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ABSTRACT

In this paper, the improvement in room temperature ethanol sensing characteristics of zinc peroxide
(Zn0,) based hybrid thin films is presented by the combination of the beneficial sensing properties
of mesoporous materials and reflectometric interference spectroscopy (RIfS). The hybrid thin films
were prepared by Layer-by-Layer (LbL) self-assembly method from ZnO, nanoparticles, polyelectrolyte
[poly(acrylic acid), PAA] and/or mesoporous silica (MPS). The expected improved sensing properties were
attributed to the fractal properties and high specific surface area (a*) of the mesoporous coating/interlayer
material, which was evidenced by small angle X-ray scattering (SAXS) and N, sorption measurements
(a®>650m?/g). The sensor tests showed that the detection limit of the thin films is in the sub-ppm range
(<500 ppb). Applying silica foam (SF) as surface coating or interlayer material in the sandwich-structured
thin film (ZnO,/SF) improved the optical response (Al: wavelength shift) compared to the ZnO,/PAA thin
layer, but the sensitivity showed non-linear characteristic and signal drift. The thin film with mixed struc-
ture (Zn0O,/PAA/Zn0O,/SF) showed linear sensitivity (AN/Ac=0.6 nm/ppm) in the 0.5-12 ppm range with
an acceptable selectivity and stable baseline. Testing the sensor in extended (up to 40 ppm) concentration

range showed only a slight quadratic deviation from linear behavior with R? =0.9987.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Sensors for volatile organic compounds (VOCs) (e.g. alcohols,
benzene etc.) play an important role in everyday life and indus-
trial safety. Indisputable fact is that these chemical agents are
harmful and unhealthy, so the detection of these molecules has
a great importance in environmental and health protection, such
as in air and water quality control, food industry or - especially in
the case of ethanol - the “driving under influence” (DUI) control.
Considering a comprehensive, although not complete overview
of the articles published in recent years in ethanol sensors topic
(Fig. 1) we can conclude that the principles, technical solutions,
the materials used, the operating temperature ranges and con-
centration levels are fairly diversified. The most commonly used
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sensor materials are SnO, [1-3], ZnO [4-7], SiOy [8], In,03 [9]
TiO2 [10], Fe;03 [11,12] and other nanostructures [13-16], com-
posites [17-25] or coatings [26,27]. The measurement principle is
mainly based on the resistive method, but also capacitive [8,15],
optical [2,26-28], quartz crystal microbalance (QCM) [26,28] and
piezo (self-powering device) [7,21,22] applications can be found.
Fig. 1 shows the principles, studied concentration ranges and oper-
ating temperatures presented in the works cited above. It can be
seen that the studies can be divided into two major groups: room
temperature (RT) and high temperature (around 200 and 300°C)
applications. Mainly electrical methods and mesoporous sensing
materials are preferred in the latter case, thereby broad concen-
tration ranges with excellent detection limits can be achieved.
However, it has to be noted that VOC pollutants easily evaporate
at room temperature and can be very harmful and carcinogenic
already at low concentration. It can be seen on Fig. 1 that most
of the RT technical solutions [2,7,8,15,16,26-28] are able to detect
ethanol vapour only above 10 ppm concentration. In this work,
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Fig. 1. Diagram summarizing the comprehensive, although not complete overview of the articles published in recent years in ethanol sensors topic (grouped by the
measurement principles, the studied concentration ranges and operating temperatures; note: room temperature has not detailed scale!).

we made an attempt to combine the beneficial sensing properties
of mesoporous materials [3,29,30] and reflectometric interference
technique [31] to construct a highly sensitive ethanol sensor oper-
ating at room temperature.

Reflectometric interference spectroscopy [28,31-36] is an opti-
cal method which is based on the spectral (red) shift of the
interference pattern reflected from a (few hundred nanometers of
layer thickness) thin film. The wavelength shift is caused by the
adsorption or adhesion of molecules or colloidal units, so it can be
utilized in antigen-antibody reactions or to detect the adsorption of
volatile compounds []. The sensor surface of RIfS technique can be
prepared by using the wet colloid chemical procedure, the so-called
Layer-by-Layer method [37,38]. The LbL method is widely used
for thin film preparation directly from colloidal systems (nanopar-
ticles, polymer solutions, etc.): it is an easy, non-instrumental
technique and it results a homogeneous surface and well-ordered,
transparent structure with controllable film thickness and a fine
and porous microstructure [39], like the similar Langmuir-Blodgett
method [40,41]. These are essential conditions for applying RIfS
technique, and the sensitivity, as well as, the limit of detection can
be improved by the addition of various surface-modifying agents
[28,31].

In the present work we demonstrate the beneficial effect
of using mesoporous silica materials on the sensitivity and
detection limit of RIfS sensor in the gas phase. We show that
applying mixed (nanoparticle/polyelectrolyte/mesoporous silica)
nanostructure results linear sensitivity and sub-ppm ethanol detec-
tion limit without response drift, while both the response time and
selectivity remain stable and adequate. Furthermore, firstly in this
work we carried out reflection intensity measurement in addition
to the wavelength shift monitoring: the two types of responses dif-
fer significantly, which may highlight — by further studies - the

differences between the adsorption mechanisms onto the various
surfaces.

2. Experimental
2.1. Materials

Zinc peroxide nanoparticles with an average diameter of 80 nm
were synthesized by the photolysis of zinc acetate dehydrate
(C4Hg04Zn-2H, 0, Fluka, a.r.) described in [38]. Poly(acrylic acid)
(PAA, My, = 100000, Sigma, a.r.) was used as a negatively charged
polyelectrolyte. Furthermore, SBA-15 and silica foam were used as
coatings or negatively charged interlayer materials. Synthesis of
SBA-15 silica is well-known [42]. Mesoporous SF were prepared
by a modified sol-gel route based on the technique suggested by
Bagshaw [43]. In a typical synthesis, 13.9 g TEOS was slowly added
to 30mL 10 w¥% Triton X114 aqueous solution and the synthe-
sis mixture were vigorously stirred for 24 h. The obtained silica
suspension was collected by vacuum filtration and left to dry at
room temperature for 24 h. The dried sample was introduced into
a Teflon-lined stainless steel autoclave with a volume of 100 mL
where 10 mL water was also added separately to ensure water
vapour environment. After the assembly of the autoclave, it was
held at 140 °C for 24 h. Finally, the silica foam was calcined in air at
450°C for 4 h.

2.2. Thin film preparation

Five types of hybrid thin films were prepared by using the
Zn0O, nanoparticles, negatively charged PAA polyelectrolyte and
the mesoporous silica samples (see Fig. 2): (1.) 20 zinc perox-
ide/poly(acrylic acid) bilayers ([ZnO,/PAA]2g); (2-3.) [ZnO4 /PAA]»g
films with silica foam and SBA-15 coatings ([ZnO,/PAA]yg +SF
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Fig. 2. The schematic view of the prepared and applied hybrid thin films.

and [ZnO,/PAA],o +SBA); (4.) a thin film containing 20 bilay-
ers of zinc peroxide/silica foam ([ZnO,/SF]0) and (5.) a thin
film containing 10 mixed, zinc peroxide/poly(acrylic acid)/zinc
peroxide/silica foam multilayers ([ZnO,/PAA/Zn0O,/SF];¢g). During
pre-experiments, SBA-15 was not suitable as interlayer material
in thin films consisting of 40 layers, therefore, it was only applied
as a coating. The thin films were prepared by the LbL deposition
method by the alternated adhesion/adsorption of ZnO, nanoparti-
cles, poly(acrylic acid) [44] and mesoporous silica nanostructures
(SBA-15 and SF) on the surface of glass substrate (microscope slides,
Marienfeld Superior, Germany). The thin film preparation was car-
ried out by using c=8 g/L ZnO,, c=0.1g/L PAA and c=10g/L silica
solutions. The immersion time was 10 min for each step, which was
followed by rinsing with deionized water to remove the surplus
(non-electrostatically attached) colloid units. During the coating
process the previously prepared zinc-peroxide/poly(acrylic acid)
hybrid films were immersed into the silica suspension and were
dried without rinsing the surplus.

2.3. Instrumental methods

Transmission Electron Microscopy (TEM) measurements were
carried out by a FEI TECNAI G2 20 X-Twin high-resolution trans-
mission electron microscope (equipped with electron diffraction)
operating at an accelerating voltage of 200 kV. The samples were
drop-cast onto carbon film coated copper grids from ethanol sus-
pension.

The specific surface area (BET method) and the total pore volume
were determined by the BJH method using a Quantachrome NOVA
2200 gas sorption analyzer by N, gas adsorption/desorptionat 77 K.
Before the measurements, the samples were pre-treated in vacuum
at 200°C for 2 h. The density of the silica powders was measured
using a helium

gas pycnometer (Micromeritics type 1305).

SAXS technique was used to investigate the fractal properties
and structural parameters of the mesoporous silica components.
SAXS curves were recorded with a slit-collimated Kratky com-
pact small-angle system (KCEC/3 Anton-Paar KG, Graz, Austria)
equipped with a position-sensitive detector (PSD 50M from M.
Braun AG Munich, Germany) containing 1024 channels 55 pm
in width. CuKy radiation (Acyxe=0.1542 nm) was generated by a
Philips PW1830 X-ray generator operating at 40 kV and 30 mA. The
fractal dimension of a two-phase system can be determined by
using the following equation: I(h)=Iy h~P, where h=4m sinf \~!
is the scattering vector, 6 is one-half of the scattering angle, A is the
wavelength of CuK,, radiation, I(h) is the scattering curve, Iy is the
scattered intensity at h=0, and p is the slope of the fitted line in
the higher h-range (Porod regime) in log-log plot of the scattering
curve. If 3<p<4 then the sample is surface fractal, and the sam-
ple has mass fractal properties in the case of 1<p <3. The specific
surface area (a%) values were calculated by using equations in [45].

The optical properties of the thin films were studied by a
Nanocalc 2000 spectrophotometer with ADC1000-USB A/D con-
verter (Ocean Optics). The reflection spectra of the films were
measured in a special, home-built test cell at detection angle of
45°, The thickness (d) and effective refractive index (n; ) of the thin
films were calculated based on the model presented in Fig. 3.a and
by using (and fitting) Eq. (1) (more details in [38]):

(1)

R()\, Ne, d) =1 +Cy-COS (W)

A

where ¢ is the angle of refraction at air/thin film interface, A is
the wavelength, ¢; and ¢, are constants which contain the t; and ry;
transmission and reflection amplitudes calculated by Fresnel equa-
tions (i,j=0,1,2, see Fig. 3.a).

The same test cell was used during the sensorial tests in dynamic
conditions (Fig. 3.b): it was connected to a gas flow system which
consists of the carrier gas (N, ) holder, the temperature controlled
liquid sample holder and a number of flow controllers (MFC) (Cole-
Parmer, USA). The vapour concentration in the test cell can be
controlled by the MFC units and V1-V5 valves via the mixing rate of
pure and vapour containing N, flows (the flow controllers can reg-
ulate maximum 3922, 844 and 49 mL/min gas flow). The accuracy
of the flow adjusting on the MFC scale is £0.5 division, so the preci-
sion of the concentration is £0.04 ppm or +0.68 ppm in the case of
the max. 49 mL/min or the max. 844 mL/min devices, respectively.
The ethanol dosage and rinsing (N;) times were 3-3 min, alter-
nately. The sensor responses, AN (nm) and AR (a.u.) were defined
as the wavelength shift of the given extreme of the reflection spec-
tra and the change of the reflection value corresponding to this
extreme, respectively. The measurements in each concentration
steps (475-11880 ppb) were repeated three times, the responses
were determined as the average of the three value. During selec-
tivity measurements 2 pL of liquids (methanol, ethanol as alcohols;
n-hexane as aliphatic; toluene, xylene as aromatic molecules) was
dropped into the liquid sample holder (in this case T=70°C) with
a mixing rate of 4.9 mL/min sub-branch and 1000 mL/min main
branch flow rates.

3. Results and discussion
3.1. Characterization of the mesoporous silica materials

The porosity, pore system characteristic and specific surface
area are of great importance in the case of mesoporous adsor-
bents used in sensorial applications, therefore several structural
parameters were determined and calculated by using SAXS tech-
nique. As it is known in the literature, SBA-15 has 2D hexagonally
ordered pore system [38], which can be identified by TEM and SAXS
technique (Fig. 4.a: A and B). Both measurements clearly show the
pore structure; in the latter case the peaks at h=0.705, 1.235 and
1.41nm~! correspond to the 1:,/3:2 ratio, thereby the P6 mm sym-
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metry is clearly identified [46]. The double logarithmic plot of the
scattering curve is suitable for determining the fractal properties
of the material. In the case of SBA-15 the slope is approximately
—2 in the higher h-range, which indicates a frame-like surface frac-
tal structure, as well as, p~ —3.5 for SF sample is characteristic for
the smooth surface feature of the mesocellular foam structure (see
Fig. 4.a: C). The specific surface area values determined by SAXS
measurements are 820 and 730 m2/g for SBA-15 and SF, respec-
tively.

The N, adsorption/desorption studies of the silica samples show
isotherms with hysteresis loop and pore size distributions between
3 and 10 nm characteristic for mesoporous materials (Fig. 4.b). The
specific surface areas and average pore diameters are 798 m2g-1,
4.2nm and 666 m2g~1, 4.6 nm for SBA-15 and SF, respectively. In
summary, the SBA-15 has higher specific surface area, however the
SF showed higher total pore volume (V,=0.76 and 1.30cm3g-!
for SBA-15 and SF, respectively). The overall conclusion is that
although the structural and fractal nature of these mesoporous
materials are significantly different, but the average pore diameters
and specific surface areas are similar, and these values appear to be
sufficiently high for considerable adsorption capacity and sensorial
applications.

3.2. Thin film characterization

The recorded and fitted (in the A = 550-850 nm range) reflection
spectra and the calculated refractive index curves of three types of
thin films (without coating) can be seen on Fig. 5. The layer thick-
nesses and effective refractive indices (at A =589 nm) are 782 nm
and 1.286, 894 nm and 1.258, 989 nm and 1.251 for [ZnO,/PAA]5,
[ZnO,/PAA/ZnO,/SF]19 and [ZnO,/SF]y, respectively. It can be
established that using SF silica as interlayer material increases the
thickness (d) and decreases the effective refractive index (n; ) of the
thin films. In our opinion, the main reasons for this is the follow-
ing: these type of highly porous silica nanostructures significantly
increase the micro- and macro-level porosity of the hybrid films,
thereby considerably decrease the effective refractive index, while
the polyelectrolyte forms ultrathin layers in the multilayer struc-
ture, thereby ensuring a closer packing for the ZnO, nanoparticles.
Increasing the porosity and forming thicker and porous interlayers
in the sandwich-like structure explain the slightly lower refractive
indices, higher film thicknesses and the advantageous effect in sen-
sorial tests (presented later in 3.3). In the case of [ZnO,/PAA],o +SF
and [ZnO,/PAA],o +SBA films the silica monolayer has no signifi-
cant contribution to the refractive index and layer thickness, and
given the fact that for these samples the coating had no significant
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effect in the sensorial tests, the detailed discussion of the optical
properties is ignored in this paragraph.

3.3. Sensorial test of the hybrid thin films

The thin films were subjected to reflectometric interference
measurements for testing sensorial applications. The measure-
ments were carried out by measuring the shift of the local minimum
of reflected intensity near A=500 nm wavelength. Itis A, =457 nm
in the case of [ZnO;/PAA]yg, and A, =507 nm and 568 nm for
[ZnO, /PAA/ZnO,[SF]10 and [ZnO,/SF],q, respectively (these values
are valid in the t=0 measurement point). The raw results (sen-
sorgrams), i.e., the AA vs. t and AR vs. t curves are presented
in Fig. 6.a and b, respectively. Conspicuous differences can be
noticed viewing either the two sensorgrams or the curves one
by one. It can be immediately concluded that in the case of AA

curves the responses are positive because of the optical thick-
ness increases due to the vapour adsorption. Significant signal drift
can be observed in the case of Zn0O,/PAA, ZnO,/PAA + coating and
ZnO/SF thin films, which is rather disturbing phenomenon: should
be drift compensation applied? In this case, not in general. f it
is ignored then each measurement step (at the same concentra-
tion) results in higher response than the previous one and this
fact makes impossible to accurately determine unknown concen-
trations. As it can be seen on the AA calibration (response vs.
concentration) curves (Fig. 7.a), we did not apply compensation, the
responses increase with concentration, even if not linearly. How-
ever, in the case of [Zn0O,/PAA/Zn0O,[SF]y¢ hybrid thin film response
drift was not observed which resulted a linear AX calibration curve
(0.586 nm/ppm). In the case of AR vs. t curves (Fig. 6.b) positive
response can be observed only in the case of [ZnO,/PAA]yo sen-
sor, but if the thin film contains MPS (as interlayer material or
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coating) then the reflectivity decreases due to the ethanol dosage.
Furthermore, the responses of the coated thin films are lower than
the original, as well as, the signal is not evaluable in the case of
[Zn0O,/SF]50 sensor surface. It can be stated that evaluable AR sig-
nal and linear calibration can only be attributed to PAA containing
multilayers (without coating), and the response can be improved by
interlayered mesoporous silica foam (Fig. 7.b: for clarity, the abso-
lute values of the responses are plotted). In summary, it was found
that applying [ZnO,/PAA], [ZnO,/PAA] +MPS coating or [ZnO,/SF]
structured thin layers mostly failed due to the signal drift and non-
linear sensitivity. The mixed structure of [ZnO,/PAA/Zn0O,/SF] was
devoid of drift and showed linear calibration curves, so this type
of hybrid (nanoparticle/polyelectrolyte/mesoporous silica) multi-
layer is an appropriate structure to apply as sensing surface in
reflectometric interference sensor in gas phase. Furthermore, we
can conclude that during RIfS measurements on solid/gas interface
the monitoring of AR(t) beside the conventional AA(t) signal may
reveal the complexity of the adsorption processes and mechanisms
in meso- and macroporous hybrid thin films.

Based on the presented results the [ZnO,/PAA/Zn0O,/SF] o thin
film was selected for further experiments, such as reproducibil-
ity, response time analysis and selectivity (Fig. 8). It can be stated
that the sensors signal is well reproducible (Fig. 8A), the sen-
sors response reaches the 90% of maximum value within 40s and
it is relaxed to 10% within 80s (tggy and tigz on Fig. 8B) (the
total response and recovery times were 180-180s). Selectivity was
tested by dropping 2 L of different liquids into a 70 °C liquid sam-
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Fig. 7. a Ethanol sensing AA(nm) vs. c(ppm) calibration curves for the pre-
pared thin layers (labels: structure of the thin films and calibration equation for
[Zn0O,/PAA/Zn0O,[SF];o mixed structure). b Ethanol sensing AR vs. c(ppm) calibration
curves for the prepared thin layers (labels: structure of the thin films and calibration
equations for [Zn0;/PAA]»o and [ZnO;/PAA/ZnO, [SF] o mixed structures).

ple holder, which was connected into the 1000 mL/min carrier
gas stream towards the RIfS test cell. The liquids were methanol,
ethanol, n-hexane, toluene and xylene. The studied thin films were
[ZnO, /PAA]ye and [ZnO,/PAA/ZnO,/SF];g to investigate the effect
of silica foam on the selectivity. It was established that in the case
of ZnO, /PAA/SF mixed structure 2-3 times higher response was
observed for ethanol than for the other volatile organic compounds
(VOCQ), although also the affinity to aromatic molecules increased
compared to ZnO, /PAA structure (Fig. 8C).

3.4. Extending the concentration range

The sensor signal and calibration curve of ZnO,/PAA/ZnO,/SF
mixed structure in the low ppm range (~0.48-11.9 ppm) was pre-
sented on Fig. 6.a and 7.a, respectively. It was demonstrated that
the lowest set and detected ethanol vapour concentration was
475 +40 ppb, and the AA vs. ¢ calibration curve was linear in the
c=475-11880 ppb range. Next the [ZnO, /PAA/ZnO, [SF];¢ thin film
was subjected to sensorial test in a higher, ¢ =2.46-37 (£0.68) ppm
range (Fig. 9.a). The concentration steps (0-50 min) were repeated
after a 50 min long baseline stability test. The statement was that
the sensor has a fairly stable baseline (without drift), but the AN
calibration curve showed a slight quadratic deviation from linear
behavior (Fig. 9.b). The most important parameters are summarized
in Table 1.



D. Sebék et al. / Sensors and Actuators B 243 (2017) 1205-1213 1211

Table 1

Structure, layer number and layer thickness of thin films used in sensorial application, and concentration range, calibrating equation (AA as the function of concentration,
¢), R? parameter and drift properties obtained from sensorial tests (*: LOD and LOD assuming error-free calibration values were calculated by [47] for [ZnO,/PAA/Zn0O,/SF]1o
in ¢=0.48-11.9 ppm range). The table contains earlier reflectometric interference results for comparison (original and surface modified - by butyltrichlorosilane, BTS -
[ZnO, [poly(styrenesulfonate)] thin films).

Thin film d (nm) crange (ppm) Calibration, AN=f(c) R2 Drift LOD (ppm)
[ZnO, /PAA]20 782 0.48-11.9 —0.0086¢% +0.339¢ 0.997 yes -
[ZnO,/SF]20 989 3rd order - yes -
[ZnO,/PAA/ZnO,[SF]1o 894 0.586¢ * 0.996 no 0.61°
[ZnO,/PAA[ZnO,[SF]1o 894 0.573c¢ 0.996 no 0.63¢
[ZnO,/PAA/ZnO,[SF]10 894 2.46-37 0.0107¢? +0.427c 0.999 no -

[ZnO, /PSS]y0 © 514 0-128 0.038c+0.536 0.998 no 29.2

[Zn0, /PSS +BT© 0-106 0.331¢-0.652 0.997 no 103

[ZnO, [PSS],o +BTS © 0-50 0.293¢-0.140 0.999 no 55

The results indicated by bold font are the most important results of this article, and a significant part of the discussion is detailed about this (ZnO,/PAA/ZnO,/SF) type of
nanostructure.
2 calibration by using continuously selected amounts of concentrations.
LODefc (assuming error-free calibration)=0.27 ppm; [47].
calibration by using randomly selected amounts of concentrations.
LODefc (assuming error-free calibration)=0.29 ppm; [47].

b
C
d
¢ D. Sebok, 1. Dékany, Sensor. Actuat. B-Chem. 206 (2015) 435-442. [28].
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0.25 Fig. 9. a Ethanol sensing test in extended concentration range: AA vs. t curves for

[ZnO,/PAA[ZnO,[SF];o thin film in the 2.46-37 ppm range (black line) compared
to the 0.48-11.9 ppm concentration range (gray line) (labels: ethanol concentration
0 ———— steps). b Ethanol sensing test in extended concentration range: AX(nm) vs. c(ppm)
calibration curves for [ZnO,/PAA/Zn0O;/SF]o thin film in the 2.46-37 ppm range
(white squares) compared to the 0.48-11.9 ppm concentration range (black circles)
t(min) (labels: calibration equations).

Fig. 8. Response analysis for [ZnO,/PAA/Zn0O,/SF]o mixed structure: (A) repro-
ducibility, (B) response and recovery times and (C) selectivity compared to
[ZnO, /PAA]; thin film.
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4. Conclusions

In this work we successfully combined the beneficial sensing
properties of mesoporous silica materials and reflectometric inter-
ference technique to construct a highly sensitive ethanol sensor
operating at room temperature. The structural parameters and frac-
tal properties of the silica samples (SBA-15 and silica foam) were
studied by TEM, BET and SAXS techniques: latter methods showed
that the specific surface area of the MPSs is over 650 m?/g. The three
types of hybrid thin films, namely ZnO,/polyelectrolyte (PAA),
Zn0,/mesoporous silica foam (SF) and a mixed, ZnO,/PAA/ZnO,[SF
structures were subjected to sensorial tests in the gas phase.
We showed that the detection limit of the sensor is sub-ppm
(<500 ppb), but only the mixed (ZnO,/PAA/Zn0O,/SF) nanostruc-
ture showed linear sensitivity in the 0.4-11.9 ppm range without
response drift, while both the response time and selectivity remain
reasonable good. Testing the sensor in extended (up to 37 ppm)
concentration range showed a slight quadratic deviation from lin-
ear behavior. In the future the functionalization of the sensor
surface by different modifying agents is expected to enhance the
selectivity and sensitivity of the sensor.
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