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Abstract: We have prepared different hybrid polymer-phthalocyanine materials by 
solution processing, starting from two sulfonated phthalocyanines, s-CoPc and CuTsPc, 
and polyvinylpyrrolidone (PVP), polyethylene glycol (PEG), poly(acrylic acid-co-acrylamide) 
(PAA-AM), poly(diallyldimethylammonium chloride) (PDDA) and polyaniline (PANI) as 
polymers. We also studied the response to ammonia (NH3) of resistors prepared from these 
sensing materials. The solvent casted films, prepared from s-CoPc and PVP, PEG and 
PAA-AM, were highly insulating and very sensitive to the relative humidity (RH) 
variation. The incorporation of s-CoPc in PDDA by means of layer-by-layer (LBL) 
technique allowed to stabilize the film, but was too insulating to be interesting. We also 
prepared PANI-CuTsPc hybrid films by LBL technique. It allowed a regular deposition as 
evidenced by the linear increase of the absorbance at 688 nm as a function of the number 
of bilayers. The sensitivity to ammonia (NH3) of PANi-CuTsPc resistors was very high 
compared to that of individual materials, giving up to 80% of current decrease when 
exposed to 30 ppm NH3. Contrarily to what happens with neutral polymers, in PANI, 
CuTsPc was stabilized by strong electrostatic interactions, leading to a stable response to 
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NH3, whatever the relative humidity in the range 10%–70%. Thus, the synergy of PANI 
with ionic macrocycles used as counteranions combined with their simple aqueous solution 
processing opens the way to the development of new gas sensors capable of operating in 
real world conditions. 

Keywords: solution processing; polyaniline; phthalocyanine; hybrid material; layer-by-layer; 
ammonia; relative humidity; conductometric sensor 

 

1. Introduction 

In the field of materials for gas sensing, the historical non-stoichiometric tin oxide, SnO2-x, first 
patented by Taguchi fifty years ago [1] and commercialized by the Figaro Company, is still widely 
used and studied. Beside SnO2−x, used as the basis of millions of sensors on the market per year, many 
other metal oxides have been studied, like WO3−x, ZnO1−x, In2O3−x, or V2O5−x [2], all operating 
between 200 and 500 °C [3,4]. Since the first studies, various preparation methods, in 3D, 2D and even 
1D, have been proposed using pure oxides [5,6], metal-doped materials [7,8] or materials decorated by 
nanoparticles [9,10]. The drift of their structure and morphology leads to the lack of reproducibility of 
the obtained materials. In all cases, their electronic properties and their sensitivity to gases arise from 
their non-stoichiometry and from the oxygen contained on their surfaces [11–13].  

However, a strong demand exists for gas sensors operating at lower temperature and prepared with 
low energy processes. Thus molecular materials [14–16], including polymeric materials that can be 
often deposited by solution processing, are good candidates. Another interest in molecular materials 
results from the variability of the accessible materials, including hybrid organic-inorganic materials, 
and materials combining small molecules with carbonaceous compounds [17–21] or polymers [22–25]. 
Both the composition of the hybrid material and the parameters of the solution processing stage can be 
used to tune the characteristics of the obtained materials, e.g., morphology, roughness and specific 
surface, hydrophilicity or hydrophobicity and eventually their optical and electronic properties.  
Thus, emerging sensor production technologies have become available [26–29], such as ink-jet 
printing, which is particularly suitable for large areas and low cost processes. Besides, electrodeposition 
presents clear advantages [30,31], for example when different materials need to be deposited on 
different electrodes located on the same substrate. 

The first aim of this work was to show that solution processing offers a convenient method for the 
preparation of sensing layers. The materials were chosen because it was known on the one hand that 
phthalocyanines are interesting molecular materials for conductometric sensors, see [14,15], and on the 
other hand that polymer—phthalocyanine hybrid materials were already demonstrated to be less 
cristalline and more efficient for gas sensing than pure phthalocyanines, with better kinetics [24]. Thus 
we reported therein different solution processing approaches with sulfonated phthalocyanines. The 
second goal was to find a method to obtain a conductometric sensor capable of detecting ammonia 
(NH3) and stable in a wide range of relative humidity (RH). Indeed, a key point for most of the 
applications of ammonia sensors is their behavior under humidity. NH3 is encountered frequently in 
industry because of its use as a freezing gas and as a raw material for fertilizers [32]. As a result, it is 
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important to monitor NH3 concentrations in air as a safety measure to protect industrial employees.  
In order to do so, European air quality labor legislation for NH3 sets a daily exposure limit at 20 ppm. 
Many detectors that cover this range are available for sale. However, their main drawback is their lack 
of selectivity towards NH3, in particular within an industrial environment where the humidity level can 
vary in broad range and modify the sensor response. In the literature, when the effect of the humidity is 
studied, either it is studied independently of NH3, in a separate experiment, so the synergy between 
NH3 and water is not taken into account [33], or the response to NH3 is studied under water, but only at 
a particular RH and not in a broad range. Thus, the response of a PANI resistor was studied in a broad 
range of RH, but only at 100 ppm NH3, moreover with exposure during 4 h [34]. PEDOT/PSS resistors 
were studied at 7% and 55% of RH, but at one very high NH3 concentration (1%) and also at 0.7 ppm 
but at only one very low RH value, namely 12.5% [35]. In both cases it was very far from a study in a 
broad humidity range, so the present study was important for matching sensors and applications [32]. 
Additionally, another advantage of sulfonated phthalocyanines is to fit into sustainable development in 
the preparation of the devices, by means of solution processing, using water as a solvent, for a low 
environmental impact and without using bulky and costly hardware. This was an ambitious aim since 
water-soluble materials exhibit generally high hydrophilicity and hygroscopicity. In one of our 
previews works [36], a sulfonated water-soluble phthalocyanine (s-CoPc) sensor prepared by solvent 
cast in water was used for ammonia sensing. The solvent cast films were not stable under high 
humidity exposure due to the high hygroscopicity of the material; the molecules did not bind strongly 
enough to the substrate and moved on its surface when the sensor was exposed to high humidity 
atmospheres. Moreover, water molecules going through the phthalocyanine layer made possible the 
reduction of the ITO electrodes, under an applied potential of +3 V. To improve the stability of the 
layers, two possibilities were envisioned. The first possibility was to add different hydrophilic 
polymers, such as polyvinylpyrrolidone (PVP), polyethylene glycol (PEG) and poly(acrylic  
acid-co-acrylamide) (PAA-AM), selected for their ammonia sensing or water stability, as reported in 
literature [37–39], to s-CoPc. These mixed solutions were also used by solvent-casting from water 
solutions. Another possibility was the Layer-by-Layer (LBL) material processing [40,41], which 
induces strong interactions between the substrate and two polyelectrolytes of opposite charges, and 
should be a good alternative to using hydrophilic materials for applications that require stability at  
high humidity levels and for a long enough time. This method was applied to electrochemical  
sensors [40,41], but is not commonly used for resistors, despite of its crucial advantages. It can also be 
performed in water solutions without using any organic solvent, as it is often the case for  
solvent casting, and can be easily automated to produce a high number of samples for industrial 
applications. When the experimental conditions are established, the samples can be produced with high  
reproducibility too. Poly(diallyldimethylammonium chloride) (PDDA) is one of the most used cationic  
polyelectrolytes [42,43]. This polymer does not conduct the current, but could be added to the 
sulfonated phthalocyanine as anionic counterpart to prepare a resistor by the LBL technique for 
ammonia sensing. PANI is a highly conductive polymer used for many applications [34,35,44–46]. It 
exists in different forms depending on the synthetic route [47], and has been used as a cationic 
polyelectrolyte for LBL processing with tetrasulfonated phthalocyanines (CuTsPc, NiTsPc and  
FeTsPc) for electrochemical sensing applications [48]. In the present work, different hybrid  
polymer-phthalocyanine material–based resistors were prepared using two different sulfonated 
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phthalocyanines. Their stability under humidity and their response to ammonia in the ppm range, over 
a broad humidity range, were also studied. 

2. Experimental Section 

2.1. Electrical Measurements 

All fundamental electrical and sensor measurements were performed at room temperature, using a 
6517B Keithley electrometer equipped with an embedded DC voltage supply. The electrometer was 
controlled through a home-made software relying on a GPIB (IEEE488.2) bus connection for data 
communication. Current-voltage (I-V) curves were registered with voltage values ranges depending on 
the devices while taking care to start and finish at 0 V bias, in order to avoid any irreversible 
polarization effect, except for gas sensing experiments. Usually our resistors are polarized with a 
constant bias of +1 or +3 V. With humidity exposure and hydrophilic and hygroscopic materials,  
+1 V was selected to prevent the electrodes reduction by water into the film. The solvent casted 
devices were used with a particular protocol to minimize the protonic conductivity: The current 
measured was the average of the absolute current measured at +3 V and −3 V. All experiments were 
performed in dark conditions to avoid any photoelectric effects that may have occurred otherwise. 

Figure 1. Scheme of the ammonia workbench. 
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2.2. Gas Sources for Sensing Experiments 

The ammonia gas from a standard cylinder (1000 ppm in synthetic air, from Air Liquide, Paris, 
France) was diluted with dry synthetic air using mass flow controllers (total flow: 0.5 to  
0.55 NL·min−1 depending on ammonia concentration) in order to achieve stable, controlled and 
adjustable ammonia concentrations from 10 to 90 ppm. The experimental set-up (Figure 1) used for 
electrical measurements and gas exposure was identical to the previously reported one [30], one dry 
line allowing the control of the NH3 flow and another one allowing the control of the relative humidity, 
by means of a water column and a humidity sensor, from Vaisala (Helsinki, Finland). The response to 
ammonia was determined after alternation of exposure and recovery periods. The exposure and 
recovery times were fixed at 1 and 4 min, respectively, unless otherwise indicated. The interest of such 
a dynamic process rather than a static process is that it avoids the irreversible occupation of sites as it 
occurs when the material is exposed over very long durations [15,49]. All the experiments were carried 
out at a room temperature in the range 18–22 °C. 

2.3. Materials and Chemicals 

The sulfonated cobalt phthalocyanine s-CoPc is an industrial product, a mixture of n-sulfonated 
CoPc, known as Co[(SO3Na)2,3Pc], supplied by the Europthal Company (Cavaillon, France) as additive 
8020 (Figure 2). s-CoPc solutions were prepared at a concentration of 7.0 × 10−1 and 1 mg·mL−1 for 
solvent casting with a polymer and for LBL processing with PDDA, respectively. The polymer was 
added to the s-CoPc solutions (PAA-AM, PEG and PVP) to obtain 80%/20% (w/w) solutions for 
solvent cast processing. PAA-AM (Mw = 5,000,000 Da), PEG (Mw = 1450) and PVP (Mw = 40,000) 
were purchased from Aldrich Co. (Wyoming, Il, US). The polymer concentrations in the solvent  
casted solutions prepared with distilled water were respectively: [PAA] = 2.37 × 10−1 mg·mL−1,  
[PEG] = 1.71 × 10−1 mg·mL−1 and [PVP] = 1.83 × 10−1 mg·mL−1. The solvent casted solutions 
concentrations were calculated to obtain approximately 100 nm—thick films, as a rough estimation 
from the surface and the density of the materials. PDDA was purchased from Aldrich Co.  
(Mw = 200,000–350,000) and diluted in distilled water at a concentration of 20 mM.  

Tetrasulfonated copper phthalocyanine CuTsPc was purchased from Sigma-Aldrich Co.  
(dye content, 85%) and dissolved in water at a concentration of 10 mM and pH adjusted to 2.8 with 
HCl. This solution was used with PANI for LBL processing. PANI was synthesized as following: 0.2 g 
of aniline monomer was introduced in 50 mL of water and pH was adjusted at 2.4 with concentrated 
HCl (37 wt %). Solution was then stirred during 1 h. Polymerization was initiated by addition of 0.25 g 
of ammonium persulfate (APS). After 16 h of reaction at room temperature, three cycles of 
centrifugation/redispersion in water were carried out to remove APS and residual unpolymerized 
material. PANI solutions were finally stored in dark conditions to avoid any degradation. All our 
devices were built by successive deposition of the corresponding molecular materials onto ITO 
interdigitated electrodes separated by 75 µm on 1 cm × 1 cm glass substrates. 
  



Sensors 2014, 14 13481 
 

 

Figure 2. Structural formulas of compounds used in this study. 

 

2.4. s-CoPc/Polymer Solvent Casted Films 

The solvent casted films were prepared using the solutions described above. For each sample with 
s-CoPc and PAA-AM, PEG and PVP, named E1, E2 and E3, respectively, 10 drops of the solvent cast 
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solutions were deposited onto the substrate. The substrates were heated at 50 °C in a closed desiccator, 
to increase the homogeneity of the films [23].  

I-V characteristics were performed on E1, E2 and E3, from −10 to +10 V. Depending on the 
atmospheric conditions in the laboratory during the experiments, the measured current varied a lot and 
the experiments were not usable. To investigate more deeply this effect, humidity exposures from 0% 
RH to 80% RH were performed by applying a potential of +3 V, −3 V and 0 V as described before.  

The samples were insulators at 0% RH and showed a huge current increase from 1 × 10−10 A at low 
humidity up to 5.0 × 10−5 A at high humidity (Figure 3). The sensors exhibited a high response to the 
ambient humidity increasing the current by 5 orders of magnitude. These results could be predicted 
with hydrophilic materials added to s-CoPc that is also highly sensitive to humidity. However, 
knowing that these huge current increases occur, the humidity can be predicted using the current 
baseline and log(I) instead of I, as illustrated by Figure 3. Varying the humidity, the log of the current 
varies but comes back approximately to the same value for each relative humidity.  

Figure 3. Humidity exposure experiment performed on s-CoPc/PEG sample (E2). 

 

The problem of these devices E1, E2 and E3 was the long-term stability. After some hours of high 
humidity exposure, the films moved on the top of the substrate and leached from the electrodes  
(Figure 4). Moreover, the high content of water inside the film reduces the ITO electrodes owing to the 
high applied potential, higher than the oxidation potential of water molecules (Figure 4). To resolve 
these long-term stability problems, the LBL method was used, using the same ammonia sensitive 
material, s-CoPc as anionic polyelectrolyte, with PDDA as cationic polyelectrolyte. 
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Figure 4. PVP resistor before humidity exposure (a); and after humidity exposure (b). 

 

2.5. s-CoPc/PDDA LBL Films 

The substrate was immersed alternatively in the polycation (PDDA) and s-CoPc solution for 5 min 
each and then rinsed in a distilled water solution for 5 min. The sample was dried in a desiccator at 50 °C 
after each bilayer (BL) was applied. The process is repeated 15 times to obtain (PDDA/s-CoPc)15 sample 
E4. The growth of the LBL film was monitored by using UV-Vis spectroscopy between 300 to 800 nm 
where a maximum peak at 671 nm corresponding to the partially sulfonated s-CoPc can be observed 
(Figure 5). The absorbance increased almost linearly as a function of the number of bilayers, to a 
maximum of 0.2 a.u. for (PDDA/s-CoPc)15. Referring to the literature, this absorbance corresponds 
approximately to a film thickness of 30–40 nm [33]. 

Figure 5. Absorbance measured at 671 nm against the number of PDDA/s-CoPc bilayers.  
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Multilayer film had the advantage of being stable under high humidity exposure. The electrostatic 
interactions are stronger than the solvation by water inside the film. For this sample, when polarized at 
+3 V, no reduction of the electrodes by water occurred. These advantages are crucial to our devices. 
The LBL deposition method allows the use of highly hydrophilic molecules for sensing applications in 
wet atmosphere. The problem with this LBL film is the insulating character of the PDDA polymer that 
added to s-CoPc makes the film highly insulating , as shown in Figure 6.  

Figure 6. I-V characteristic of the (PDDA/s-CoPc)15 device (E4), between −25 V to +25 V. 

 

s-CoPc is a p-type semiconductor on which ammonia induces a current decrease and the higher 
measured current is lower than 1 × 10−10 A at +25 V, which is too low to obtain repeatable and 
measurable current values. This problem can be solved by using a more conductive cationic 
polyelectrolyte such as PANI. CuTsPc was used instead of s-CoPc to improve the film growth 
maximizing the negative charges in the phthalocyanine molecule. 

2.6. CuTsPc/PANI LBL Films 

2.6.1. Material Processing 

The PANI solution was diluted with distilled water to a concentration of 0.3 g·L−1 and adjusted to 
pH = 2.8. Two rinsing solutions, n° 1 and 2, were prepared with distilled water at pH = 2.8.  
The ITO/glass substrates were immersed successively in the PANI solution for 5 min, rinsed in the 
solution n° 1 for 5 min, immersed in the CuTsPc solution for 5 min and rinsed 5 min in the solution  
n° 2 (Figure 7). Then the substrates were dried under air flow. 
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Figure 7. Scheme of the LBL process for PANI/CuTsPc films. 

 

This protocol was repeated 20 times to obtain a 20 bilayer film denoted as sample E5. The growth 
of the LBL film was monitored by UV-Vis spectroscopy between 300 to 800 nm, with a maximum 
peak at 688 nm corresponding to CuTsPc (Figure 8). It is worth noting that the PANI contributes also 
to the absorption at this wavelength. The linear increase of the absorbance measured at 688 nm, as a 
function of the number of bilayers, after a baseline correction, indicates the regular deposition of both 
components (Figure 9). 

Figure 8. (PANI/CuTsPc)n (E5) absorption spectrum from 300 to 800 nm against the  
BL number.  
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Figure 9. Absorbance measured at 688 nm, with the baseline correction, against the 
number of (PANI/CuTsPc)n bilayers (E5). 

 

The measured absorbance was very near that observed for 100 nm—thick films of PANI/NiTsPc [46], 
indicating a thickness of approximately the same order of magnitude. The absorbance was higher than 
with PDDA, because the PANI absorbed in the entire spectrum. Thus, the absorbance at 688 nm 
resulted from contributions of the two components of the hybrid film. It was worth noting that, in 
PDDA, the maximum wavelength of CuTsPc was 623 nm [33], as a result of a different arrangement in 
the solid state. Indeed, it is well known that phthalocyanines can arrange in J- or H- aggregates, leading 
to a shift of the maximum wavelength towards higher or lower values [50,51]. 

2.6.2. Gas Sensing 

To ensure high repeatability, the devices were always used in the same order. The first experiment 
was a current-voltage (I-V) characteristic measured between −2 and +2 V, at 0.1 V·s−1 and recording 
one point every second, in order to characterize the starting state of the sample, which was stored in 
the dark at room temperature. To put the sensor into common conditions, an experiment was 
performed under humidity, varying from 70% RH to 10% RH by step of 20% RH, for 10 min per step. 
This experiment was very important in order to begin the last wanted experiment, the ammonia 
sensing, always in the same atmospheric conditions. 

The characteristic I-V plot (Figure 10), showed a high current compared to the PDDA/s-CoPc 
device, higher than 1.0 × 10−5 A, due to the highly conductive PANI. The humidity and humidity/ 
ammonia exposures were performed at +1 V. After the humidity sensing, humidity/ammonia 
experiments were performed using exposure/recovery cycles. The sensor was exposed from 30 to  
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10 ppm, four exposure/recovery cycles for each ammonia concentration, in wet atmosphere, from 70% 
to 10% RH under 500 mL·min−1 synthetic air flow (Figure 11).  

Figure 10. I-V characteristic of the (PANI/CuTsPc)20 device (E5), between −2 and +2 V. 

 

Figure 11. Ammonia/humidity exposure/recovery of a (PANI/CuTsPc)20 device (E5) at 30, 
20 and 10 ppm ammonia, with 70% to 10% RH, polarized at 1 V. 
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Ammonia exposure induced a decrease of the current measured, in accordance with the p-type 
nature of the majority charge carriers in the material. The response depends on the concentration:  
The lower the concentration, the lower the current decreased. We plotted the relative response  
ΔI/I0(%) = ((I − I0)/I0) × 100 as a function of the NH3 concentration at various RH values, as calculated 
from four 0.25 min/1 min exposure/recovery cycles (Figure 12).  

Figure 12. Relative response (ΔI/I0) of a (PANI/CuTsPc)20 device (E5) as a function of the 
NH3 concentration at various RH values, as calculated from four 0.25 min/1 min 
exposure/recovery cycles. 

 

It appeared clearly that the effect of RH, between 10% and 70%, was lower than the effect of tens 
of ppm of NH3. From this plot, the limit of detection (LOD) was determined, as 3 times the 
signal/noise ratio; at 50% RH it was 0.7 ppm, for a 0.25 min—long exposure period. It means that, 
with longer exposure periods, typically 1 min, the LOD would be still lower. The exposure duration 
could be adapted as a function of the target application. The sensor response was totally reversible. 
These results were comparable to those obtained previously [52], but the main difference was that the 
response to NH3 was studied at different RH values. This allowed us to study a possible synergy 
between NH3 and water effects. In [52], the response to humidity was studied without NH3 and vice 
versa, the sensitivity to NH3 was determined in dry air. It is worth noting that PANI-CuTsPc films 
prepared also during the present study by solvent cast were more sensitive to water, with poor NH3 
sensing performance compared to the LBL-—deposited films. 

The relative response to NH3 was also plotted as a function of the RH value (Figure 13). The relative 
response varied from −61% at 10 ppm ammonia and 10% RH to a maximum of −83% at 30 ppm ammonia 
and 30 or 50% RH. The difference between the relative response at 20 ppm and 30 ppm was slightly 
higher than one unit (%), comparing the maximum at 20 ppm, −80%, and the minimum at 30 ppm, 
−81%. The current decreased and the saturation of the sensor appeared to be fast. This is the reason 
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why the exposure/recovery protocol was adapted, from 1 min exposure and 4 min recovery down to 
0.5 and 0.25 min exposure and 2 and 1 min recovery, respectively (Figure 14).  

Figure 13. Relative response (ΔI/I0) of a (PANI/CuTsPc)20 device (E5) to ammonia against 
the Relative Humidity, as calculated from four 1 min/4 min exposure/recovery cycles. 
From bottom to top, the ammonia concentration is 30, 20 and 10 ppm. The green, red and 
blue bands show the range of the relative response for 10, 20 and 30 ppm, respectively. 

 

Figure 14. Current versus time of a (PANI/CuTsPc)20 device (E5) exposed to 30 ppm NH3 
under 50% RH, with different exposure/recovery times, namely 1 min/4 min (blue),  
0.5 min/2 min (red) and 0.25 min/1 min (green). 
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As we showed previously with an electrodeposited polypyrrole/phthalocyanine resistor [30], the 
effect of water was important at very low relative humidity, due to the hydrophilicity of the material.  
It is true that the water contain in a material as a function of the relative humidity in atmosphere 
usually exhibits an hysteresis [53]. It means that the absolute water contain in the sensing materials is 
not the same when the RH is increasing or decreasing. However, in our experimental conditions, the 
gas flow is oriented directly on the sensor surface, so it improves the kinetics of adsorption/desorption. 
Moreover, the exposure to a constant RH was very long, about 1 h, and at each RH value we could not 
see an important drift that could be due to a water contain evolution during these 1 h—long periods 
(see Figure 11). So, we believed that operating from low to high RH instead of from high to low RH 
values as we did would not affect the general behavior of the device. 

This graph showed the saturation effect with 1 min (blue curve) and 0.5 min (red curve) exposure 
periods, but not for the 0.25 min exposure and 1 min recovery periods (green curve). This later should 
be the most efficient protocol and it was verified, comparing the relative response for each protocol to 
know if there is a real improvement of the discrimination between the different ammonia concentrations 
and the large humidity range (Table 1). From 0.25 min to 1 min exposure, the maximum relative 
response was reduced by only 7%.  

The saturation effect was clearly deduced from the variation, in %, determined for each 
exposure/recovery condition (Table 1). These variations were calculated between the responses to two 
consecutive NH3 concentrations, from the minimum relative response to a NH3 concentration minus the 
maximum relative response of the immediately lower concentration. As example, with the 1 min/4 min 
exposure/recovery protocol, the maximum relative response at 20 ppm NH3, namely −80.11%, was 
observed at 50% RH, and for the same protocol at 30 ppm NH3, the minimum relative response, namely 
−81.26%, was seen at 70% RH. From those values and for these exposure/recovery cycles, the variation, 
in %, was determined to be −81.26%–(−80.11%) = −1.14%, which corresponded to the minimum 
difference between the relative responses to 20 and 30 ppm NH3 seen by the sensor, whatever was the 
relative humidity and without any information about it. 

Table 1. Relative response (ΔI/I0 (%)) to NH3 depending on the relative humidity for the 
different exposure/recovery protocols. The variations (in %) between the responses to  
two consecutive NH3 concentrations were calculated for each exposure/recovery protocol, 
from the minimum relative response to a NH3 concentration minus the maximum relative 
response of the immediately lower concentration. 

Exposure/Recovery 1 min/4 min 0.5 min/2 min 0.25 min/1 min 
RH (%)/NH3 (ppm) 10 20 30 10 20 30 10 20 30 

70 −67.24 −77.46 −81.26 −51.40 −73.46 −78.51 −33.00 −63.64 −71.07 
50 −71.21 −80.11 −83.39 −57.22 −74.86 −80.14 −38.58 −65.37 −76.15 
30 −67.48 −77.56 −83.35 −54.85 −72.29 −79.27 −36.47 −63.15 −74.66 
10 −61.76 −73.00 −83.04 −50.50 −67.75 −78.55 −34.13 −59.07 −72.90 

Variation (%)  −1.79 −1.14  −10.53 −3.65  −20.50 −5.70 

Simultaneously, we observed an increase by 5 times of the variation, in %, between 20 and 30 ppm 
NH3, from −1.14% to 5.70%, leading to an improved discrimination between the responses to the 
different ammonia concentrations. This discrimination can be clearly seen when plotting the relative 
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response (ΔI/I0) to NH3 as a function of the RH value, as determined with the 0.25/1 min 
exposure/recovery protocol (Figure 15). On this figure, the improved discrimination between the 
ammonia concentrations was clearly visible compared to Figure 12, plotted at the same scale. The 
colored bands were well separated with the optimized protocol. With the 0.25 min exposure/1 min 
recovery optimized protocol, the sensor was able to discriminate NH3 concentrations by steps of  
10 ppm, whatever the humidity value between 10% and 70%RH. This protocol has also the advantage 
to be 4 times faster, allowing 4 cycles instead of 1 in the same period.  

Figure 15. Relative response (ΔI/I0) of a (PANI/CuTsPc)20 device (E5) to NH3 as a 
function of the Relative Humidity, as calculated from four 0.25/1 min exposure/recovery 
cycles. From bottom to top, the NH3 concentration is 30, 20 and 10 ppm. The green, red and 
blue bands show the range of the relative response for respectively 10, 20 and 30 ppm NH3. 

 

3. Conclusions 

In this study, two sulfonated phthalocyanines were combined with polymers of different nature. 
When associated with hydrophilic non-conductive polymers like PAA, PEG and PVP, the sulfonated 
phthalocyanine led to hybrid films, prepared by solvent-casting, that were highly sensitive to water. The 
layer-by-layer technique was suitable for the preparation of PDDA polycation/sulfonated 
phthalocyanine, with an increase of the absorbance of the film as a function of the number of layers. 
However, these films were too insulating to be used as sensing materials in conductometric sensors. 
On the contrary, polyaniline/tetrasulfonated copper phthalocyanine films, also prepared by the  
layer-by-layer technique from aqueous solutions, were suitable for gas sensing applications. The 
deposition was monitored by the absorbance that increased linearly as a function of the layer number. 
We showed that these hybrid materials were capable of operating as sensing materials for the detection 
of ammonia in a broad range of relative humidity. A relative response to 30 ppm NH3 as high as −83% 
was observed. In addition, we demonstrated that the response depended on the exposure duration. A 
0.25 min/1 min exposure/recovery cycle led to a better discrimination of the ammonia concentration, by 
step of 10 ppm, by keeping the sensitivity better than −70%, no matter the relative humidity in the range 
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10%–70% RH range. Compared to both individual materials, the hybrid films exhibited a strongly 
enhanced sensitivity to ammonia and stability towards humidity. 

Acknowledgements 

The authors acknowledge the Agence Nationale de la Recherche (A. N. R., France) for funding 
through the ANR project CAP-BTX 2010-Blan-917-02.  The authors also wish to acknowledge the 
Conseil Régional de Bourgogne for funding through the program PARI SMT 08 IME-Région 
Bourgogne and a Ph-D grant (Pierre Gaudillat) through the program Jeunes Chercheurs 
Entrepreneurs. Financial support from the European Union and the Conseil Régional de Bourgogne 
through the FABER program is gratefully acknowledged. Europhtal is thanked for providing the 
sulfonated cobalt phthalocyanine s-CoPc. 

Author Contributions 

Pierre Gaudillat prepared the films, performed the gas sensing experiments, and drafted the 
manuscript. Florian Jurin synthesized the PANI. Boris Lackard provided helpful suggestions.  
Cédric Buron supervised the synthetic work and provided the deposition protocol. Jean-Moïse Suisse 
automated the gas sensor characterization system. Marcel Bouvet supervised the sensing work and 
finalized the manuscript. All authors read and approved the final manuscript. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Taguchi, N. Gas-Detecting Device. U.S. Patent 3631436 A, 28 December 1971. 
2. Comini, E.; Baratto, C.; Faglia, G.; Ferroni, M.; Vomiero, A.; Sberveglieri, G. Quasi-one 

dimensional metal oxide semiconductors: Preparation, characterization and application as 
chemical sensors. Prog. Mater. Sci. 2009, 54, 1–67. 

3. Yamazoe, N. Chemical Sensor Technology; Kodansha Ltd., Elsevier: Tokyo, Japan, 1991;  
pp. 18–31. 

4. Göpel, W.; Jones, T.A.; Kleitz, M.; Lundström, I.; Seyama, T. Sensors: A Comprehensive survey. 
In Chemical and Biochemical Sensors; Göpel, W., Jones, T.A., Kleitz, M., Lundström, I., 
Seiyama, T., Eds.; Wiley: Weinheim, Germany, 1991; Volumes 2 and 3. 

5. Vayssieres, L. Growth of arrayed nanorods and nanowires of ZnO from aqueous solutions.  
Adv. Mater. 2003, 15, 464–466. 

6. Murphy, C.J.; Jana, N.R. Controlling the Aspect Ratio of Inorganic Nanorods and Nanowires. 
Adv. Mater. 2002, 14, 80–82. 

7. Zhang, C.; Boudiba, A.; Navio, C.; Olivier, M.-G.; Snyders, R.; Debliquy, M. Study of selectivity 
of NO2 sensors composed of WO3 and MnO2 thin films grown by radio frequency sputtering.  
Sens. Actuators B Chem. 2012, 161, 914–922. 



Sensors 2014, 14 13493 
 

 

8. Boudiba, A.; Zhang, C.; Umek, P.; Bittencourt, C.; Snyders, R.; Olivier, M.-G.; Debliquy, M. 
Sensitive and rapid hydrogen sensors based on Pd–WO3 thick films with different morphologies.  
Int. J. Hydrog. Energy 2013, 38, 2565–2577. 

9. Pan, Z.W.; Dai, Z.R.; Wang, Z.L. Nanobelts of Semiconducting Oxides. Science 2001, 291,  
1947–1949. 

10. Dai, Z.R.; Pan, Z.W.; Wang, Z.L. Novel nanostructures of functional oxides synthesized by 
thermal evaporation. Adv. Funct. Mater. 2003, 13, 9–24. 

11. McAleer, J.F.; Moseley, P.T.; Norris, J.O.W.; Williams, D.E. Tin dioxide gas sensors.  
Part 1.—Aspects of the surface chemistry revealed by electrical conductance variations. J. Chem. 
Soc. Faraday Trans. I 1987, 83, 1323–1346. 

12. Morrison, S.R. Semiconductor gas sensors. Sens. Actuators 1981-1982, 2, 329–341. 
13. Moseley, P.T.; Norris, J.; Williams, D.E. Techniques and Mechanisms in Gas Sensing;  

Hilger, A., Ed.; IOP: Bristol, UK, 1991. 
14. Simon, J.; Bassoul, P. Design of Molecular Materials, Supramolecular Engineering; Wiley: 

Chichester, UK, 2001. 
15. Bouvet, M.; Pauly, A. Molecular Semiconductor—Based Gas Sensors in the Encyclopedia of 

Sensors; Grimes, C.A., Dickey, E.C., Pishko, M.V., Eds.; American Scientific Publishers: 
Stevenson Ranch, CA, US, 2006; Volume 6, pp. 227–270. 

16. Bouvet, M. Molecular Material-Based Conductimetric Gas Sensors, in Chemical Sensors and 
Biosensors; Lalauze, R., Ed.; Ecole Nationale Supérieure des Mines; ISTE Ltd. and Wiley:  
Saint Etienne, France, 2012; pp. 127–142. 

17. Ndiaye, A.L.; Varenne, C.; Bonnet, P.; Petit, E.; Spinelle, L.; Brunet, J.; Pauly, A.; Lauron, B. 
Elaboration of SWNTs-based gas sensors using dispersion techniques: Evaluating the role of the 
surfactant and its influence on the sensor response. Sens. Actuators B Chem. 2012, 162, 95–101. 

18. Penza, M.; Rossi, R.; Alvisi, M.; Signore, M.A.; Serra, E.; Paolesse, R.; D’Amico, A.;  
di Natale, C. Metalloporphyrins-modified carbon nanotubes networked films-based chemical sensors 
for enhanced gas sensitivity. Sens. Actuators B Chem. 2010, 144, 387–394. 

19. Zagal, J.H.; Griveau, S.; Santander-Nelli, M.; Gutierrez Granados, S.; Bedioui, F. Carbon 
nanotubes and metalloporphyrins and metallophthalocyanines-based materials for electroanalysis.  
J. Porphyr. Phthalocyanines 2012, 16, 713–740. 

20. Chidawanyika, W.; Nyokong, T. Characterization of amine-functionalized single-walled carbon 
nanotube-low symmetry phthalocyanine conjugates. Carbon 2010, 48, 2831–2838. 

21. Khene, S.; Nyokong, T. Single walled carbon nanotubes functionalized with nickel 
phthalocyanines: effects of point of substitution and nature of functionalization on the  
electro-oxidation of 4-chlorophenol. J. Porphyr. Phthalocyanines 2012, 16, 130–139. 

22. Hatchett, D.W.; Josowicz, M. Composites of Intrinsically Conducting Polymers as Sensing 
Nanomaterials. Chem. Rev. 2008, 108, 746–769. 

23. De Fonseca, B.; Bouvet, M.; Suisse, J.-M.; Rossignol, J. Deposition and production of highly 
reproducible hybrid Cu[(tBu)4Pc]‐polystyrene thin layers via spin casting. Polym. Eng. Sci. 2013, 
53, 524–530. 

  



Sensors 2014, 14 13494 
 

 

24. Parra, V.; Rei Vilar, M.; Battaglini, N.; Ferraria, A.M.; Botelho do Rego, A.M.; Boufi, S.; 
Rodriguez-Mendez, M.L.; Fonavs, E.; Muzikante, I.; Bouvet, M. New Hybrid Films Based on 
Cellulose and Hydroxygallium Phthalocyanine. Synergetic Effects in the Structure and Properties. 
Langmuir 2007, 23, 3712–3722. 

25. Bouvet, M.; Gaudillat, P.; Suisse, J.-M. Phthalocyanine-based hybrid materials for chemosensing.  
J. Porphyr. Phthalocyanines 2013, 17, 913–919. 

26. De Gans, B.J.; Duineveld, P.C.; Schubert, U.S. Inkjet Printing of Polymers: State of the Art and 
Future Developments. Adv. Mater. 2004, 16, 203–213. 

27. Ko, S.H.; Pan, H.; Grigoropoulos, C.P.; Luscombe, C.K.; Frechet, J.M.J.; Poulikakos, D.  
All-inkjet-printed flexible electronics fabrication on a polymer substrate by low-temperature  
high-resolution selective laser sintering of metal nanoparticles. Nanotechnology 2007, 18,  
345202:1–345202:8. 

28. Jung, H.C.; Cho, S.H.; Joung, J.W.; Oh, Y.S. Studies on Inkjet-Printed Conducting Lines for 
Electronic Devices. J. Electron. Mater. 2007, 36, 1211–1218. 

29. Mirica, K.A.; Weis, J.G.; Schnorr, J.M.; Esser, B.; Swager, T.M. Mechanical Drawing of Gas 
Sensors on Paper. Angew. Chem. Int. Ed. 2012, 51, 10740–10745. 

30. Sizun, T.; Patois, T.; Bouvet, M.; Lakard, B. Microstructured electrodeposited  
polypyrrole–phthalocyanine hybrid material, from morphology to ammonia sensing. J.  
Mater. Chem. 2012, 22, 25246–25253. 

31. Patois, T.; Sanchez, J.-B.; Berger, F.; Fievet, F.; Segut, O.; Moutarlier, V.; Bouvet, M.; Lakard, B. 
Elaboration of ammonia gas sensors based on electrodeposited polypyrrole—Cobalt phthalocyanine 
hybrid films. Talanta 2013, 117, 45–54. 

32. Timmer, B.; Olthuis, W.; van den Berg, A. Ammonia sensors and their applications - a review. 
Sens. Actuators B Chem. 2010, 107, 666–677. 

33. Benten, H.; Kudo, N.; Ohkita, H.; Ito, S. Layer-by-layer deposition films of copper 
phthalocyanine derivative; their photoelectrochemical properties and application to  
solution-processed thin-film organic solar cells. Thin Solid Films 2009, 517, 2016–2022. 

34. Matsuguchi, M.; Okamoto, A.; Sakai, Y. Effect of humidity on NH3 gas sensitivity of polyaniline 
blend films. Sens. Actuators B Chem. 2003, 94, 46–52. 

35. Pacher, P.; Lex, A.; Eder, S.; Trimmel, G.; Slugovc, C. A novel concept for humidity 
compensated sub-ppm ammonia detection. Sens. Actuators B Chem. 2010, 145, 181–184. 

36. Sizun, T.; Bouvet, M.; Chen, Y.; Suisse, J.-M.; Barochi, G.; Rossignol, J. Differential study of 
substituted and unsubstituted cobalt phthalocyanines for gas sensor applications. Sens. Actuators B 
Chem. 2011, 159, 163–170. 

37. Wu, S.; Li, F.; Zhu, Y.; Shen, J. The switch-type humidity sensing properties of polyacrylic acid and 
its copolymers. J. Mat. Sci. 2000, 35, 2005–2008. 

38. Sahm, M.; Oprea, A.; Bârsan, U.; Weimar, U. Interdependence of ammonia and water sorption in 
polyacrylic acid layers. Sens. Actuators B Chem. 2008, 130, 502–507. 

39. Oprea, A.; Weimar, U. Interdependence of ammonia and water sorption in polyacrylic acid layers. 
Sens. Actuators B Chem. 2005, 111–112, 572–576. 

40. Ge, C.; Armstrong, N.R.; Saavedra, S.S. pH-Sensing Properties of Poly(aniline) Ultrathin Films 
Self-Assembled on Indium−Tin Oxide. Anal. Chem. 2007, 79, 1401–1410. 



Sensors 2014, 14 13495 
 

 

41. Privett, B.J.; Shin, J.H.; Schoenfisch, M.H. Electrochemical Sensors. Anal. Chem. 2010, 82,  
4723–4741. 

42. Li, X.; Zhao, S.; Yang, M.; Sun, C.; Guo, L. Covalently attached multilayer assemblies of  
diazo-resins and binuclear cobalt phthalocyanines. Thin Solid Films 2005, 478, 310–317. 

43. Bertrand, P.; Jonas, A.; Legras, R. Ultrathin polymer coatings by complexation of polyelectrolytes 
at interfaces: Suitable materials, structure and properties. Macromol. Rapid Commun. 2000, 21,  
319–348. 

44. Bhadra, S.; Khastgir, D.; Singha, N.K.; Lee, J.H. Progress in preparation, processing and 
applications of polyaniline. Prog. Polym. Sci. 2009, 34, 783–810. 

45. Dhand, C.; Das, M.; Datta, M.; Malhotra, B.D. Recent advances in polyaniline based biosensors. 
Biosens. Bioelectron. 2011, 26, 2811–2821. 

46. Ciric-Marjanovic, G. Recent advances in polyaniline research: Polymerization mechanisms, 
structural aspects, properties and applications. Synth. Metals 2013, 177, 1–47. 

47. Stejskal, J.; Kratochvíl, P.; Jenkins, A.D. The formation of polyaniline and the nature of its 
structures. Polymer 1996, 37, 367–369. 

48. Zucolotto, V.; Ferreira, M.; Cordeiro, M.R.; Constantino, C.J.L.; Moreira, W.C.; Oliveira, O.S., 
Jr. Nanoscale processing of polyaniline and phthalocyanines for sensing applications. Sens. Actuators 
B Chem. 2006, 113, 809–815. 

49. Bouvet, M.; Leroy, A.; Simon, J.; Tournilhac, F.; Guillaud, G.; Lessnick, P.; Maillard, A.; 
Spirkovitch, S.; Debliquy, M.; de Haan, A.; Decroly, A. Detection and titration of ozone using 
metallophthalocyanine based field effect transistors. Sens. Actuators B Chem. 2001, 72, 86–93. 

50. Cook, M.J.; Chambrier, I. Phthalocyanine Thin Films: Deposition and Structural Studies. In The 
Porphyrin Handbook; Kadish, K.M., Smith, K.M., Guilard, R., Eds.; Academic Press: San Diego, 
CA, USA, 2003; Volume 17, pp. 37–127. 

51. Snow, A.W. The Porphyrin Handbook; Kadish, K.M., Smith, K.M., Guilard, R., Eds.; Academic 
Press: San Diego, CA, USA, 2003; Volume 17, pp. 129–176. 

52. Heleno, C.M.N.; Dirani, E.A.T.; de Andrade, A.M. Ammonia Sensor Based on Polyaniline and 
Nickel Tetrasulfonated Phtalocyanine. ECS Trans. 2007, 4, 189–194. 

53. Asch, G.; Desgoutte, P.; Beaufront, J.; Blum, L.; Charnay, G.; Collay, R.; Crétignon, B.; 
Fouletier, J.; Jaffrezic, N.; Jouvenot, C.; et al. Les Capteurs en Instrumentation Industrielle, 5th ed.; 
Dunod: Paris, France, 1998. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/3.0/). 


	1. Introduction
	2. Experimental Section
	2.1. Electrical Measurements
	2.2. Gas Sources for Sensing Experiments
	2.3. Materials and Chemicals
	2.4. s-CoPc/Polymer Solvent Casted Films
	2.5. s-CoPc/PDDA LBL Films
	2.6. CuTsPc/PANI LBL Films
	2.6.1. Material Processing
	2.6.2. Gas Sensing


	3. Conclusions
	Author Contributions
	Conflicts of Interest
	References

