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A superhydrophobic quartz crystal microbalance based chemical sensor for NO,
detection
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The gas sensitivity of 16 MHz carbon soot coated quartz crystal microbalances (QCMs) towards various NO;
concentrations is investigated. The Scanning Electron Microscopy measurements reveal that the soot is deposited on
the sensor surface irregularly, forming carbon nanospheres separated by nanoscale cavities. The inherent non-polar
nature of the soot, along with its estimated root mean square roughness (Rrms) of 130 nm, transform the quartz
surface into a superhydrophobic (SH) one, characterized with high static contact angle (~153 °) and low contact
angle hysteresis (~1 °). Such surface configuration induces 15 Hz resonance frequency downshift of the SH QCM at
low NO2 concentrations up to 500 ppm. Furthermore, the sensor demonstrates reversible gas sorption ability in the
same gas range. Further gradual increase in the NO; concentration up to 5000 ppm leads to an additional sensor
response of 38 Hz; however, after dry air scavenging the sensor reaches its baseline with a slow rate of ~0.33 Hz/min.
In addition, upon ambient humidity increase of 45 %, the SH QCM shifts down its resonance with 45 Hz, whereas the
16 MHz WQO3 coated counterpart with 212 Hz. These results clearly indicate the advantage of the soot coated QCM,
which could be used for continuous in situ monitoring of air pollutants with negligible cross sensitivity to humidity of
1Hz/% RH.
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INTRODUCTION

Nowadays, one of the major problems related
with the environmental protection is the air
pollution by toxic gases [1]. In particular, the
nitrogen dioxide (NO2) is an irritant gas released
during fuel combustion, which at high
concentrations is responsible for the formation of
acid rain, ground-level ozone and enhancement of
the global green house effect [2]. Therefore, over
the last few years, the detection of NO2 has been
an aim of various research groups around the world
[3-5]. The methods for gas analysis are based on
gas chromatography, mass spectrometry, infrared
spectrometry and cavity enhanced absorption
spectroscopy (CEAS). Each sensing mechanism has
advantages such as high sensitivity and low
detection  limit, and disadvantages, e.g..,
requirement of grab-samples and off-site analysis,
time consumption, etc. As an alternative, many
researchers have focused on the use of quartz
crystal microbalance (QCM) based chemical
sensors due to their miniature size, low power
consumption, high sensitivity and resolution, fast
response-recovery time and relatively low cost [6-
10]. During “real-world” monitoring of the quality
of air, two external factors are of crucial importance
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for the accurate QCM performance, namely the
ambient temperature and humidity. While the
methods of temperature control are sufficiently well
documented [11-13], a very few is known about the
compensation of relative humidity (RH). The latter
has an interfering influence on the sensor resolution
and sensitivity, as the adsorbed water vapor
impedes the interaction between the gas analyte and
the sensitive layer [14]. Furthermore, the changes in
ambient humidity induce cross sensitivity of the
QCM, which cause measurement errors, similar to
the temperature effect [15, 16]. Recently, the
humidity compensation has been implemented by
means of a dual QCM oscillator circuit [17] or
computational algorithms [18]. Such techniques
are accurate, but they are insufficient in regard to
the reduced gas sensitivity, caused by the water
vapor-occupied active adsorption sites of the
sensing surface [14]. This drawback could be
overcome by utilizing a superhydrophobic (SH)
sensitive coating. With their extreme non-
wettability, expressed through static water contact
angle greater than 150° and contact angle
hysteresis ~ <5° [19], the superhydrophobic
coatings stand out as facile solution, because they
inhibit the accumulation of water vapor on solid
surfaces. This phenomenon may be explained
through the heterogeneous nucleation theory [20]
and has been verified for QCM coated with SH
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silica film [21]. Unfortunately, these experiments
are inconsistent with the theory, showing higher
frequency shifts of the SH QCM compared to an
uncoated device. According to Sauerbrey’s
equation [22], this is associated with larger amount
of water vapor adsorbed on the SH sensor surface.

Therefore, the primary objective of this paper is
to investigate the applicability of 16 MHz
superhydrophobic carbon soot coated QCMs for in
situ detection of various NO, concentrations. In
addition, our experiments will be used to validate
the hypothesis that superhydrophobicity inhibits
the accumulation of water vapor on solid
surfaces. The latter is crucial if the sensor is
intended to operate in “real-world” environmental
conditions. Section 2, gives brief description of the
fabrication process and surface characterization of
the soot coatings. Furthermore, the gas sensing
measurement setup is discussed. Section 3,
summarizes the experimental results for the gas
sorption-desorption ability of the sensitive layer.
Also, the relation between the surface wettability
and humidity sorption is considered in terms of the
heterogeneous nucleation theory.

EXPERIMENTAL
Surface coating fabrication

The technique we used is based on the
incomplete combustion of carbon nanoparticles
contained in a rapeseed oil mixture [23]. Firstly,
100 ml of rapeseed oil are added to an evaporating
glass dish. A gauze based wick is immersed in the
oil and then ignited until a black carbon fume
occurred. In this study, a few microscope glass
slides and 16 MHz AT-cut QCMs were exposed
over the fume, which caused deposition of carbon
soot on the substrate surface. The wettability of
soot coatings is investigated through static contact
angle, contact angle hysteresis and roll-off angle
measurements for droplets of water, by using a high
speed camera Nac Memrecam HX-6. These were
found to be in the range of 151-154 °, 0.2-4 ° and 2-
10 °, respectively, confirming superhydrophobic
surfaces with mobile droplet behavior[19].

Surface characterization

The surface morphology and roughness were
examined by Scanning Electron Microscopy
(SEM) and Atomic Force Microscopy (AFM). The
experiments were carried out using a JSSMT 200
(Jeol) SEM with magnification of 50k and an AFM
Multimode V (Bruker, Santa Barbara, CA). During
SEM analysis, the samples were studied and
imaged in secondary electron mode. The
observations were preceded by a wvacuum

1040

deposition of several nanometer thick films of
carbon and gold. AFM imaging was performed in
tapping mode and height, amplitude and phase
images were recorded. At least two different points
on the sample surface were explored. For all
measurements, the image resolution was 512 lines
per scan direction. Silicon cantilevers for soft and
fragile surfaces with a cantilever length of 125 pm
and Al reflective coating on the backside (HQ-
NSC19-Al BS, MikroMasch) were used in the
experiments. These cantilevers have a nominal
resonance frequency of ca. 65 kHz and a typical
force constant of 0.5 N/m. The tip nominal radius
is less than 8 nm. For 1 um scan, the used scan rate
was 0.45 Hz.

Gas sensing measurement setup

The gas sensing properties of 16 MHz carbon
soot coated QCMs were studied by exposure to
different NO2 concentrations. The QCMs were

fabricated on AT-cut quartz plates. On both sides
of the quartz substrate were deposited gold
electrodes with thickness t~60 nm and diameter
d~4 mm. A detailed description of the gas
experimental setup is given elsewhere [24. In
summary, the sensor was placed in a gas-test
chamber, whose temperature was kept constant at
26 °C. The concentration of NO2, flowing into the
thermally-stabilized measurement chamber, was
varied between 10-5000 ppm. The sorption ability
of the soot layers was investigated after initial
resonance frequency stabilization as a result of dry
air scavenging. Afterwards, the desired NO2
concentration was added in the chamber and
subsequent gas sorption on the sensor surface was
observed via resonance frequency downshifts. This
process was monitored until the system reached
dynamic equilibrium and the frequency fluctuations
remained within £0.5 Hz. Finally, the gas chamber
was scavenged again and a frequency backshift was
observed. During the gas experiments, the QCM’s
resonance behavior was monitored via frequency
counter HM8123 Hameg instruments and all
experimental data were recorded on a personal
computer. The measurement accuracy was found
to be ~0.1 Hz.

RESULTS AND DISCUSSIONS

Electrical characteristics of an uncoated and SH
QCM in air

The measurements were carried out using two
quartz crystal resonators, intended to operate as
QCMs, with a resonance frequency fr ~16 MHz,
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dynamic resistance Rs=16.5-18.5 Q and Q-factor
of 19385-22185. Table 1 summarizes these
electrical characteristics in air, prior to and after
superhydrophobization. The deposition of carbon
soot causes a proportional frequency downshift in
the range of 643-814 Hz, a decrease in the Q-
factor to 7913-8292 and a corresponding dynamic
resistance increase of 37.4-43 Q.

Table 1. Electrical characteristics of 16 MHz QCMs
prior to and after superhydrophobization

QJ?@M th;D/ls fr (MHz) Qfactor R (Q)
Prior to 15.958339 19385 18.5
After SH  15.957525 8292 374
Prior to 16.022646 22185 16.5
After SH  16.022003 7913 43

Gas sensing properties of the SH QCM

The sorption properties of the carbon soot
coatings were investigated for NO, concentrations
in the range of 10-5000 ppm. The initial gas-
sensitivity of the SH QCM was determined at a
concentration of 100 ppm and its real-time
frequency response is illustrated in Figure 1.
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Fig. 1. Real-time frequency response of a SH carbon
soot coated QCM at NO2 concentration of 100 ppm.

As seen from Fig. 1, during the gas sorption
there are two main areas, namely fast and slow
one. In the first 52 s, the resonance frequency
decreases with 7 Hz, while in the next 242 s the
changes are within 4 Hz. The measured sorption
rate is 2.19 Hz/min, which corresponds to 2.65
times faster process of sorption compared to
the desorption one (~0.85 Hz/min). Similar fast
and slow areas are registered when the
adsorbed NO2 gas is flushed away with a dry
air flow. At the beginning of desorption, the
resonance frequency recovers with 7 Hz for
300 s, while for the next 500 s the frequency

shift is only 4 Hz.
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Fig. 2. Time-frequency characteristic of a SH QCM
towards NO2 concentration of 500 ppm.

Figure 2 represents the time-frequency
characteristic of the SH QCM at higher NO2
concentrations of 500 ppm.

In this case, the desorption rate is very slow
(0.33 Hz/min); therefore, the recovery of resonance
frequency is terminated at 1400 s. As evident from
Figs. 1 and 2, the increased gas concentration
(from 100 to 500 ppm) leads to an increase in the
time for which the sensor system reaches dynamic
equilibrium. This is expected since more gas
molecules provided in the test chamber, more
molecules would be adsorbed at the expense of a
longer sorption time. The sorption-desorption
analyses for the above range of gas concentrations
are conducted for a period of 12 min. Figure 3
shows the resonance behavior of the SH QCM
towards the entire NO2 concentration range of 50-
5000 ppm.
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Fig. 3. Resonance frequency shift of a 16 MHz SH
QCM towards NO2 concentrations in the range of 50-
5000 ppm.

For the chosen gas range, the SH QCM exhibits
exponential resonance behavior with an overall
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downshift of 38 Hz. At low concentrations, up to
500 ppm, the sorption process is reversible and the
sensor  system recovers its initial electrical
parameters (fr, Rs and Q-factor). However, at

higher concentrations (above 500 ppm), the sensor
responds to the gas analyte, but the recovery time is
significantly slower (0.33 Hz/min). These results
reveal that the SH carbon soot coated QCM is
appropriate for multiple measurements at low NO2
concentrations, while above 500 ppm the sensor
system can be used only for single NO2 detection.

For the sake of completeness, the coating’s
wettability was verified again through static
contact angle, contact angle hysteresis and roll-off
angle measurements. The obtained numerical
values were 153 °, 1 ° and 4 °, respectively, thereby
showing that after several sensor cycles, the layer is
still superhydrophobic and shows no aging.

Humidity sorption and surface-characterization of
the SH QCM

In order to validate the hypothesis that
superhydrophobicity mitigates the condensation of
water vapor on solid surfaces, further experiments
were performed. The humidity-frequency responses
of the SH QCM and a WO3 coated hydrophilic
QCM were recorded after saturation in a dry
synthetic air flow and subsequent exposure to 45 %
ambient humidity, and temperature T of 25 °C. The
inclusion of a hydrophilic QCM allowed us to
assess the extent to which superhydrophobicity
inhibits the sorption of water vapor. Figure 4
shows the real-time frequency response of both
devices towards 45 % RH.
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Fig. 4. Humidity-frequency response of a SH QCM
and a WO3 coated QCM in dry synthetic air and after
exposure to 45 % RH.

212 Hz reduction for the WO3 coated QCM.

These data indicate ~5 times higher humidity
sensitivity of the latter in comparison with the
SH QCM. Therefore, our sensor device may
operate in “real-world” environmental conditions
with negligible cross sensitivity to humidity of
1Hz/% RH. In turn, this would substantially
improve its sensor performance towards those of
the commonly used metal oxide film coated
QCMs. These observations are in good agreement
with the heterogeneous nucleation theory [20]. It
states that at equal other conditions the process of
condensation depends on the surface wettability.
For hydrophilic surfaces the energy barrier
determining the phase transition is low due to the
high  surface  free  energy. For  the
superhydrophobic coatings; however, the latter is
low. Therefore, the energy barrier is sufficiently
high to ensure low nucleation (condensation) rate
[20].

To compare the moisture sorption capacity
of soot layers with their surface morphology, we
performed SEM and AFM analyses. Figure 5 a)
and b) shows 2-D and 3-D images of the carbon
soot coated sensor surface.

b)

Fig. 5. a) 2-D SEM and b) 3-D AFM images of the
carbon soot coated QCM.

As evident, upon exposure to 45 % RHand T
~25 °C, the resonance frequency of the SH QCM

. . . ; The images above clearly illustrate that the soot
shifts down with approximately 45 Hz, against

precipitates on the crystal surface irregularly,
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forming islands and cavities in the nanometer scale.
This leads to an irregular surface topography
composed of nanospheres and nanocavities. The
root mean square roughness (Ryms) of the non-
polar soot layer is estimated to be 130 nm, which
converts the sensor surface into a superhydrophobic
one. Similar results are achieved in [23] and [25],
where carbon soot is deposited on glass slides and
underlying epoxy resin coatings.

CONCLUSIONS

In this paper we presented systematic
experimental investigations on the gas sorption
ability of superhydrophobic carbon soot coated
QCMs. The surface characterization analyses show
that the non-polar and rough soot coating alters the
sensor surface into a superhydrophobic one. As a
result, superhydrophobicity induces approximately
5 times lower humidity sensitivity of the carbon
soot coated QCM compared to a WO3 coated

QCM. Furthermore, the SH QCMs demonstrate
reversible gas sorption at low NO2
concentrations, up to 500 ppm, and insufficient
desorption at higher concentrations. These results
validate the hypothesis that superhydrophobicity
mitigates the sorption of water vapor on the sensor
surface. In turn, this opens a new venue in chemical
sensing for the development of QCM based NO2

detectors with negligible cross sensitivity to the
ambient humidity.
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XUMUYECKHU CEH30P 3A OTKPUBAHE HA NO2, BASPAH HA CBPBbXXU/IPO®OBHA
KBAPIIOBA MHUKPOBE3HA

K. JI. Ecmepsin, B. Teopruesa, JI Bepros, 1. JIasapos
I'eopru Hamxakos UHCTHTYT 1O DM3MKa Ha TBBPAOTO Tsu10, 72, Llapurpaacko moce, 0yn 1784 Codust
[onyuena Ha 23 anpui, 2015, Peusupana Ha 25 mait 2015
(Pesrome)

Wzcnensana e razogyBcTBUTeNHOCTTA Ha 16 MX11 KBapiosn Mukposesan (KMB), mokputu cbC CII0# OT BBITICPOIHA
CaXAH, COpsAMO pa3nnyHu KoHueHTpauun Ha NO,. AHamu3uTe OT CKaHHWpall eIEKTPOHEH MHUKPOCKOI IIOKa3BaT, 4e
CaXANUTE CE XapaKTepU3UpaT C HENpaBWIHA IMoJpenda BbPXY CEH30pHATa MOBBPXHOCT, 00pa3yBallKh BBIJICPOIAHU
HaHoc(epy pasJessiHM OT HAHOPa3MEPHM MOPH W NpasHuHU. HemonsipHara nmpupoja Ha BBIJIEPOAHUTE HAHOYACTHUIIN
3ae/IHO ChC CPEHOKBAApaTHYHATa HarparnaBeHoCcT Ha Mokputuero oT 130 NM npeobpas3yBar KBapuoBaTta MOBPXHOCT B
cBpBXXuApodoOHa, XapaKTepu3Mpalla ce ChbC CTOWHOCTH Ha BI'bjla HA OMOKPSIHE M XHCTEpPE3HC Ha bI'bjla HA OMOKPSHE
ot ceoTBeTHO 153 ° 1 1 °. [TogoOHa KOH(HUTYpalus HA TIOKPUTHUETO Mpennu3BHKBa 15 X1 MOHIKEHNE B pe30HAHCHATA
gectota Ha cBpbxxuapododnata KMB mnpu Huckm koHmeHtpammum Ha NO; mo 500 ppm. OceH TOBa, CEH30PBHT
JIEMOHCTpHpa 0OpaTUMa ra30CopOIMOHHA CIIOCOOHOCT B CHIUIMS JHMana3oH OT ra3oBH KOHIEHTpanmu. I[locinensamoro
MOCTeTNIeHHO yBenmdeHne Ha koimdecTBoTo NO2 mo 5000 ppm Boau [0 AONMBIHHUTENCH CEH30peH OTKIHNK oT 38 XiI.
Bwnpeknu ToBa obaue, cien MpoayxBaHE ChC CyX BB3AYX CEH30PBT BB3CTAHOBSBA CBOSATA YECTOTA C MHOTO HHCKa
ckopoct (~0.33 Xu/muH.). B nomenHeHme, mpu NpoMsHA Ha OTHOCHTENHATa BIAXHOCT Ha BB3Iyxa ¢ 45 %,
cepbxxuapodoonata KMB monmkasa uectotara cu camo ¢ 45 X, gokato HeiHuaAT anasigor mokput ¢ WOs ¢ e 212
X1 Te3u pe3ynTatu AcHO NMoka3BaT IpeumymiectBoro Ha KMB mokputa ¢ BBIIIEpOIHH CaX 1, U3pa3sIBallo ce B TOBA,
4ye TS MOXKe Ja ObJe M3MO0J3BaHa 3a MOCTOSHEH KOHTPOJ Ha ChABPKAHUETO Ha a30TeH IUOKCHI BHB BB3JyXa, NpU
npeHeOpeKMMa 1yBCTBUTEIHOCT Ha PE30HAHCHATA i YecTOTa KbM ITPOMEHH BbB BJIXKHOCTTA HAa OKOJIHATA Cpeja.
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