N

N

Performance comparison between electrochemical and
semiconductors sensors for the monitoring of O3
Christophe Claveau, Mathilde Giraudon, Benoit Coville, Arnaud Saussac,

Laurence Eymard, Laure Turcati, Sébastien Payan

» To cite this version:

Christophe Claveau, Mathilde Giraudon, Benoit Coville, Arnaud Saussac, Laurence Eymard, et al..
Performance comparison between electrochemical and semiconductors sensors for the monitoring of
03. 2022. insu-03671828

HAL Id: insu-03671828
https://insu.hal.science/insu-03671828

Preprint submitted on 18 May 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://insu.hal.science/insu-03671828
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

https://doi.org/10.5194/amt-2022-75
Preprint. Discussion started: 17 May 2022
(© Author(s) 2022. CC BY 4.0 License.

10

15

20

25

30

35

40

45

Atmospheric
Measurement
Techniques

Discussions

Performance comparison between electrochemical and
semiconductors sensors for the monitoring of O3

Christophe Claveau', Mathilde Giraudon', Benoit Coville!, Arnaud Saussac?, Laurence
Eymard!, Laure Turcati®, Sébastien Payan'

' LATMOS/IPSL, Sorbonne Université, UVSQ, CNRS, Paris, France

2 LAL, Universite Paris Sud, Universite Paris Saclay — CNRS, France
3 OSU Ecce Terra, Sorbonne Universite— CNRS , France

Correspondence to: Christophe Claveau (Christophe.claveau@latmos.ipsl.fr)

Abstract. As part of the Quality of Life and Urban Mobility (MouVIE) Chair, an individual mobile sensor
designed as an adaptable and scalable "platform" is being developed within the LATMOS (Atmospheres Space
Observations Laboratory). This sensor must contribute to answering problems related to the exposure of
individuals to air pollution and their impact on health. In this context, its adaptable and scalable nature will allow
the insertion of new consumer measurement components available ("low cost" micro-sensors).

In this paper we present a laboratory evaluation of commercially sensors for the monitoring of ozone (O3). Two
type of sensors are tested: electrochemical and semiconductors sensors. Theses sensors are tested at different
temperatures, humidity and at ppb level. The voltage response and their dependence on ambiant temperature and
humidity are evaluated. The time drift effect on electrochemical sensors was also evaluated during 4 months of
use.

Keywords. individual mobile sensor, electrochemical sensors, semiconductors sensors, ozone (O3)
1. Introduction

For the monitoring of ambient air pollution, the use of low-cost portable gas and particle sensors in addition to
fixed sensors allows greater spatial coverage and is undergoing a recent and wide development. Many papers have
studied the performance of these sensors and make comparisons between different sensors technologies and
commercial sensors.

An analysis of the performance of various commercial sensors measuring ambient gases (Aleixandre and
Geirboles, 2012) concluded that metal oxide semiconductor sensors generally have high sensitivity but have
reproducibility and stability problems. Electrochemical sensors do not have a very good sensitivity but have a
better stability. Infrared gas absorption spectra sensors are less sensitive and are not available for each target gas.
Finally, the Photo-ionization sensors are really sensitive, selective and reproducible, but they are only available
for a few gases.

Recently, the performance of commercial sensors (CairclipO3/NO2 and CairclipNO2) was evaluated (Spinelle et
al., 2013a, 2013b). The authors show that on the measurement range between 0-250 ppb the sensors have a good
response linearity, good repeatability of measurements and limited sensitivity to temperature and humidity.
However, the CairClipNO2 long-term drift and the high cross-sensitivity of these sensors for these two gases,
require simultaneous measurements with these 2 sensors. In addition the cost of these sensors (about 600 euros per
sensor) is too expensive for large-scale deployment.

Several papers have highlighted the important cross-sensitivity between the ozone and NO; electrochemical
sensors (Spinelle et al., 2014, 2015a; Pang et al., 2017; Wei et al., 2018). This lack of selectivity has been shown,
for example, in the article on the comparison of different electrochemical sensors with 3 and 4 electrodes (Spinelle
et al., 2015a): B4 type sensors (0O3-B4 and NO,-B4) of Alphasense, City Technology model O3 3E1F and NO,



https://doi.org/10.5194/amt-2022-75 Atmospheric
Preprint. Discussion started: 17 May 2022 Measurement
(© Author(s) 2022. CC BY 4.0 License. Techniques

10

15

20

25

30

35

40

45

50

55

60

Discussions

3ES50 sensors, and Cairpol O3/NO; and NO; sensors. Nevertheless, these studies show that electrochemical sensors
give good linear response and high precision in low concentration conditions and only slight temperature influence
on voltage response. The humidity effect on electrochemical sensors also studied: an increase in tension response
with an increase in humidity was highlighted (Spinelle et al., 2014, 2015a; Pang et al., 2017) and also a significant
hysteresis effect (Spinelle et al., 2014, 2015a). Another study also obtained a slight slope of about 5% of the
voltage response during a change in humidity of 15% to 48% (Wei et al., 2018). The drift effect on electrochemical
sensors studied too (Spinelle et al. 2014, 2015a; Wei et al. 2018). A slight short term drift effect for NO, and O3
sensors obtained but for the long term drift effect the NO; sensors seems to suffer more from long term drift than
O3 sensors (Spinelle et al. 2014, 2015a).

The performance of metal oxide sensors, particularly for ozone, evaluated also in different papers (Spinelle et al.,
2016; Peterson et al. 2017; Lerner et al. 2015) and showed that the MOS sensors are generally sensitive with the
temperature. The study in laboratory on MiCS-4514, MiCS-2614, MiCS-5914 sensors, and SGX sensors from
Sensortech for the measurement of NO; and O3 concentrations on 18-month extended tests shows significant drift
and loss of accuracy after four months of use (Peterson et al., 2017). The study of wind effect on resistive metal
oxide sensors in laboratory permit to conclude that it is important to take this effect into account when measuring
NO; and O3 concentrations (Lerner et al., 2015).

Many methods are developed to improve the performance of sensor measurements. These aims methods are to
correct the effects of drifts, of the irreproducibility of individual sensors and also the effects of cross interference
between NO, and Os. The performance of several field calibration methods for low-cost metal oxide and
electrochemical sensors are evaluated (Spinelle et al., 2015b, 2017). One study shows that supervised learning
techniques can be more effective than linear or multilinear regression methods to estimate the concentration of a
gas (Smith et al., 2018).

Many field campaigns using low-cost sensors have been deployed to test their performance in real conditions of
use and over time. For example, the use of networks of electrochemical sensor nodes held by pedestrians and
cyclists, as well as static and dense networks in the Cambridge area, in the United Kingdom, measured personal
exposure to pollution in urban areas (Mead et al., 2013). Other authors have developed a system called "M-Pods"
[Piedrahita et al., 2014) designed with Sensortech’s commercial SGX metal oxide sensors for CO, O3, NO; and
VOC measurements. The laboratory and field study found that a better estimate of the amount of pollutants is
achieved if the system is calibrated on the field. A large study of 132 metal oxide sensors (Sensortech MICS-2614)
and 11 electrochemical ozone sensors (Alphasense) compared the performance of these two sensor technologies
for 5 months (Ripoll et al., 2019). Metal oxide sensors appeared to have an upper concentration limit (about 170
ug/m?), incompatible with peak pollution. However, the long-term performance of both types of sensor nodes was
comparable to short-term (1-2 months), with no sign of drift over time. An evaluation of 24 identical AQMESH-
type systems, based on electrochemical sensors from the manufacturer Alphasense, for the measurement of
gaseous pollutants (CO, NO, NO,, O3) was carried out in the laboratory and in the field for 6 months (Castell et
al., 2017). The authors show that the response of each sensor is unique and that it is not only necessary to evaluate
each sensor node individually before deploying it in the field, but field calibration may be required to correct bias
and measurement errors between sensor nodes.

A set of integrated ARISense sensors (Cross et al., 2017), containing electrochemical sensors were deployed over
a period of about 4 months at an urban neighbourhood site in the state of Massachusetts (USA). The ARISense
system uses high-dimensional model representation techniques (which take into account the effects of interference
and different climatic conditions) to measure the levels of five gaseous pollutants (CO, NO, NO», O3 and CO») and
particles.

Another study characterized the performance of a portable personal air quality monitor (PAM) that incorporates
electrochemical sensors of nitrogen oxides (NOx), carbon monoxide (CO), ozone (O3) and particulate matter (PM)
(Chatzidiakou et al., 2019). The authors show that with appropriate calibration and post-processing, their
performance is comparable with reference instruments under various operating conditions (indoor, outdoor).

A mobile autonomous air quality sensor box (MAAQSbox) has been developed to measure air pollution (Gonzales
et al., 2019). MAAQSbox contains gas and particule sensors. Field calibration was performed with MAAQSbox
and the stationary air monitoring stations of the Minnesota Pollution Agency. The authors used multivariate linear
regressions with temperature and relative humidity data to improve their ability to predict gas concentrations. Due
to the evolution of sensor sensitivity over time, the authors concluded that it was necessary to perform periodic
field calibration, in the order of 3 months, to obtain reliable results.
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Recently an inter-comparison campaign during seven months with low cost air quality monitoring sensors and
commercial analyzers was carried out in a High Mountain Station (Li et al., 2020). The performance of three
electrochemical sensors for carbon monoxide (CO), ozone (O3) and particle matter sensor (PM2.5) were evaluated.
Using two methods, namely a multiple linear regression model and a random forest model, to minimize the
influence of meteorological factors, results show it's possible to use low-cost air quality sensors in high-elevation
areas.

A large-scale field deployment in the study of air quality requires low-cost and adaptable sensors. We have
developed our own sensor designed as a portable and adaptive platform in order to be able to use the latest
commercial micro-sensors, the most efficient and the cheapest. With our first sensor prototype (Fereira et al., 2017)
we studied the behavior of several ozone-sensitive micro-sensors during 4 months of use. A cluster of ozone
sensors made up of two types of micro-sensors was tested: OX-A431 electochemical ozone sensors (Alphasense
Ltd., 2019) and MICS-2614 metal-oxide ozone sensors (SGX Sensortech). The calibration curves of these sensors
were carried out with a response in tension (and not directly in concentration). This work aims to highlight the
variations in the voltage response obtained from one sensor to another, to study their dependence on temperature
and humidity as well as the time drift of the voltage response.

2. Experimental Setup
2.1 Exposure chamber

The prototype sensor, the two personal ozone monitors (POM) and the ozone generator (by corona effect) are
placed in an exposure chamber (Figure 1). This exposure chamber has two entrances, one of which allows the
evacuation of air, the other allows the injection of particles or gases. There is also a small metal door and two fans.
By closing the door, we can create a flow of air that allows the evacuation of gases. The fans allow the gas to be
homogenized and it is necessary to wait at least 30 minutes for the gas concentration to be homogeneous in the
chamber.

Calibration is performed by comparing the voltage response of the micro-sensors to the measured concentration
with two personal ozone monitors (POM) from 2B Technologies, previously calibrated by the manufacturer. The
measuring principle is based on UV absorption at 254 nm. These instruments record concentrations over a linear
dynamic range of 0 to 10 ppm and have an accuracy better than 1.5 ppb or 2% reading. The POM has been
designated by the US EPA as a Federal Equivalent Method (FEM) for ozone (Federal Register, 2015). The ozone
concentration with these two analyzers was read every minute (each value is the average of the measurements
recorded every 10 seconds) and these measurements were compared to the voltages obtained with the
MiCro-sensors.

Two methods of measurement have been tested to record ozone concentrations: 'continuous' measurements with a
constant ozone flow at the exit of the exposure chamber and 'staggered' measurements where the exposure chamber
is kept closed for 10 minutes for each concentration. Degassing was observed at each valve opening due to ozone
trapped on the metal door. This degassing makes it difficult to accurately measure the concentration using the step-
by-step method. So we chose the method of a "continuous" measurement with a slow and constant ozone flow
coming out of the tank to have enough measuring points for each experiment. It took about an hour and a half for
the concentration to decrease from 400 pg/m?® to 5 pg/m? with this method. In order to validate our results, we
repeated the experiments under the same temperature and humidity conditions several times.

2.2 Individual MouVie sensor prototype

The prototype of the ozone sensor cluster (Figure 2) is an intermediate step in the development of the individual
MouVie sensor concept. The device allows the integration of a variety of environmental micro-sensors to measure
physical quantities in several fields of study (gas, temperature and humidity sensors). This involves, thanks to a
small device, creating an image of the environment in which an individual operates. The system consists of a
network of data acquisition and pre-processing cards from micro-sensors. This network of cards is controlled by a
microcontroller, at the heart of the system, who manages the different functionalities related to the acquisition and
processing of the Data. This prototype made it possible to study performance and time drift in the laboratory of
sensors from the same series and put in competition with other products.
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The high linearity and time-limited drift of electrochemical sensors (Spinelle et al., 2014, 2015a), led us to test the
performance of these sensors for use with our future mobile platform. However, these electrochemical sensors
have a high cross-sensitivity with ozone and NO; (Spinelle et al., 2013, 2014, 2015a; Smith et al., 2018). So we
choice to compare these performances with metal oxide ozone sensors whose linearity is less good but which are
not very sensitive to other gases (Spinelle et al., 2016). The recording time for each measure was set at one minute,
which is a compromise to meet two objectives: the recording time must make it possible to obtain a sensor response
with sufficient precision to associate a given concentration value to each voltage response value obtained but
calibration of sensors carried out in the laboratory must too be compatible with future field use of these sensors.

2.3 Ozone micro-sensors tested
2.3.1 Electrochemical Micro-sensors (OX-A431 Alphasense)

The electochemical sensors tested (Figure 3) are amperometric sensors (4 electrodes electrochemical sensors).
these sensors include at least a measuring and a counter electrode. The gas molecules diffuse into the sensor and
the measuring electrode where chemical reactions induce an electron transfer. These reactions produce an electric
current proportional to the concentration. The amperometric sensors includes references electrodes, while a 4th
auxiliary electrode used for correction of electrode physical changes and sensor drift. In this paper Alphasense
sensors are noted “Alpha” sensors.

2.3.2 Metal-oxide sensors (MICS-2614 SGX Sensortech)

The metal oxide (MOS) semiconductors sensors (Figure 4) tested have an exposed surface film on which a target
gas adsorbs, a process that causes a change in the conductivity of the film itself. The resulting signal therefore
corresponds to a variable resistance according to the evolution of the conductivity. The small change in resistance
measured allows to obtain the concentration of the gas at the surface.

2.4 Experimental condition sets

Table 1 gives experiments conditions. A first test period (Series 1-5) was carried out with each type of sensors
(metal oxide sensor (MICS 1) and electrochemical sensors (Alpha 1)) together during two weeks in May and one
day in July to test new sensors (MICS 2 and Alpha 3).

A second test period (series 6-9) was conducted over a period of three weeks in September/October with MICS 3,
Alpha 2, Alpha 3 and Alpha 4 sensors. A third period tests during 2 weeks in December (Series 10-12) and a fourth
test period during 3 weeks in January/February (Series 13-15) permitted to study long time drift with these
electrochemical sensors.

We select a study range for ozone concentration between 0 and 320 pg/m® and a range of 40 pg/m? for each
reported value. Thus, all the reported values for each range considered are the average of all the values of the
studied range. This choice of 40 pg/m? allows to obtain values with a good precision and is sufficient for air quality
studies with the European regulation. The background gas of NO, measured in the laboratory most of the time is
less than 2 ppb and represent only 5 % of the 40 pg/m® range chosen. The humidity and temperature measurements
obtained using the ozone sensors were checked using sensor (Testo, 2012) which measures temperature with an
accuracy of 0.5 K and relative humidity with an accuracy of 3% at 298 K.
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3. Results
3.1. Performance of Metal-oxide sensors (MICS-2614)
3.1.1 Short time drift study with one Metal-oxide sensor

Figure 5 shows the voltage response for the metal oxide sensor MICS 1 with series 1 (11-12 May) and 2 (15-17
May) with the same temperature and humidity conditions. We obtain a drift after a few days of use, about 5%
between the two series. The results obtained at higher temperature for series 3 (24-29-30 May) and 4 (31 May and
1-2 June), are also reported in this figure. A short time drift is too observed between series 3 and 4 and varied
about 2 to 8% on concentration range studied. The short time drift is observed previously (Spinelle et al., 2016;
Peterson et al., 2017; Piedrahita et al., 2014) but our drift is more important of previously studies. One explication
can be the time response of this type of sensors: about 5 min for MICS-2610 (Spinelle et al., 2016).

This short time drift makes it difficult to establish a temperature-induced drift (Spinelle et al., 2016) between series
1-2 and 3-4 even if a decrease in tension response with temperature is observed.

3.1.2 Comparison of the voltage response between different Metal-oxide sensors

Figure 6 shows results obtained for the voltage response with the concentration for 3 metal-oxide sensors. The
voltage response between the different metal oxide sensors studied for a given concentration range varies from 5
to 10%. This is the same order of magnitude as the voltage response variation obtained for one sensor between 0
to 200 pg/m’. Moreover the slopes of the curves obtained for the voltage response of each sensor are also very
different and the voltage response obtained for two sensors is non-linear. This non-linear voltage response is
already described by various studies on metal oxide sensors (Spinelle et al., 2016; Ripoll et al., 2019).

We have not done enough experiments for each sensor to get accurate values (especially with MICS 2 and MICS
3) but these experiments are enough to show that the response voltage is very different between the different MICS
sensors. This different voltage response for each metal oxide sensor, highlighted previously (Peterson et al., 2017),
is certainly due to the differences between the sensors during their manufacture.

3.2 Performance of Electrochemical Micro-sensors (OX-A431)
3.2.1 Short time drift

In Figures 7 and 8, we reported the study of short time drift of Alphasense sensor Alpha 1 at room temperature
and higher temperature. There are no significant effects between series 1 and 2 after a few days of use at room
temperature. For the series 3 and 4 a slight effect can be observed between 0 to 200 pg/m?* even if the effect is less
than 1%. Above 200 pug/m’, the effect is greater and reaches about 2 % at 300 pug/m?. However, the lack of
sufficient values at these concentrations does not lead to the conclusion that an effect is greater when the
concentration is higher. These results are in agreement with previous studies on the performance of electrochemical
sensors which showed that the voltage response only suffers from very small short-term drifts (Spinelle et al.,
2014, 2015a).

3.2.2 Humidity and Hysteresis effect on Voltage response

Humidity effect on electrochemical sensors, highlighted in previous studies (Mead et al., 2013; Spinelle et al.,
2014, 2015a; Pang et al., 2017; Castel et al., 2017; Wei et al., 2018), is studied with Alphasense sensors Alpha 2,
Alpha 3 and Alpha 4 during the second measurement period (September/October). The results are shown in Figure
9 (Alpha 2), Figure 10 (Alpha3) and Figure 11 (Alpha 4).

For the Alpha 2 sensor, we first compared the voltage response on series 6 to 8. The voltage response increases
with humidity, by about 1% between series 6 (H = 36%) and series 7 H = 45%) and about 3% between series 7
(H=45%) and series 8 (H=57%) over the entire concentration range studied. The humidity effect can be estimated
at 1% on the voltage response when humidity increases by 5% and it seems to be more important for higher
humidity. The increased in voltage response with higher humidity and non-linearity effects are consistent with the
results of the humidity effect study with the Alphasense B4 O3 model (Spinelle et al. 2014) and the manufacturer’s
documentation on the O3-B4 Alphasense (Alphasense Ltd, 2019c¢.). Further studies will be required to confirm the
non-linearity effect on our type of sensor tested. If we compare now the results of the serie 7 with the serie 9 (about
same temperature and humidity), we obtain a lower voltage response of 1.5 to 4% over the concentration range
studied with serie 9. This result is also consistent with an earlier study (Spinelle et al., 2014), which shows that a
hysteresis effect on response can be more than 10% for the same temperature and humidity.
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For the Alpha 3 sensor, the first tests were carried out in July on one day (serie 5) on the range 0-200 pg/ m3. The
good agreement with the new measurements made with the serie 7 in September (Figure 10) can be noted even if
the values of the serie 5 are slightly higher by 1% than those of the serie 7 on the concentration range 40-200
ng/m?®. The difference of 1% of the values and the slope of the curve different between the two series can be
explained perhaps by the difference of the temperature between series. The difference between the voltage
response of the serie 7 (H=45%) and the serie 8 (H = 57%) is in agreement with the results of the Alpha 2 sensor:
the difference varies from 2 to 3% over the entire concentration range studied. On the other hand, the voltage
response with the serie 9 is about 1.5% to 4% lower than that of the serie 7 on the concentration range studied (for
the same temperature and humidity).

For the Alpha 4 sensor, we perform measurements only with series 8 (H=47%) and 9 (H = 57%). We also obtain
a difference between the series but less than that obtained with the Alpha 2 and Alpha 3 sensors: the difference
due to the humidity effect is about 1% (Figure 11).

3.2.3 Temperature effect on Voltage response

Between the series (1-2) and (3-4), the relative humidity varies between 41 and 33%. But we have seen that the
humidity effect is only 1% up to 200 pg/m3 in this humidity range. So we decided to compare in Figure 12 the
variations of the voltage response for an electrochemical sensor (Alpha 1) tested with the values obtained at
ambient temperature (Series 1-2) and at 309 K (Series 3-4). The deviation of the voltage response between the
series (1-2) and (3-4) over all the concentration ranges studied (0 - 320 pg/m3) is very small: The observed
deviation reaches a maximum of 3 mV (0.3 mV/°). We therefore conclude that the effect temperature on the voltage
response with this sensor is very small, in agreement with the manufacturer’s measurements (Alphasense Ltd.,
2019a). We can also note that in the study of the sensor response of the Alphasense B4 O3 model (Spinelle et al.,
2014), the effects of temperature on the sensor response were much lower than the humidity effects, which is
consistent with our results.

3.2.4 Comparison between voltage response of electrochemical sensors

The results obtained for the voltage response for four electrochemical sensors tested are given in Figure 13. We
choose to compare the values corresponding to a near temperature and humidity. So for the Alpha 1 sensor, we
averaged all the values obtained with series 1 and 2, and for the Alpha 2 and Alpha 3 sensors, the average of all
the values obtained with series 7 and 9. The maximum deviation between the voltage response values is in the
order of 2 mV over the range 0-40 mV (or 0.7% in relative value). At a higher concentration, the voltage response
values vary from 10 to 15 mV (3.5 to 5% in relative terms over the concentration range studied).

In Figure 14 we compare the sensitivity determined from the mean of the voltage response obtained with the four
electrochemical sensors tested with that of the manufacturer. We obtained an average sensitivity value of 0.121
mV per pg and per m* which is lower than the value of 0.179 mV per pg and per m3 derived from the curves given
by the manufacturer. The difference between the two curves up to 220 pg/m?® does not exceed 5.7 mV (1.8% of
the relative value). But this gap increases to 15.7 mV over the range 280-320 pg/m? (4.9% of the relative value).

3.3 Study of the long time drift with electrochemical sensors

To evaluate the long-term drift of the voltage response, we perform measurements in two additional periods with
two electrochemical sensors (Alpha 2 and Alpha 3 sensors) in December (third period) for 2 weeks (series 10-12)
and in January/February (fourth period) for 3 weeks (series 13-15).

Figure 15 shows the results of the Alpha 2 sensor for series 10 to 12. The temperature is the same and the humidity
conditions vary between 28 and 34%. The results obtained with these three series are very close. Similar results
were obtained with the Alpha 3 sensor, which is consistent given that the tests were performed together.

The voltage response obtained with the last series (13-15) for the Alpha 2 and 3 sensors is shown respectively in
Figure 16 (Alpha 2 sensor) and Figure 17 (Alpha 3 sensor). For the Alpha 2 sensor, we get similar results with the
third test period with a voltage response obtained with very close for the three series. Nevertheless we obtained a
greater dispersion of the measurements. In the case of the Alpha 3 sensor (Figure 17), the dispersion of the
measurement is greater too especially for values above 200 pg/m3. The mean values of the voltage response
between the series are close up to 200 mg/m? but for values above 200 pg/m? the quality of the measurements does
not allow to obtain a reliable result.

In the last figure (Figure 18), we compare the average voltage response values obtained for the 4 electrochemical
sensors tested during the first month of use (and shown previously in Figure 14) with the average voltage response
values obtained for the 2 electrochemical sensors (Alpha2 and Alpha 3) tested for an additional 3 months. (Note:
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these last 2 sensors were also used during their second month of use for NO, measurements not reported in this
paper). The figure shows a strong drift between the values obtained during the first month of use and the 3rd and
4th months of use: the drift varied about 23.5 mV to 10 mV when concentration increase. It can also be noted that
the drift increase only about 2 to 2.5 mV between the last two series of measurements. There is also a loss of
sensitivity on study range concentration about 50% between the first month and the last months of use: sensitivity
is only about 0.082 mV per pg per m® after the third month study. These results are consistent with the
manufacturer’s note (Alphasense Ltd., 2013) which specifies that the voltage response has a temporal drift over
time, typically 0.5% to 2% per month, depending on the type of sensor, humidity, temperature and gas
concentration.

The evolution of electrochemical sensor performance over time is frequently observed (Ripoll et al., 2019; WMO
No. 1215, 2018). It may be due to internal drifts during the manufacture of the sensors or the aging of the sensors.
Nevertheless one study of the long-term drift of the electrochemical sensor O3-B4 of Alphasense showed it
remains weak (Spinelle et al., 2014). There was certainly a premature aging of these 2 sensors for an unknown
reason during use because the voltage response is similar for the 2 sensors tested together.

Despite the loss of sensitivity, these sensors can continue to be used under these conditions to measure air quality,
but with a new calibration to associate a voltage response value with a higher concentration range (for example 80
pg/m? and not 40 pg/m?).

4. Conclusions

This study shows the observed variations of the voltage response between the electrochemical sensors are lower
than for metal oxide sensors. Moreover, unlike the metal-oxide semiconductors sensors studied, the results
obtained with electrochemical sensors are not very sensitive to temperature variations and to short-term drift.
The study of the effect of humidity on the response of electrochemical sensors shows a shift with humidity and
especially an effect of hysteresis which requires recalibration in case of significant variation of humidity.

The long-term drift study with 2 electrochemical sensors tested shows a significant drift between 3 to 8% over the
concentration range after 3 months of use which is certainly due to premature aging of the sensors. However, a
new calibration of these sensors is sufficient to study air quality with a concentration range of approximately 60-
80 ug/m’.

Finally even with a low sensitivity (response of the voltage per g and per m*) obtained for this type of sensor (ie
0.121 mV per pg/m?), the measurements precision is enough for air quality studies with European regulation
(European directive on air quality 2008/50/EC for Ozone: 120 pg/m* on average period of 8 hours and during 25
days over 3 years).

So for ozone air quality studies, given the linearity properties, the reproducibility of the measurements between
the different sensors and the low dependence on temperature variations, we recommend the use of electrochemical
sensors. However the high cross-sensitivity between ozone and NO; for these sensors (Spinelle et al., 2013, 2014,
2015a), (Smith et al., 2018) requires simultaneous measurements of ozone and NO; in the field using O3/NO,
sensors (Alphasense Ltd., 2019a) and NO, (Alphasense Ltd., 2019b). This NO, sensor uses an ozone filter to
measure only NO» gas. We recommend too a new calibration of the electrochemical micro-sensors individually
after approximately one or two months of continuous use to avoid erroneous measurements due to possible
problems of premature aging of the sensors.

Acknowledgements
This project, which aims to measure the impacts of gases, particles and noise pollution on the quality of life and

health of the inhabitants of a city, was supported by the Paris Sorbonne University Chair "Mobility and quality of
life in urban areas" created thanks to the sponsorship of the companies PSA Peugeot Citroén and Renault.



https://doi.org/10.5194/amt-2022-75 Atmospheric
Preprint. Discussion started: 17 May 2022 Measurement
(© Author(s) 2022. CC BY 4.0 License. Techniques

10

15

20

25

30

35

40

45

50

55

Discussions

References

Aleixandre, M., Gerboles, M., Review of small commercial sensors for indicative monitoring of ambient gas.
Chem. Eng. Trans, 30, 169-174, 2012.

Alphasense Ltd, Application Note AAN 105-03 DESIGNING A POTENTIOSTATIC CIRCUIT,
https://www.alphasense.com/wp-content/uploads/2013/07/AAN_105-03.pdf, 2013.

Alphasense Ltd, Technical specification. 0X-A431 Oxidising Gas Sensor Ozone and Nitrogen Dioxide
4-Electrode, https://www.alphasense.com/wp-content/uploads/2019/09/0X-A431.pdf, 2019a.

Alphasense  Ltd, Technical specification. =NO2-A43F Nitrogen Dioxide Sensor 4-Electrode,
https://www.alphasense.com/wp-content/uploads/2019/09/NO2-A43F .pdf, 2019b.

Alphasense Ltd, Technical specification. OX-B431 Oxidising Gas Sensor Ozone and Nitrogen Dioxide,
https://www.alphasense.com/wp-content/uploads/2019/09/0X-B431.pdf ,2019c.

Castell, N., Dauge, F.R., Sschneider, P., Vogt, M., Lerner, U., Fishbain, B., Broday, D., Bartonova, A, Can
commercial low-cost sensor platforms contribute to air quality monitoring and exposure estimates? Environment
international, 99, 293-302, 2017.

Chatzidiakou, L., Krause,A., Popoola, O. A. M., Di Anotonio, A., Kellaway, M., Han, Y., Squires, F.A., Wang,
T., Zhang, H., Wang, Q., Fan, Y., Chen, S., Hu, M., Quint, J.K., Barratt, B., Kelly, F.J., Zhu, T., Jones, R.L.,
Characterising low-cost sensors in highly portable platforms to quantify personal exposure in diverse
environments, Atmos. Meas. Tech. Discuss, https://doi.org/10.5194/amt-2019-158, 2019.

Cross, E.S., Williams, L.R., Lewis, D.K., Magoon, G.R., Onasch, T.B., Kaminsky, M.L., Worsnop, D.R., J.T.
Jayne, J.T. Use of electrochemical sensors for measurement of air pollution: correcting interference response and
validating measurements, Atmospheric Measurement Techniques, 10, 3575-3588, 2017.

Federal Register/ Vol. 80, No. 165 / Notices/ EQOA—0815-227/ Wednesday, August 26, 2015.

Ferreira, F., Labanard, F., Saussac, A., Structure spatiale du dispositif : Orientations mécaniques pour le dispositif
Mouvie de 3éme génération, internal report, 2017.

Gonzales, A., Boies, A., Swason, J., Kittelson, D., Field Calibration of Low-Cost Air Pollution Sensors, Atmos.
Meas. Tech., doi:10.5194/amt-2019-299, 2019.

Lerner, U., Yacobi, T., Levy, 1., Moltchanov, S. A., Cole -Hunter, T., Fishbain, B.. The effect of ego-motion on
environmental monitoring. Science of the Total Environment, 533, 8-16, 2015.

Li, H., Zhu, Y., Zhao, Y., Chen, T., Jiang, Y., Shan, Y., Liu, Y., Mu, J., Yin, X., Wu, D., Zhang, C., Si, S., Wang,
X., Wang, W., Xue, L., Evaluation of the Performance of Low-Cost Air Quality Sensors at a High Mountain
Station with Complex Meteorological Conditions, Atmosphere, 11, 212, 2020.

Mead, M.1., Popoola, O.A.M., Stewart, G.B., Landschoff, P., Calleja, M., Hayes, M., Baldovi, J.J., McLeod, M.W.,
Hodgson, T.F., Dicks, J., Lewis, A., Cohen, J., Baron, R., Saffell, J.R., Jones, R.L., The use of electrochemical
sensors for montoring urban air quality in low-cost, high-density networks, Atmospheric Environnement, 70, 186-
203, 2013.

Pang X., Shaw, M. D., Lewis, A. C., Carpenter, L. J., Batchellier, T., Electrochemical ozone sensors: A
miniaturised alternative for ozone measurements in laboratory experiments and air-quality monitoring, monitoring,
Sensors and Actuators B 240 829-837, 2017.

Peterson, P.J.D, Aujla, A., Grant, K.H., Brundle, A.G., Thompson, M.R., Vande Hey, J., and Leigh, R.J., Practical
use of metal oxide semiconductor gas sensors for measuring nitrogen dioxide and ozone in urban environments.
Sensors, 17(7), 1653, 2017.

Piedrahita, R., Xiang, Y., Masson, N., Ortega, J., Collier, A., Jiang, Y. & Shang, L.. The next generation of low-
cost personal air quality sensors for quantitative exposure monitoring. Atmos. Meas. Tech, 7(10), 3325, 2014.
Ripoll, A., Viana, M., Padrosa, M., Querol, X., Minutolo, A., Houc, K.M., Barcelo-Ordinas, M., Garcia-Vidal, J.,
Testing the performance of sensors for ozone pollution monitoring in a citizen science approach, Science of the
Total Environment 651, 1166-1179, 2019.

SGX Sensortech. Datasheet MICS-2614, 1087 rev 5.,
https://aqicn.org/air/view/sensor/spec/o3.sgx-mics26 14.pdf

Smith, K.R., Edward, P.M., Ivatt, P.D., Lee, J.D., Squires, F., Dai C., Peltier, R.E., Evans, M.J., Lewis, A.C., An
improved low power measurement of ambient NO; and O3 combining electrochemical sensor clusters and machine
learning, Atmos. Meas. Tech. Discuss, https://doi.org/10.5194/amt-2018-285, 2018.

Spinelle, L., Gerboles, M., Aleixandre, M., Report of Laboratory and In-situ Validation of Micro-sensor for
Monitoring Ambient O12: CairClipO3;/NO, of CAIRPOL (F), Publications Office of the European Union,
Luxembourg, EUR 26373, 2013a.

Spinelle, L., Gerboles, M., Aleixandre, M., Report of Laboratory and In-situ Validation of Micro-sensor for
Monitoring Ambient air pollution. NO9: CairClipNO; of CAIRPOL (F), Publications Office of the European
Union, Luxembourg, EUR 26394, 2013b.



https://doi.org/10.5194/amt-2022-75 Atmospheric
Preprint. Discussion started: 17 May 2022 Measurement
(© Author(s) 2022. CC BY 4.0 License. Techniques

10

15

20

Discussions

Spinelle, L., Gerboles, M., Aleixandre, M., Report of Laboratory and In-situ Validation of Micro-sensor for
Monitoring Ambient Air — Ozone Micro-sensors, Sense, Model B4 O3 sensors, Publications Office of the European
Union, Luxembourg, EUR 26681, http://publications.jrc.ec.europa.eu/repository/handle/JRC90463, 2014.
Spinelle, L., Gerboles, M., Aleixandre, M., Performance evaluation of amperometric sensors for the monitoring
of O3 and NO, in ambient air at ppb level, Procedia Engineering 120 480 — 483, 2015a.

Spinelle, L., Gerboles, M., Villani, M.G., Aleixandre, M., Bonavitacola, F., Field calibration of a cluster of low-
cost available sensors for air quality monitoring. Part A: Ozone and nitrogen dioxide, Sensors and Actuators B
215, 249-257,2015b.

Spinelle, L., Gerboles, M., Aleixandre, M., Bonavitacola, F., Evaluation of Metal oxides sensors for the
monitoring of O3 in ambient air at Ppb level, chemical engineeing transaction,vol. 54, 2016.

Spinelle, L., Gerboles, M., Villani, M.G., Aleixandre, M., Bonavitacola, F., Field calibration of a cluster of low-
cost commercially available sensors for air quality monitoring. Part B: NO, CO and CO,. Sensors and Actuators
B: Chemical, 238, 706-715, 2017.

Testo 174H, Technical Specification, 0982 3823/cw/A/03, 2012.

Wei, P., Ning, Z., Ye, S., Sun, L., Yang F., Wong, K.C., Westerdahl, D. and Louie, P.K.K., Impact Analysis of
Temperature and Humidity Conditions on Electrochemical Sensor Response in Ambient Air Quality Monitoring,
Sensors, 2018.

WMO N° 1215, Low-cost sensors for the measurement of atmospheric composition: overview of topic and
future applications, 2018.

Competing interests. The authors declare that they have no conflict of interest.
Data availability. All data can be provided by the corresponding author upon request



https://doi.org/10.5194/amt-2022-75
Preprint. Discussion started: 17 May 2022
(© Author(s) 2022. CC BY 4.0 License.

Atmospheric
Measurement
Techniques

Discussions

Number of Series Number Number Number values on range T (K) H (%)
of days Experimental tests | 0-40 ug/m® to 280-320 pg/m?

Seriel (MICS1-Alphal) 2 4 140 to 10 301K(1) 41(2)
Serie2 (MICS1-Alphal) 3 4 120to 10 302K (1) 38(2)
Serie3 (MICS1-Alphal) 3 3 95t0 8 309K(1) 34(2)
Serie4 (MICS1-Alphal) 3 3 100 to 10 309K (1) 33(2)
Serie5(MICS2-Alpha3) 1 2 85t0 8 303K(1) 38(2)
Serie6 (MICS3-Alpha2) 2 3 70to 8 300K(1) 36(2)
Serie7 (Alpha2-Alpha3) 2 5 120 to 18 297K(1) 45(5)
Serie8 (Alpha2-Alpha3-Alpha4) 1 2 50 to 8 297,5K(0,5) | 57(2)
Serie9 (Alpha2-Alpha3-Alpha4) 2 3 60 to 14 296,5K(0,5) | 47(2)
Seriel0 (Alpha2-Alpha3) 2 4 170 To 15 297,0K(0,5) | 28(2)
Seriell (Alpha2-Alpha3) 2 3 140 to 14 297,0K(0,5) | 30(1)
Seriel2 (Alpha2-Alpha3) 3 6 250 to 20 296,5K(0,5) | 34(3)
Seriel3 (Alpha2-Alpha3) 2 2 70 to 8 294K(1) 40(2)
Seriel4 (Alpha2-Alpha3) 6 6 250 to 20 296,0K(0,5) | 39(2)
Seriel5 (Alpha2-Alpha3) 3 3 8510 18 296K(1) 28(2)

Table 1: Experimental conditions
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Figure 5: Short time drift and temperature effect of MICS 1 sensor
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Figure 6: Voltage response with the concentration for 3 MICS sensors at room temperature
Note: For the MiCS 1 we represent the voltage response for the Serie 1.
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Figure 7: Short time drift of Alpha 1 sensor at room temperature
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Figure 8: Short time drift of Alpha 1 sensor at T= 309K
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Figure 9: Humidity effect on Alpha 2 sensor at room temperature (Second Period of tests)
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5  Figure 10: Humidity effect on Alpha 3 sensor at room temperature (First and Second Period of tests)
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Figure 11: Humidity effect on Alpha 4 sensor at room temperature (Second Period of tests)
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5 Figure 12: Variation of the voltage of the Alpha 1 sensor according concentration for room temperature
and T =309 K.
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Figure 13: Voltage response with the concentration for 4 Electrochemical sensors of Alphasense at room

temperature
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Figure 14: Comparison between average sensitivity of Electrochemical sensors and the manufacturer values
*curve obtained with technical specification OX-A431
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Figure 15: Alpha 2 sensor (third Period of tests)
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Figure 17: Alpha 3 sensor (Fourth Period of tests).
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Figure 18: Long time drift of the sensors response with time for Electrochemical sensors
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