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Reliable gas sensors operating at room temperature are in demand for monitoring the environment
for hazardous pollutants, such as ammonia (NHs) gas that may become toxic to humans and animals
above a threshold concentration. In this paper we report on the combination of three materials, namely
polyaniline (PANI), graphene oxide (GO) and zinc oxide (ZnO), to produce hybrid layer-by-layer (LbL)
films used for sensing NH3 with impedance spectroscopy measurements. The deposition of tetralayered
PANI/GO/PANI/ZnO LbL films was confirmed with UV-vis. absorption and Raman spectroscopies, while
atomic force microscopy (AFM) served to investigate film morphology. Exposure of these LbL films to
NHj3 caused film roughness to vary, in an effect that depended on the number of tetralayers. Because of
synergy in the materials properties, the films with 3 tetralayers were found to be the most adequate for
detecting NH3 in the range from 25 ppm to 500 ppm with a response time of 30 s. These figures of merit
are adequate for monitoring working environments regarding gas exposure, and highlight the usefulness
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of the control of film architecture provided by the LbL technique.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Sensitive, reliable gas sensors have great importance in medi-
cal applications, air quality supervision and environmental, health
and safety monitoring [1-8]. Ammonia is a colourless gas used in
many industries, which may become toxic and affect the health of
humans and animals, such as in poultry farms [9,10]. For instance,
100-200 ppm of ammonia induce drowsiness, salivation and loss
of appetite in humans [11,12]. According to the regulatory agency
in Brazil, the ammonia exposure level at working places should not
exceed 20 ppm within 48 h/week [13], while in England the ammo-
nia exposure should not exceed 25 ppm in 8h [14]. The human
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olfactory limit of detection for ammonia is 55 ppm, but loss of sen-
sitivity occurs after long and repeated exposure [ 15-17]. Therefore,
designing robust ammonia sensors with low limits of detection
is necessary to increase safety and health in such environments
[18]. The working principle of gas sensors can be based in changes
of electrical and optical properties, with those exploiting electri-
cal signal variations the most used since stable and reproducible
sensors can be fabricated [19]. In particular, a myriad of materi-
als can be exploited to achieve such task, including metal oxide
semiconductors, conducting polymers, composite materials, car-
bon nanotubes and their derivatives [4,18,20-24].

In this paper, we report on sensing units made with nanos-
tructured layer-by-layer (LbL) films [25-30] containing the
semiconducting polyaniline (PANI), graphene oxide (GO) and zinc
oxide (Zn0), all of them already used in sensing applications. The
main motivation is to rationally combine different materials in a
single device originated from a possible synergy of the materials
properties. PANI has unique electrical behavior, easy fabrication
process and intrinsic redox reaction [31-37]. ZnO has remarkable
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Fig. 1. Schematic diagram of the experimental setup for NH3 detection.

semiconducting properties [38-41], and GO has a porous structure,
high surface area and good gas barrier properties [42-44]. Different
LbL film architectures were tested for NH3 sensing using impedance
spectroscopy, which were also characterized using UV-vis absorp-
tion spectroscopy, scanning electron microscopy, atomic force
microscopy and Raman spectroscopy.

2. Experimental
2.1. Materials

Polyaniline (PANI, Mw =20.000gmol~') was purchased from
Sigma-Aldrich. ZnO nanoparticles were synthesized using the
coprecipitation method followed by hydrothermal treatment at
150°C for 1h as described in Ref [45]. Graphene oxide (GO) was
prepared by typical Hummers’ method [46] with a previous preox-
idation step [47]. The dispersing agent Liosperse 511 was purchased
from Miracema-Nuodex (Campinas, Brazil). Gold interdigitated
microelectrodes (IDEs) comprising 50 pairs of digits having 10 um
width and 10 pm apart from each other were fabricated by pho-
tolithography at the Brazilian Nanotechnology National Laboratory
(LNNano).

2.2. Preparation of PANI/GO/PANI/ZnO LbL films

PANI solution (1mg/mL) was prepared by dispersing the
emeraldine base in 1 mL of dimethylacetamide (DMAc) under stir-
ring for 12 h. The solution was then filtrated using a filter paper
(80g/m? and pores with 8 wm) purchased from ] Prolab. Next, PANI
solution was mixed with HCI excess (1:9v:v) at pH=3.0. GO was
dispersed similarly in HCI solution at 0.1 mgmL~! (pH=3.0). The
dispersion of ZnO nanoparticles (1 mgmL~1) was prepared using
distilled water and the dispersing agent (0.5% in relation to total vol-
ume) (pH=8.0). Layer-by-Layer (LbL) films of PANI/GO/PANI/ZnO
was deposited onto quartz plates and IDEs by sequential alternated
immersions into PANI (cationic solution), GO (anionic solution),
PANI and ZnO (anionic solution) until the formation of 2, 3 and
4 tetralayers (PGPZ2T, PGPZ3T and PGPZA4T).

2.3. Multilayer films characterization

The adsorption of LbL multilayers deposited on quartz slides
was monitored by UV-vis absorption spectroscopy using a Perkin-
Elmer Lambda 25 spectrometer. The morphology of the LbL films
was evaluated using a scanning electron microscope (SEM, JEOL
6510) operating at 10 kV. The topography, roughness (root mean
square value) and homogeneity of the LbL films were assessed
by Atomic Force Microscopy (AFM) using a Dimension V (Veeco)
microscope. The Raman spectra of the LbL films were taken at room
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Fig. 2. Absorption spectra of LbL films (PGPZ2T, PGPZ3T and PGPZAT). Inset displays
the absorption peak intensity at 840 nm versus the number of deposited tetralayers.

temperature with a Horiba Jobin-Yvon micro Raman spectrome-
ter model LabRAM-HR equipped with a 632.8 nm laser delivering
30 mW.

2.4. Electrical measurements

Electrical characterization of the sensing units made with the
LbL films deposited on IDEs was performed using an impedance
analyzer (Solartron, model 1260). Data were collected in the fre-
quency range from 1Hz up to 1 MHz, using an ac applied voltage
of 25 mV. The sensors were tested for NH3 detection, in concentra-
tions ranging from 25 ppm up to 500 ppm, in a closed chamber at
room temperature (24 &2 °C) in relative humidity of 65 £ 2% with
a dynamic gas flow system in the homemade setup schematically
displayed in Fig. 1. High purity N, was used as carrying gas for NH3
flux.

3. Results and discussion

Fig. 2 shows the UV-vis spectra of tetralayered LbL films, with
absorption bands at 320 and 840 nm, assigned respectively to the
-1 electronic transition of the benzene ring of amine groups and
-7r* transition of graphene (at approximately 290 nm) [48], and
polaronic band of doped PANI in its conductive emeraldine form
[36]. The linear increase of the absorpion peak intensity at 840 nm
with the number of tetralayers reveals that the same amount of
material was deposited at each deposition step.
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Fig. 3. Raman spectrum of PGPZAT film.

Table 1
Parameters of the equivalent circuit used to fit the impedance data with ZView®
software (Scribner Associates Inc.).

Film R](Q) Rz(Q) C (F) QPEin
PGPZ2T 437.6 5524 8.78 x 1013 0.0832
PGPZ3T 460.5 2419 9.14x 1071 0.0850
PGPZAT 387.2 1133 1.23x 10712 0.1410

The presence of GO and PANI was inferred in the Raman spec-
trum in Fig. 3. The bands assigned to GO appear at 1333 cm™!
and 1604cm™!, due to the breathing mode of k-point photons of
Aqz symmetry and Ep; phonon of sp? carbon atoms, respectively
[48]. The PANI Raman bands appear at 1470 cm~! assigned to C=N
stretching vibrations, while the band at 1222 cm~! corresponds
to C—N stretching in polaronic units and at 1160cm~! assigned
to C—H in plane bending vibrations of benzenoid ring [24]. The
ZnO nanoparticles show only one weak Raman band at 416 cm™!
assigned to phonons of ZnO compounds with hexagonal structures
[43,49].

The frequency dependence of the impedance real part (Z’'
(ohms)) is shown in Fig. 4a for the three PGPZ LbL films with 2-4
tetralayers. The impedance spectra were fitted with an equiva-
lent electrical circuit shown in Fig. 4c, comprising the resistor R,
representing the ohmic resistance from the interdigitated elec-
trode (IDE), R, the film resistance and C; the capacitance of charge
transfer across the multilayer film, in addition to a phase constant
element that was included to improve fitting. The data in the form
of Nyquist plots in Fig. 4b for the three films in an inert atmosphere
with 65% of humidity were fitted with the parameters displayed in
Table 1. Both resistances decreased with the number of deposited
tetralayers, possibly due to the increase in PANI amount since GO
isinsulating. A schematic representation of the PANI/GO/PANI/ZnO
film deposited onto the IDE is displayed in Fig. 4(d).

The AFM images in Fig. 5 highlight two main features: i) before
NH3 exposure, the film roughness increased with the number of
tetralayers, from 35 nm (PGPZ2T) up to 52 nm (PGPZA4T); ii) after
exposure to the NH3, film morphology was clearly affected. Specif-
ically, the thinnest PGPZ2T film was probably deeply penetrated by
ammonia, causing both dedoping of PANI and increase in surface
roughness. On the other hand, the thicker films with larger amount
of PANI had their roughness decreased after ammonia exposure,
particularly for the thickest PGPZ4T, whose roughness decreased
by ~40%. Significantly, Fig. 6 indicates that the PGPZ3T was only
weakly affected by ammonia. It seems therefore that opposite
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Fig. 4. a) real part of impedance (Z') and b) Nyquist diagram for PGPZ2T, PGPZ3T
and PGPZAT films, c) equivalent circuit model and d) schematic representation of
the PANI/GO/PANI/ZnO film deposited onto the IDE.

effects to alter film thickness occur for PGPZ3T, which is associ-
ated with synergy in the different materials properties. As it will be
shown later, such synergy is responsible for the higher sensitivity
of PGPZ3T.

The sensor units made of 2, 3 and 4 tetralayers of
PANI/GO/PANI/ZnO were tested for detecting ammonia (NH3) in a
relative humidity (RH) set as 65%. The choice of this humidity value
was made because previous investigations reported in the liter-
ature [50,51] indicated that the ideal relative humidity in broiler
poultry houses should range between 50 and 70%; lower values
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Fig. 5. AFM 3D images of a) PGPZ2T, b) PGPZ3T and c) PGPZA4T films.

can result in a dusty house, while higher values could result in wet
litter and higher ammonia concentrations.

The relative response in terms of the impedance ratio (Eq. (1))
increased with NH3; concentration up to 500 ppm, as shown in
Fig. 7a. PGPZ3T exhibited the most adequate response for all con-
centrations tested, which may be related to its morphology being
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Fig. 6. Film roughness (R;ns) calculated using Gwyddion® software for LbL films
(PGPZ2T, PGPZ3T and PGPZAT) before and after exposure to ammonia gas.

less affected by ammonia, according to the AFM results, combined
with the moderate resistive response of PANI/GO/PANI/ZnO sensi-
tive layer (cf. Table 1). One would expect that the film with larger
morphological changes upon NH3 exposure would yield the high-
estsensing performance. However, the sensing mechanism appears
to depend on a combination of the charge transfer property of the
three materials.Zn0O[18,52-55]is an-type semiconductor and PANI
is a semiconducting polymer, both allowing charge mobility that
hinder formation of a stable double layer at the interface. In con-
trast, GO is an insulator that provides the stability needed for the
charge transfer phenomenon in gas sensor application.

Response = Z'NHy/Z' ;. (1)

It should be noted that for low NH3 concentrations the sens-
ing units exhibited similar responses, with low error associated
to the measurements. That is an important issue to develop sen-
sors able to detect NH3 below 50 ppm [15-17]. In addition, the
larger errors at higher concentrations of NH3 may be associated
with the lower stability of the measuring system, since gas injec-
tion can cause small turbulences in the airflow system, as observed
in the calibration curve of Fig. 7b. The response time for each NH3
concentration range was calculated using Eq. (2) to fit the calibra-
tion curve in Fig. 7b, leading to values ranging from 10 to 30s. It
is worth mentioning that the fitting required the use of two expo-
nential functions in Eq. (2), which points to more than one process
ruling in the sensing mechanism.

R(t) = yo + A (1 —e_t/ﬂ) +A; (1 _e_t/fz) (2)

R(t) is the resistance as a function of time (t), yg, A; and A, are
constants, and t; and t; are the response times.

Response times ranging values from 10 to 30's are suitable for a
device operating at room temperature, since NH3 gas diffusion and
sensing usually occur in a time scale shorter than 30s [20,56].

Statistical analysis of the impedance data was carried out
using PEx-Sensors software[57-59], implementing multidimen-
sional projection techniques. Here we used IDMAP (Interactive
Document Map) with Euclidian distances between the data points
and employing real impedance data dimensionally reduced by the
Fastmap technique in the frequency range 103-10° Hz. The IDMAP
plot in Fig. 8 confirms that all of the three sensors produced were
effective to detect ammonia levels from 50 up to 500 ppm, with
a combined silhouette coefficient of 0.64 (separate values of 0.60
for PGPZ2T, 0.59 for PGPZ3T and 0.54 for PGPZTA4T), calculated
according to Paulovich et. al [58]. With this quantitative measure of
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Table 2

Comparison of sensor performance for detecting NHs, where lists are given of the material used in the sensing device, detection limit (DL), response time (RTime), percentage

of response. The values quoted for PANI/GO/PANI/ZnO correspond to PGPZ3T.

Material Detection Limit (DL) Response Time (RTime) Response (%) Ref
PANI/GO/PANI/ZnO 23 ppm 30s (100 ppm) 38.31 This work
PANI/GO 1ppm 505 (100 ppm) 11.33 [20]
TiO,/PPy/GN 1ppm 365 (50 ppm) 36 [63]
PANI/aFe;03 5ppm 275 (100 ppm) 39 [64]
PPy/Sn0O, 257 ppb 259s (5 ppm) 30 [65]
PANI/SnO, 1.8 ppm 345 (100 ppm) 29 [66]

the discriminating power of a sensing device, PGPZ3T and PGPZ2T
appear as the most adequate molecular architectures.

Regarding to ammonia sensors recently reported, Table 2 shows
that the sensors made with tetralayered LbL films are competitive
both in terms of response time and magnitude of the detection.
Significantly, the figures of merit of the sensors presented here
are an adequate choice for target applications, such as monitoring
work places for excessive NHz exposure. Furthermore, the sensor
response remained stable up to 15 days, while a decay of 56% on
response signal was observed 30 days later.

Although one should expect that a platform based solely on PANI
and ZnO (PANI/ZnO) combination could be adequate for sensing
application, as PANI presents high sensitivity at room tempera-
ture [60] while ceramic materials may provide suitable response

time for sensing application [24,61], this was not found to be the
case. Subsidiary experiments (results not shown) employing solely
PANI/ZnO platform (without GO) showed to be sensitive to NH3
but with a highly unstable electrical response, which is not ade-
quate for gas sensing application. Therefore, the incorporation of
GO to the nanostructured platform definitely improved the sen-
sor response, which is consistent with findings of the literature
[62]. Furthermore, PANI/GO/PANI/ZnO platform not only showed
improved sensitivity to NH3 but also enhanced stability, repro-
ducibility and fast response. This behavior can by ascribed to the
synergy in the electrical properties of the three composing mate-
rials, as described before. Therefore, the results demonstrate the
importance of adding GO to the PANI/ZnO platform, exploiting
molecular combinations of three distinct materials in the same
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platform, which allowed the sensor operation at room temperature
with fast response and high sensitivity.

4. Conclusions

Tetralayered LbL films could be produced with PANI, GO and
ZnO, with the presence of all components being confirmed with
UV-vis. absorption and Raman spectroscopies. The number of
tetralayers for the PANI/GO/PANI/ZnO architecture affected the
electrical properties and morphology, according to impedance
spectroscopy data and AFM images, respectively. The overall
electrical resistance of the film decreased with the number of
tetralayers owing to an increased amount of the conducting PANI. In
contrast, film roughness increased with the number of tetralayers,
as expected for nanostructured films. The roughness dependence,
however, was not monotonic when exposure to NH3 was consid-
ered, since roughness decreased for PGPZ2T, increased for PGPZAT,
and remained practically constant for PGPZ3T. This indicates syn-
ergy in combining the materials properties, which was indeed
confirmed by the higher performance of PGPZ3T for detecting
NH3 in impedance spectroscopy measurements. The metrics of
interest of the sensors made with the LbL films for use in moni-
toring working environments, namely limit of detection, response
time and amplitude of response, were all adequate. Therefore,
these PANI/GO/PANI/ZnO films can be considered as an alterna-
tive platform for room temperature NH3 sensors in which synergy
is achieved upon combining distinct materials.
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