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Abstract

Electrochemical sensors are used to measure electroactive gases in ambient air monitoring
applications. These sensors typically contain sulfuric acid electrolyte, and porous carbon working,
reference, and counter electrodes. Current fluctuations caused by fluctuations in the meniscus
contact shape or area at the 3 phase gas-electrolyte-electrode interface as a result of ambient
pressure fluctuations have been suggested as a potentially significant source of error in sensor
measurements. We confirm in the present work that the pressure oscillations associated with
ambient sound can indeed lead to significant signals. . We show, for a variety of commercial sensors
for ambient nitrogen dioxide (NO;), that acoustic noise equivalent to that from a nearby motorcycle
or heavy goods vehicle can cause transient current fluctuations at 2 Hz sampling rate equivalent in
the sensor output to as much as that due to 100 parts per billion by volume (ppb) of NO,, and with a
root mean square (RMS) variation averaged over 10s of approximately 40 ppb equivalent. These
observations indicate that electrochemical gas sensors can behave as “microphones” in response to
loud noise. The impact of acoustic noise should be considered when using electrochemical sensors
to measure ambient air quality in areas of significant noise pollution, particularly if the aim is to

resolve local transient concentration variations.
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Introduction

Electrochemical sensors are often used for the quantification of various electroactive gases. They
typically contain a set of three porous electrodes, separated by thin, porous support membranes. A
wicking material connects these planar electrodes to the electrolyte reservoir, upon which the
electrode assembly sits. The working electrode is positioned at the top of this assembly, with a gas
diffusion membrane separating the working electrode from the atmosphere to be sampled, forming
a three-phase (gas-electrode-electrolyte) interface. Often, the electrodes are based on porous
carbon materials and the electrolyte is sulfuric acid.[1, 2] Electroactive gases, including ozone,
nitrogen dioxide and carbon monoxide, diffuse through the membrane and contact the working
electrode at this three-phase interface where they undergo an oxidation or reduction reaction,
generating a current that is proportional to the gas concentration in the sampled atmosphere. The
electrode and electrolyte are designed so that the electrochemical reactions of the target gas at the
working electrode are sufficiently fast and diffusion of the target gas through the gas diffusion
membrane is the rate determining step[1]. In addition to the target gas reactions, there are baseline
current reactions taking place at the working electrode, most likely oxygen reduction and electrode
oxidation.[3] These result in a non-zero baseline current at the working electrode in the absence of
target gas, caused by humidity dependent variations of the sulfuric acid concentration between the

working and reference electrodes.[4, 5]

Electrochemical sensors have been explored as a low-cost method for measuring the concentration
of critical pollutant gases in outdoor, typically urban, environments. Electrochemical gas sensors
were originally developed for industrial health and safety monitoring, where concentrations are in
parts-per-million by volume (ppm), however they have been shown to be useful in measuring parts-

per-billion (ppb) levels in environmental monitoring.[6-8] Although designed to measure the



reduction or oxidation current of electroactive gases, there are several other processes occurring at
the working electrode that influence sensor behaviour. Several authors have reported a persistent
shift in the baseline current in response to changes in atmospheric temperature or relative
humidity.[9-11] We have previously deduced that the temperature and humidity induced baseline
current offset is caused by small changes in the potential determining reactions of the working and
quasi-reference electrodes.[4] Additionally, a large amplitude signal fluctuation (+ 10-20 ppb
equivalent, frequency = 0.001 Hz) has been reported, which correlates with fluctuations in relative
humidity over short time scales.[12-14] In previous work we have demonstrated that the large
amplitude fluctuations are primarily caused by fluctuations in relative humidity. Changes in relative
humidity will cause fluctuations in the interfacial electrolyte composition and therefore fluctuations
in the interfacial capacitance of the working electrode. Changes in interfacial capacitance lead to

significant charging currents which manifest as large amplitude fluctuations in baseline current.[4]

Several authors have also observed a significant high frequency (0.0167 — 1Hz) noise component in
the signal current in measurement in the urban atmosphere but not in the laboratory: eg [6, 15].
The response time of the sensors to step changes in gas concentration is on the scale of 10 s or less
so it might be tempting to ascribe these fluctuations to rapid and large fluctuations in gas
concentration in the vicinity of the sensor. Mead et al.[6] indicated that this high frequency noise
correlated with periods of high wind speed. Weissert et al.[15] observed that this high frequency
noise was related to the time of day, with increased noise in the middle of the day when acoustic
noise from road traffic was highest. Sedlak et al.[16] explored the effect of flow rate on
electrochemical gas sensors and showed that high frequency baseline current fluctuations depend

on air flow rate across the sensor.

In a recent review, fluctuations in the baseline current were hypothesised as in part due to
perturbations of the meniscus at the three-phase interface. The solid-liquid-gas contact line or

meniscus for a porous carbon electrode has a complex shape with multiple possible configurations



and could switch between configurations in response to pressure fluctuations or to fluctuations in
interfacial tension (caused for example by fluctuations in humidity).[2]. The baseline current of an
electrochemical gas sensor is primarily due to oxygen reduction and electrode oxidation. These
baseline reactions are not necessarily limited by diffusion and therefore their rate will depend on the
working electrode area in contact with the electrolyte. Maget and Roethlein showed the effect of
the meniscus on oxygen reduction at platinum electrodes [17]. Chan et al.[18] determined that
changes in air pressure at the three-phase interface of copper electrodes in potassium hydroxide
electrolyte caused changes in the meniscus contact angle, with a decrease in contact angle at
increased pressure. The oxygen reduction current changed as a result of this contact angle change.
More generally, fluctuations in meniscus shape cause fluctuations in the rate of redox reactions
occurring within the meniscus because of the effect of the boundary on diffusion within the confined
liquid [19, 20]. On electrodes covered with thin liquid films, such as are formed close to the
meniscus, the current due to the oxygen reduction reaction is dominated by the part of the

electrode that is very close to the gas-electrode-electrolyte 3-phase contact line [21].

Air pressure fluctuations could cause fluctuations in the meniscus shape within the porous electrode
structure and hence on the current due to the oxygen reduction reaction. Two sources of high
frequency pressure fluctuations are possible: acoustic noise and acoustic resonance (Helmholtz
resonance). In the present work, we study the effect of acoustic noise on the baseline current of
electrochemical sensors. We show that the RMS variation of the baseline current in response to loud
sound increases with acoustic stimulation and the frequency of the baseline current fluctuations
depend on the frequency of the applied sound wave. An electrochemical gas sensor therefore
behaves as a “microphone” in response to changes in ambient sound. Whilst the effect may be
averaged to zero over a sufficiently long time (eg 15 min — 1 hr) as in previous studies, the impact of
acoustic noise stimulation of the baseline current of electrochemical gas sensors should be

considered when using electrochemical gas sensors in areas with significant noise pollution, for



example next to a busy urban road, particularly if the aim is to resolve transient gas concentration

changes.

Experimental

Laboratory Studies

An electrochemical gas sensor was positioned 5 cm from a speaker and subject to soundwaves of
varying frequencies and volumes. For most experiments, an O3M5 sensor (Membrapor AG,
Switzerland) was used. To confirm reproducibility across sensor types and manufacturers, other
sensors were also tested - NO,-A1 (NO; and Os, Alphasense UK) and CO-AX (CO, Alphasense UK). All
experiments were carried out in laboratory air, where the concentration of NO; and O3 are
negligible. To confirm this, the current of an OsM5 sensor was recorded in zero air (generated using
an Aeroqual Aircal 1000) and compared with the current in laboratory air. As shown in Sl Figure S2,
the average current in zero air is the same as the average current in the laboratory air, within error.
If NO, or O3 were present, the current would be negative (for example 100 ppb of O3z would cause an
offset of -100 nA). Hence, we can assume the results presented are due to baseline current reactions
(likely oxygen reduction and electrode oxidation), not target gas reactions. The OsM5 sensor was
positioned a fixed distance from the speaker (5 cm unless otherwise stated). The sensor was
positioned such that the sensor membrane was directly facing the source of sound. The sound was

generated using an online tone generator (https://www.szynalski.com/tone-generator/). Sound was

generated at a single frequency with a volume of 100 dBA unless otherwise stated. For the mixed
sound, three different frequencies (250, 350, and 450 Hz) were generated simultaneously. The
frequency and decibel level of the sound was recorded using the Physics Toolbox Sensor Suite
application on an Apple iPhone. The phone was positioned immediately next to the sensor to
measure the frequency and decibel level experienced by the sensor. The baseline current was
recorded using an EmStat Pico Development kit from PalmSens BV (Houten, Netherlands). Current

was recorded using a 1 Hz or 1 kHz sampling frequency at 0 V vs. sensor quasi-reference electrode.


https://www.szynalski.com/tone-generator/

Field Studies

The O3M5 sensor was operated in three different “real-world” settings: in a quiet office area,
outdoors approximately 200 m from the nearest road, and outdoors next to Rosebank Road in
Auckland, New Zealand — a busy road in a predominantly industrial area in Auckland. Current was
collected using the EmStat Pico Development kit at a 2 Hz sampling frequency over a 5 minute
period. The sound volume was recorded using an Apple iPhone and the Physics Toolbox Sensor Suite
application. The road was visually monitored throughout the experiment, and any noise generating

events (for example passing trucks) were recorded.

Results and Discussion

In this work we study the impact of acoustic noise on the baseline current of an electrochemical gas
sensor. Sensors of this type measuring nitrogen dioxide(NO;) in air respond have current response
linear in gas concentration and typically have signal current of 1000 nA / ppm (part-per million by
volume of the target gas in air) [1, 6, 15]. In a polluted urban atmosphere, NO, concentrations might
typically be 100 ppb, corresponding to a signal current of 100 nA. Figure 1A shows the baseline
current of an OsM5 sensor with and without acoustic stimulation, sampled at 1 Hz. There is a clear
increase in the amplitude of the baseline current fluctuations with acoustic stimulation, with an
increase in the RMS variation of the time series data from 15 to 40 nA. Fluctuations of up to £ 100 nA
(100 ppb equivalent) occur with acoustic stimulation. The result of measurement with a sampling
frequency of 1 kHz (the maximum available with the EmStat Pico development kit) is given in Figure
1B. A clear increase in the high-frequency baseline noise can be seen with acoustic stimulation. The
noise signal is symmetrical about zero. Figure 1C shows the baseline noise of the electrochemical
sensor at a sampling frequency of 1 kHz at different distances from the speaker with 450 Hz acoustic
stimulation. Moving the sensor further from the source of sound decreases the amplitude of the
baseline noise. The impact of acoustic stimulation clearly depends on the proximity of the

electrochemical sensor to the source of sound. In this experiment, only the electrochemical sensor



was moved, confirming this effect is due to the electrochemical sensor and not the electronic

circuitry recording the sensor signal.
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Figure 1: (A) Baseline current of an OsM5 sensor with and without acoustic stimulation and a 1 Hz
sampling rate. (B) Baseline current of an O3M5 sensor with and without acoustic stimulation and a 1
kHz sampling rate. Dashed line indicates when the sound was applied. For (A) and (B) the sensor was
5 cm from the speaker. (C) Baseline current of an OsM5 sensor 5 cm and then 1 m from the source of
sound. Sound frequency for all experiments was 450 Hz and the volume at 5 cm was 100 dBA.

We hypothesize that this increase in the amplitude of the baseline current noise is due to
perturbations of the meniscus at the three-phase contact line caused by air pressure fluctuations at
the interface. Fluctuations in the meniscus will change the electrode surface area that is in contact
with the electrolyte and therefore the oxygen reduction or electrode oxidation current. More
subtly, fluctuations in the meniscus shape change the distance scale for diffusion of oxygen towards

the electrode, particularly near to the contact line, and hence the current flowing there.

The influence of the frequency of the acoustic stimulation was investigated. Time series data,
collected at 1 kHz, of the baseline current of an O3M5 sensor stimulated by soundwaves of 250, 350
and 450 Hz (sound volume was fixed at 100 dBA), was processed via a discrete Fourier transform to

determine the periodicity of the baseline noise with different acoustic stimulation frequencies and



the results are given in Figures 2B, C and D, while Figure 2A shows the Fourier transform of the
baseline noise in the absence of sound. When the electrochemical sensor is stimulated with a
soundwave of a fixed frequency, the baseline noise can be decomposed into a single constituent
frequency. The constituent frequency of the baseline current signal shifts depending on the
frequency of the applied soundwave; however, it is not the same as the frequency of the
soundwave. For example, a 250 Hz soundwave gives an O3M5 signal frequency of 320 Hz. Note that
the frequency recorded using the Physics Toolbox application did match the applied sound
frequency i.e. if a soundwave of 250 Hz was generated, the application recorded a frequency of 250
Hz. The baseline current was also recorded with a mixture of sound frequencies generated
simultaneously and Fourier transform results are given in Figure 2E. The analysis shows the baseline
current can be decomposed into three discrete frequencies. Furthermore, these frequencies match

those obtained in the single frequency experiments.
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Figure 2: Fourier transform analysis of the baseline current of an OsM5 sensor with (A) no sound; (B)
a 250 Hz soundwave; (C) a 350 Hz soundwave; (D) a 450 Hz soundwave; (E) mixture of 250, 350, and
450 Hz sound waves. (F) shows the individual frequency experiments superimposed on the mixed
frequency experiment. All experiments were carried out with the sensor 5 cm from the speaker and
a volume of 100 dBA. The sampling rate was 1 kHz.

The mismatch of the applied and recorded frequency is most likely an aliasing artifact, which we
confirmed by alteration of the sampling rate (Sl, Figure S3). Aliasing artifacts result from under

sampling and mean the reported frequency in the Fourier transform analysis does not necessarily

500



reflect the true frequency of the time series data. A description of aliasing artifacts can be found in
the Sl. Use of the maximum available sample rate of 1 kHz, used for the remainder of the frequency
analysis, ensured reproducibility, but meant the frequency determined by the Fourier transform
analysis does not necessarily represent the true frequency of the baseline current. Measurement of
the amplitude of the response peak in the transform was a convenient way to separate the effect of

the acoustic stimulation from the general electronic noise.

To confirm the effect of acoustic stimulation was not specific to sensors from a particular
manufacturer, sensors from different manufacturers were stimulated with a 500 Hz sound wave.
The Fourier transform results are given in Sl Figures S4 and S5. For all sensors the Fourier transform
of the baseline current shows a single constituent frequency. The frequency of this was consistent
across all sensor types, hence the reported behaviour is not limited to a single sensor type or

manufacturer.

There are several key findings from this analysis. (1) The RMS fluctuation and amplitude of the
baseline current noise of an electrochemical gas sensor is amplified by acoustic stimulation; (2) The
magnitude of this amplification depends on the proximity of the sensor to the source of sound; (3)
The high frequency time series data for the baseline current can be decomposed into constituent
frequencies, which depend on the frequency of the acoustic stimulation and the sampling rate; (4) A

mixed sound can be decomposed into the individual sound frequencies that make up the mixture.

In addition to changing the frequency of the acoustic stimulation, the decibel level can also be
varied. Changing the decibel level at the sensor will change the magnitude of the air pressure
fluctuations at the interface. Two methods were used to accomplish this. The first involved changing
the volume of the tone generator, and the second was to keep the volume fixed and change the
proximity of the sensor to the sound source. The decibel level was recorded at the sensor. Time
series data was recorded, and the Fourier transform results are given Sl Figure S6. Figure 3A shows

the magnitude of the frequency component corresponding to the imposed sound, determined by



the spectral analysis at different decibel levels. When the decibel level increases the magnitude of
the acoustic frequency component increases. Data with a 1 Hz sampling rate was also recorded at
different volumes (SI, Figure S7), and Figure 3B shows the calculated RMS variation versus dBA. The
RMS variation also increased with increasing sound volume. Increasing the amplitude of the pressure
fluctuations at the interface therefore increases the amplitude of the baseline current fluctuations,
likely because the perturbations of the meniscus will be greater when the change in air pressure at

the triple-phase interface is higher.
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Figure 3: (A) Amplitude of the frequency component in the Fourier transform analysis of the OsM5
current with increasing sound volume. Sampling rate of the time series data was 1 kHz. Sound wave
frequency was 400 Hz. (B) RMS signal of the baseline current of an O3M5 sensor with acoustic
stimulation as a function of sound volume. Sampling rate of the time series data was 1 Hz. Sound
wave frequency was 450 Hz.

We have shown that acoustic stimulation increases the magnitude of the baseline noise of an
electrochemical sensor. The RMS variation of the 1 Hz data increased from 15 to 40 nA with acoustic
stimulation, and fluctuations of up to 100 nA were seen. This would correspond to fluctuations of
approximately 100 ppb, based on a sensitivity of -1000 nA ppm™. The sound levels we have studied
are close to those found near urban roads. The amplitude and frequency of road traffic noise
depends on traffic flow rate, vehicle speed, the road surface, and the proportion of heavy vehicles to
cars. At a distance of 15 m, trucks typically give dBA levels between 75-95 dBA depending on the
speed, and motorbikes in New Zealand are restricted to a maximum noise level of 100 dBA, while car
horns typically have a noise level close to 110 dBA.[22-24] Spectra of road noise are dominated by

low frequency bands below 2000 Hz. They typically show a component at approximately 100 Hz

135



caused by engine noise as well as a frequency peak around 1250 Hz due to the interaction of tyres

with the road surface.[25-27]

Current data for an OsM5 gas sensor was recorded at a sampling interval of 2 Hz over a 5-minute
period in three different, real-world noise conditions: (1) indoors; (2) in a quiet area outdoors
(approximately 200 m from the nearest road); (3) next to a busy road in an industrial part of
Auckland, New Zealand. Figure 4 shows the current in these three situations. Additionally, two
events are marked for the current recorded next to the road, which corresponded to times where
large trucks drove past. The RMS variation of the current increased from 9 nA indoors, to 16 and 34
nA for the quiet and roadside outdoor tests respectively. Furthermore, fluctuations of approximately
80 nA (80 ppb equivalent) were seen when large trucks drove past. Figure 4 also shows the 10
second rolling RMS variation for the sensor next to the roadside. A clear increase in the RMS
variation can be seen with the passage of large trucks. NO, concentrations range from approximately
10 to 100 ppb in ambient environments.[28-30] Whilst it is tempting to attribute the large current
fluctuations when a truck passes to transient gas signals, the results presented above show that the
effect of acoustic noise is an alternative and reasonable attribution. It is therefore reasonable to
suggest that electrochemical gas sensors close to busy roads would be susceptible to baseline
current fluctuations caused by nearby noise pollution that could mask the gas signal. Further, this
could explain the increased noise during the day seen by various authors. The effect of sound cannot
be isolated from gas concentration variations purely by measurement of the current hence if
electrochemical sensors are used to deduce short time-scale fluctuations in gas concentration then

effects of loud noise need to be considered.

Previous work studying the electrode impedance, for the sensors studied here [4] showed an
effective electrode area of 1-6 m? and a Faradaic resistance, Ry, for the background electrochemical
reactions in the absence of a target gas of approximately 1 — 6 x 108 Q cm?. The exchange current for

the background electrode reactions is thus (A denoting area, R the gas constant, T the Kelvin



temperature and z the number of electrons per mole of reaction) ip = ART/zFRs= 10° A. A sound
level of 120 dB corresponds to an root mean square pressure of 20 Pa or a peak pressure of 28 Pa.
The rms current fluctuation, irms, for this sound level is ~ 40 nA: that is, irms/io = 0.04. For the purpose
of consideration whether such a variation in current could be caused by such a small pressure
oscillation, Figure 5 shows a highly simplified schematic representation of the sensor microstructure
in which channels of electrolyte are pinned and confined onto the somewhat hydrophilic carbon
electrode, within channels between the hydrophobic binder. This is similar to the model developed
by Giner and Hunter [31]. The contact angle, 8, can be guessed based on the results of Gauthier et

al. [32] : &= 80°. The pressure difference, AP across the liquid interface would be :

B 2(1 —cosB)y,; 035y,

AP
h h

(1)

where h (maximum value h. ) is the height of the cylindrical section of the fluid defined on Fig 5 and
7 is the interfacial tension between liquid and gas, = 70 mN m™ for the sulfuric acid electrolyte in
air. If the pressure fluctuates (variations 6{AP) then the only parameter in equation (1) that can

change is the height, h, with changes oh given by:

h P

sh_8(AP)

(2)

If he (maximum value for h, defining the minimum value for AP ) is small then AP will be large: for a
channel with height 10 um, AP = 2.5 x 10° Pa so the fluctuations in height caused by the sound
pressure oscillations of 28 Pa would be small; Sh/h = 102, For larger channels on the other hand,
with dimension ~ 100 um, AP = 250 Pa, so the fluctuations in height caused by the sound pressure
would be significant; oh/h = 10, which, based on the earlier work on meniscus electrochemistry
cited above, would be sufficient to cause a relative change in current on the scale observed (ims/io =

0.04 ). Specifically, the change in shape of the gas-liquid boundary changes the boundary value



problem [19, 20] and hence the rate of diffusion-limited reactions, in this case the oxygen reduction
contribution to the exchange current density. As shown by lkesawa et al. [21], the oxygen reduction
reaction current is dominated by that part of the electrode that is close to the gas-electrode-

electrolyte contact line.
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Conclusion

We have demonstrated that electrochemical gas sensors, designed to measure the concentration of
gaseous compounds, respond to acoustic stimulation. The RMS variation of the baseline current of
various electrochemical sensors increases with acoustic stimulation and fluctuations of up to 100
ppb equivalent are seen in the 1 Hz data in response to loud sound. Fourier transform analysis of the
baseline current when stimulated with a soundwave of fixed frequency shows that the baseline
current fluctuations are composed of a single dominant frequency. The frequency of the baseline
noise follows the frequency of the applied sound. The amplitude of the baseline fluctuations, shown
by both the magnitude of the constituent frequency peak in the Fourier transform analysis and the
RMS signal of the baseline current at low sampling rate, depends on the amplitude of the applied
sound. We hypothesize that this effect is caused by air pressure fluctuations at the three-phase
interface of the electrochemical gas sensor. These could mechanically perturb the shape, area, and
contact angle of the meniscus, resulting in fluctuations in the oxygen reduction and electrode
oxidation current at the working electrode, which manifests as amplification of the baseline noise.
We use an idealised model to illustrate that the effect would be dominated by the largest pores
within the porous composite electrode structure. As noted previously, acoustic or Helmholtz
resonance, which is caused by the passage of wind across the external orifice of the sensor, would
also cause variations in air pressure at the triple-phase boundary.[2] Further work is needed to
evaluate the impact of pressure fluctuations caused by acoustic resonance on the baseline current
reactions of electrochemical gas sensors. The frequency response has not been studied, but the
expectation is that, since the sensor acts as a series RC element [4], the acoustic signal would fall off

with increasing frequency dependent on the interfacial capacitance and electrolyte resistance.
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