environ. Health Perspect. 2006, 114, 1489–1496. [CrossRef] [PubMed]

37. Singer, B.C.; Coleman, B.K.; Destaillats, H.; Hodgson, A.T.; Lunden, M.M.; Weschler, C.J.; Nazaroff, W.W.

Indoor secondary pollutants from cleaning product and air freshener use in the presence of ozone.

Atmos. Environ. 2006, 40, 6696–6710. [CrossRef]

38. MacNaughton, P.; Satish, U.; Laurent, J.G.C.; Flanigan, S.; Vallarino, J.; Coull, B.; Spengler, J.D.; Allen, J.G.

The impact of working in a green certified building on cognitive function and health. Build. Environ. 2017,

114, 178–186. [CrossRef] [PubMed]

39. Mølhave, L.; Clausen, G.; Berglund, B.; De Ceaurriz, J.; Kettrup, A.; Lindvall, T.; Maroni, M.; Pickering, A.C.;

Risse, U.; Rothweiler, H.; et al. Total Volatile Organic Compounds (TVOC) in Indoor Air Quality

Investigations. Indoor Air 1997, 7, 225–240. [CrossRef]

40. European Collaborative Action Indoor Air Quality & Its Impact on Man. Total Volatile Organic Compounds

(TVOC) in Indoor air Quality Investigations Report 19; Office for Official Publications of the European

Communities: Luxembourg, 1997; ISBN 978-92-828-1078-1.



Sensors 2018, 18, 1052 12 of 12

41. Barnes, D.H.; Wofsy, S.C.; Fehlau, B.P.; Gottlieb, E.W.; Elkins, J.W.; Dutton, G.S.; Novelli, P.C. Hydrogen in

the atmosphere: Observations above a forest canopy in a polluted environment. J. Geophys. Res. Atmos. 2003,

108, 4197. [CrossRef]

42. Coy, J.D.; Bigelow, P.L.; Buchan, R.M.; Tessari, J.D.; Parnell, J.O. Field evaluation of a portable photoionization

detector for assessing exposure to solvent mixtures. Am. Ind. Hyg. Assoc. 2000, 61, 268–274. [CrossRef]

43. Drummond, I. On-the-fly calibration of direct reading photoionization detectors. Am. Ind. Hyg. Assoc. J.

1997, 58, 820–822. [CrossRef]

44. Schleibinger, H.; Hott, U.; Marchl, D.; Plieninger, P.; Braun, P.; Ruden, H. Ziel-und Richtwerte zur Bewertung

der VOC-Konzentrationen in der Innenraumluft-ein Diskussionsbeitrag. Umweltmed. Forsch. Prax. 2002, 7,

139–147.

45. Seifert, B. Richtwerte für die Innenraumluft Die Beurteilung der Innenraumluftqualität mit Hilfe der

Summe der flüchtigen organischen Verbindungen (TVOC-Wert). Bundesgesundheitsblatt Gesundheitsforschung

Gesundheitsschutz 1999, 42, 270–278. [CrossRef]

46. Umweltbundesamt Beurteilung von Innenraumluftkontaminationen mittels Referenz- und Richtwerten.

Bundesgesundheitsblatt Gesundheitsforschung Gesundheitsschutz 2007, 50, 990–1005. [CrossRef]

47. Heiland, G.; Kohl, D. Physical and chemical aspects of oxidic semiconductor gas sensors. In Chemical Sensor

Technology, Volume 1; Elsevier: Amsterdam, The Netherlands, 1988; pp. 15–38.

48. Bârsan, N.; Weimar, U. Understanding the fundamental principles of metal oxide based gas sensors; the

example of CO sensing with SnO2 sensors in the presence of humidity. J. Phys. Condens. Matter 2003, 15, R813.

[CrossRef]

49. Wicker, S.; Guiltat, M.; Weimar, U.; Hémeryck, A.; Barsan, N. Ambient Humidity Influence on CO Detection

with SnO2 Gas Sensing Materials. A Combined DRIFTS/DFT Investigation. J. Phys. Chem. C 2017, 121,

25064–25073. [CrossRef]

50. Degler, D.; Wicker, S.; Weimar, U.; Barsan, N. Identifying the Active Oxygen Species in SnO2 Based Gas

Sensing Materials: An Operando IR Spectrsocopy Study. J. Phys. Chem. C 2015, 119, 11792–11799. [CrossRef]

51. Allen, J.G.; MacNaughton, P.; Satish, U.; Santanam, S.; Vallarino, J.; Spengler, J.D. Associations of Cognitive

Function Scores with Carbon Dioxide, Ventilation, and Volatile Organic Compound Exposures in Office

Workers: A Controlled Exposure Study of Green and Conventional Office Environments. Environ. Health

Perspect. 2015, 124, 805–8012. [CrossRef] [PubMed]

52. Persily, A.; Dols, W.S. The relation of CO 2 concentration to office building ventilation. In Air Change Rate

and Airtightness in Buildings; ASTM International: West Conshohocken, PA, USA, 1990.

53. DIN, E. 13779: Ventilation for Non-Residential Buildings-Performance Requirements for Ventilation and

Room-Conditioning Systems; Beuth Verlag GmbH: Berlin, Germany, 2007.

54. Herberger, S.; Ulmer, H. New IAQ sensor for demand controlled ventilation 2012. REHVA J. 2012, 49, 37–40.

55. Herberger, S.; Herold, M.; Ulmer, H. MOS gas sensor technology for demand controlled ventilation.

In Proceedings of the 4th International Symposium on Building and Ductwork Air tightness and 30th

AIVC Conference on Trends in High Performance Buildings and the role of Ventilation, Berlin, Germany,

1–2 October 2009.

56. Tadesse, K.; Smith, D.; Eastwod, M.A. Breath Hydrogen (H2) and Methane (CH4) Excretion Patterns in

Normal Man and in Clinical Practice. Q. J. Exp. Physiol. Cogn. Med. Sci. 1980, 65, 85–97. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access

article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


