

  jcs-07-00156




jcs-07-00156







J. Compos. Sci. 2023, 7(4), 156; doi:10.3390/jcs7040156




Article



Highly Selective Polyene-Polyyne Resistive Gas Sensors: Response Tuning by Low-Energy Ion Irradiation



Ilya A. Zavidovskiy 1,2,*[image: Orcid], Oleg A. Streletskiy 1[image: Orcid], Islam F. Nuriahmetov 1, Olesya Yu. Nishchak 1, Natalya F. Savchenko 1, Andrey A. Tatarintsev 1 and Alexander V. Pavlikov 1,*[image: Orcid]





1



Faculty of Physics, M.V. Lomonosov Moscow State University, Moscow 119991, Russia






2



Center for Photonics and 2D Materials, Moscow Institute of Physics and Technology, Dolgoprudny 141700, Russia









*



Correspondence: ia.zavidovskii@physics.msu.ru (I.A.Z.); pavlikov@physics.msu.ru (A.V.P.)







Academic Editor: Francesco Tornabene



Received: 23 February 2023 / Revised: 20 March 2023 / Accepted: 7 April 2023 / Published: 11 April 2023



Abstract

:

The formation of polyene-polyyne-based nanocomposites by dehydrohalogenation of the drop-cast-deposited polyvinylidene fluoride, assessment and ion-induced tailoring of their gas sensing properties are reported. The investigated structure was analyzed by scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy, transmission electron microscopy and Fourier-transform infrared spectroscopy, revealing the thickness-dependent incomplete dehydrofluorination of the structure and its porosity induced by KOH treatment. The polyene-polyyne structures modified by low-energy Ar+ were studied by SEM and Raman spectroscopy, which showed the morphology variation, the shortening of chains and the graphitization of samples. The resistive gas sensing properties of the samples were analyzed at room temperature, revealing selective sensing of ammonia vapor by non-irradiated sample and the enhancement of the sensing properties for ethanol and water vapor after ion irradiation. With the ion dose enlargement, the change in the sensing response from electrical conductivity increase to decrease was observed for ammonia and ethanol, allowing us to discuss the origin and tunability of the sensing mechanism of the samples.
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1. Introduction


The use of nanostructured materials as gas sensor components is being actively analyzed today [1,2,3]. The interest in gas sensors arises from the plethora of their applications. For example, gas sensors can be applied for monitoring gas leaks and accidental ignitions, as well as for analytics, quality control and marketing research in the food and fragrance industries [4,5]. Gas detection can be based on the variation of properties of the materials interacting with the gasses. Most commonly, these properties are electrochemical and piezoelectrical activity, electrical resistance, heat conductivity and infrared (IR) absorption. Resistive gas sensors are of particular interest, due to their high sensitivity, stability, low power consumption, low operating cost and simple integration into wearable electronics. However, typical disadvantages of resistive gas sensors include a high working temperature and low selectivity; i.e., low variation of the electrical resistivity shift when a sensor responds to various gasses [1]. A potential solution for these issues is using nanostructured carbon materials, polymer-polymer or carbon polymer composites as sensing elements [6,7,8,9]. In carbon-based sensing structures, the carbon component is usually sp2-hybridized: for example, it can be comprised of multiwalled nanotubes [6], graphene [7] and graphitic nanohorns [8]. The studies [6,7,8,9] not only reported on the selective sensitivity of carbon nanomaterials to various gasses, but also thoroughly analyzed their sensing mechanism.



An important and significantly less studied area of research is the analysis of the possibility to detect gasses by means of structures containing sp-hybridized carbon (sp-containing structures). Only the initial stages of the development of the sensors based on sp-containing materials have been reported, yet they have revealed promising results. For example, in [10], density functional theory analysis showed the potential possibility of detecting biomolecules in the biomolecule/sp-chain system by measuring the voltammetry of the sp-chain. In [11], the selective adsorption of the CO2 molecule (compared to N2 adsorption) in the vicinity of the C≡C-bond of the graphyne-like structure was observed. In [12], the resistive sensing of the biochemical compounds via graphydine was reported, while in [13], the authors showed that CH4 molecules are preferentially adsorbed on C(sp)-C(sp2)-bonds during methane interaction with γ-graphydine. In [14], sensing properties of sp-carbon/copper oxide composite were reported and their ability to detect water, methanol and ethanol vapors was analyzed. However, to our knowledge, resistive sensing of ammonia by sp-containing structures has not been previously analyzed in detail. The formation of the structures capable of selective NH3 sensing is of particular interest, as its detection is required for plant growth monitoring [15]. In turn, polymers are a promising basis for the formation of the sensing materials, as their piezoelectric and triboelectric properties can ensure the self-powering of the sensor [16], self-healing can improve the sensor wearability [17] and various polymer-based composites may have enhanced mechanical properties [18] and adsorption capacity [19]. Therefore, the development of the facile and scalable method, allowing for the formation of the NH3-sensing sp-containing structures from the polymeric precursor, is of interest.



As dehydrohalogenation of polymers is known to enhance the porosity of the structure and to induce the formation of sp-hybridized carbon, we suggested that structures based on dehydrofluorinated polyvinylidene fluoride (PVDF) will be promising candidates as the bases of resistive gas sensors. The carbon-based materials obtained by polymer carbonization are widely studied today: for example, piezoelectric-sensing properties of dehydrofluorinated PVDF fibers have been recently reported [20], as well as their mechanical-energy-harvesting properties [21]. To produce the chemically treated material with the desired dimensions and sufficient adhesion to the substrate, we developed the scalable method of the drop casting of dissolved polymeric material and its subsequent chemical dehydrohalogenation. To our knowledge, the resistive sensing properties of the structures prepared by the dehydrofluorination of PVDF have not been previously reported. In this paper, we analyzed the structure and sensing properties of polyene-polyyne-based (PPB) porous structures and investigated the variation of the structure and selectivity of NH3 sensing via carbonized PVDF irradiated by low-energy Ar+ ions.




2. Materials and Methods


2.1. Sample Preparation


The studied samples and analyzed devices were manufactured in several stages. The process is shown in Figure 1. PVDF powder (LCC «CHIMMED», Moscow, Russia) was used as a precursor. To obtain the films, in the first stage, 40 mg of the PVDF powder was dissolved in 10 mL of the mixture of N,N-dimethylformamide (DMF, produced by LLC “Rushim.ru”, Moscow, Russia) and acetone (LCC «CHIMMED», Moscow, Russia) in a proportion of 7:3 at 70 °C. Then, the solution was poured into a 9-cm diameter glass Petri dish (LCC “MLC-KLIN”, Klin, Russia) and was dried until the evaporation of the solution, thus applying the conventional drop casting technique to obtain a polymer material of desired morphology. As a result, thin translucent 1-μm thick PVDF films were formed.



In the second stage, a room temperature dehydrofluorination of the PVDF films was carried out. First, the solution of potassium hydroxide (Labtech LLC, Moscow, Russia) and methanol (RCI LabScan Group, Bangkok, Thailand) was prepared: KOH crystals placed in methanol were dissolved until the formation of the supersaturated solution. Then, the KOH/CH3OH solution was diluted by acetone, with careful stirring, to a proportion of 1:9. Subsequently, the obtained solution was poured into the PVDF films containing Petri dishes ensuring the films were entirely submerged.



During the interaction of KOH and PVDF, the reaction of the dehydrohalogenation took place (reaction adopted from [22], the polyene-polyyne (PP) structure is analyzed in Section 3.1, Section 3.2, Section 3.3, Section 3.4, Section 3.5, Section 3.6):


(n + m)(–CH2–CF2–) + 2(n + m)KOH → (–CH=CF–)n…(–C≡C–)m + 2(n + m)H2O + 2(n + m)KF



(1)







The reaction proceeded for 24 h at room temperature. As a result of the reaction, the appearance of the film changed from translucent to opaque black, and the film separated from the surface of the Petri dish.



Then, the residual products were removed from the synthesized material by cleaning in a ultrasonic cleaner (Wahluen electronic tools, Shantou, China) filled with distilled water for 15 min. Distilled water was purified on site via an electric medical water distiller DE-4-02 (“EMO”, Saint-Petersburg, Russia). The thickness of the obtained material was 1 μm. After the treatment, the film was dried in ambient conditions and cut into 5 mm × 5 mm pieces, which were deposited on a stainless-steel plate for subsequent studies.



In the third stage, the films were placed in a high-vacuum chamber and were irradiated by an ion beam. Prior to the irradiation, the chamber was evacuated to the residual pressure of 1.3 × 10−3 Pa. Then, the gas chamber was filled with argon of 1 × 10−2 Pa. Argon ions were generated by a KLAN-53M ion source (Platar Corp., Moscow, Russia) with a cold hollow cathode. The ion energy was 500 eV, the ion current was 40 mA. Films were irradiated within different periods, which resulted in irradiation with ion doses of 1 × 1016, 3 × 1016, 3 × 1017, 6 × 1017 and 1 × 1018 ion/cm2. The range of 1016–1018 ion/cm2 is typically selected for the low- and middle-energy ion irradiation of polymeric structures [23,24,25].



In the fourth stage, metallic contacts were deposited on the surface of the irradiated and non-irradiated films to obtain the base of the resistive gas sensor. Custom stainless-steel masks were fixed on the surface of the samples prior to their placement in the vacuum chamber. After the samples were attached to the substrate holder, the vacuum chamber was evacuated to a residual pressure of 1.3 × 10−3 Pa. The argon pressure during the deposition was 1 × 10−2 Pa. The contacts were deposited by radiofrequency (RF) magnetron sputtering of an aluminum target (Applied Science Corp., Paju, Republic of Korea). The discharge frequency was 13.56 MHz. The discharge power was 100 W, and the distance between the target and the substrate was 12 cm. The thickness of the contact was controlled by the detector based on a quartz oscillator (Inficon Corp., Moscow, Russia). As a result, the bases of the resistive sensors containing the dehydrohalogenated PVDF irradiated with various ion doses were formed (see Figure 2a).




2.2. Sample Characterization


The transmission electron microscopy (TEM) studies were carried out using an LEO 912 AB electron microscope (Carl Zeiss, Jena, Germany). The operating acceleration voltage was 120 keV. The used electron microscopy grids consisted of copper frames with 40 μm cells and thin (~5 nm) polymer film deposited on the upper side of the frame. To transfer the structure to these grids, the samples were mechanically pressed to the polymer-coated side of the grids and removed after 5–10 s of grid-sample interaction. This method was previously reported and tested in [26]. For TEM studies, we used the set of non-irradiated films produced from the ~100-nm thick PVDF film. The dehydrohalogenation conditions were the same as the ones of other samples.



Scanning electron microscopy (SEM) studies were carried out using a LEO 1455 VP microscope (Carl Zeiss, Jena, Germany). The accelerating voltage was 10 kV. Detection of secondary electrons was carried out using a Everhart–Thornley detector. The setup was equipped with a detector, allowing us to perform energy-dispersive X-ray spectroscopy (EDX) studies.



Raman spectra were obtained using a Sunshine GE-Raman spectrometer (Changchun New Industries Optoelectronics Tech. Co., Ltd. (CNI), Changchun, China) coupled to a Leitz Wetzlar microscope (Ernst Leitz GmbH, Wetzlar, Germany). The excitation wavelength was 532 nm, and the power was 1 mW. A ×50 objective lens (N.A. = 0.85) was used for the spectra acquisition. For each sample, spectra from 3–5 regions were analyzed, and the most typical spectra were chosen for the subsequent procession.



Fourier-transform infrared spectroscopy (FTIR) studies were carried out using a Brucker IFS-66v/S FTIR spectrometer (Bruker Optics, Karlsruhe, Germany). The resolution of the FTIR spectrometer was 0.5 cm−1.




2.3. Sensing Response Measurements


Measurement of the sensing properties was carried out via the custom setup located in the glove box (Plas Labs, Lansing, MI, USA). For the investigation, samples were placed inside the glove box and their contacts were connected to the nanoammeter (Tektronix 4050, Beaverton, OR, USA). During the measurements, the samples were kept at room temperature. The results of the real-time electrical conductivity measurements were immediately saved on a computer for storage. Subsequent evaluation of the relative sensing response Δσ/σ0 was carried out via Equation (2); where σ is the maximum/minimum conductivity of the sample interacting with the detectable gas, σ0 is the conductivity of the sample in the ambient conditions, Δσ is a sensing response of the structure; i.e., the difference of the conductivities in the sensing and non-sensing states.


Δσ/σ0 = (σ − σ0)/σ0



(2)







The lengths of the response periods were estimated as times required for the conductivity to change from σ0 to σ0 ± 0.9Δσ (“+” for the negative response, “−” for the positive response). The lengths of the relaxation periods were estimated as times required for the conductivity to change from σ to σ ± 0.9Δσ (“+” for positive response, “−” for negative response).





3. Results


3.1. Microscopy


3.1.1. TEM


Figure 2b shows the image of the PPB structure. It shows the ~20-µm-sized pores located on the surface of the sample. KOH-induced activation is known to initiate the pore formation in carbon-polymer structures; however, the typical range of pore sizes observed after dehydrohalogenation of various polymers is 1–100 nm [27,28]. In our case, the presence of large pores is apparently associated with the condensation of the KOH from its supersaturated solution. Figure 3 indicates that not only micro-sized but also nano-sized pores exist in the sample, although they are not prominent in the TEM image.




3.1.2. SEM


SEM images of the samples are shown in Figure 4. The image of the non-irradiated sample shows prominent morphological features of 0.1–1 µm size. Low-energy ion irradiation of the sample with (3–6) × 1017 ion/cm2 doses leads to a significant smoothing of the sample and a reduction of the morphological feature size to 50–100 nm, which is a common effect resulting from the resputtering and the activation of the surface diffusion of the resputtered material [26]. With the increase of the irradiation dose to 1018 ion/cm2, the roughness stays at about 50–100 nm. However, it also induces the formation of sparse 0.1–1-µm-sized features, the formation of which is apparently induced by the ion-induced structural rearrangement. Graphitization and cross-linking of the top layer of the polymers take place at 1016–1017 ion/cm2 doses of low-energy Ar+ irradiation [23,24]. For the 1017–1018 ion/cm2 Ar+ irradiation of polymers, an increase in the roughness and clustering was revealed [25]. This indicates that, in the studied case, 0.1–1-µm-sized features observed for the 1018-ion/cm2-irradiated sample are sp2-hybridized clusters originating from the ion-induced polyene-polyyne cross-linking.





3.2. EDX


Table 1 shows the elemental composition of the precursor PVDF, dehydrohalogenated sample (PPB structure) and carbonized samples irradiated with various ion doses. For pristine PVDF, the ratio of C:F~1 and the impurity concentration is low, which proves the pristinity of the precursor polymer. Overall, samples contain less than 3% of impurities (Cu, K, Al, Cl), the presence of which can be attributed to the incomplete removal of the KOH reagent or impurities. Notably, nitrogen is not present in the sample, which distinguishes our result from the previously reported nitrogen doping during PVDF carbonization associated with the presence of DMF [29]. Apparently, the extraction of nitrogen atoms from DMF into the carbon structure is more prominent when dehydrohalogenation in dimethylformamide-containing solvent takes place at elevated temperatures [30]. Therefore, the technique employed in our work involving separated processes of dissolving the polymer in dimethylacetamide and room-temperature dehydrohalogenation makes it possible to synthesize undoped structures.



Fluorine fraction in the PP structure unsurprisingly decreases after dehydrofluorination. Additionally, chemically treated samples show significant oxidation. These findings are coherent with the ones of [31], which indicate that the formation of -O, -OH, and ethoxy-groups (-OC2H5) takes place during the dehydrohalogenation and aging of the sp-containing samples in the ambient air. After the irradiation of the PPB samples with a low Ar+ dose of 3 × 1017 ion/cm2, their elemental composition slightly varies. The increase in the irradiation dose leads to the increase in fluorine concentration. Such a process is different from the structure rearrangement observed during the ion irradiation of PVDF. In the case of pristine PVDF treated by Ar+, a prominent increase in the C:F ratio is observed [32], which is apparently caused by the preferential sputtering of fluorine.



Such discrepancy is attributed to low modification depth induced by an ion beam. In the case of low ion energies of ~1 keV, such a depth is ~2 nm [32]. It allows us to assume that, in our case, the fluorine concentration enlargement with ion dose is attributed to the sputtering of a carbon-rich dehydrofluorinated subsurface layer. In their turn, deep layers of the structure are significantly less carbonized, and apparently contain PVDF and C-F/C-F2-based fragments; thus, carbon-rich layer removal enhances fluorine contribution to the EDX signal with the ion dose increase. The discussion of the thickness-dependent incomplete dehydrofluorination of the samples is relevant for the analysis of the sensing performance of the samples and will be continued in Section 3.3.




3.3. FTIR


Figure 5 shows the typical FTIR spectrum of the dehydrofluorinated sample. The spectra of the annealed PPB samples slightly varied from the presented curve. The absorbance bands at 410 and 480 cm−1 are common for PVDF [33,34], although they are not typically assigned to a particular bonding type. In turn, the 520 and 620-cm−1-centered peaks are attributed to the excitation of the bending vibrations of C-F2 bonds [34]. The 780 and 800 cm−1 bands are typical for rocking vibrations of C-H2 groups [34].



Lines observed in the 850–1550 cm−1 range are typical for various carbon, polymer and polymer-like structures. Most of them are significantly wider than the PVDF-related lines observed in the 400–800 cm−1 range, which allows to ascribe them to the disordered component of the material. The results presented in [35,36] show that the lines positioned at 870 and 970 cm−1 correspond to C-H bending. The 1060 and 1210 cm−1 lines are related to C-C, C-O and C-O-C bonds [35,37]. The 1390 cm−1 position is typical both for bending vibrations of C-H bonds and for the stretching vibrations of C-C, which makes these lines indistinguishable in the spectra [38].



The line located at 1600 cm−1 is assigned to C=C stretching vibrations. Its presence indicates that the PVDF material was not completely dehydrofluorinated during the chemical treatment (for example, they can represent the (–CH=CF–)n component shown in Equation (1)). As a result of incomplete carbonization, the formation of polyenic component (i.e., the formation of polymeric fragments of chains having not less than three conjugated C=C bonds) takes place. The 2170 cm−1 absorption band is related to the stretching vibration of C≡C bonds of sp-carbon. Its emergence is related to the violation of the mutual-exclusion principle between FTIR and Raman spectroscopy, which is typical for long bended chains [39]. However, as shown in [40], a 2170 cm−1 peak position is typical for structures with a single C≡C bond. Apparently, it indicates that polyenic and polyynic fragments comprise an aggregate carbon chain in dehydrohalogenated PVDF [41]. The set of linear chains comprised of multiple sp2- and sp3-hybridized fragments regions determines a PP structure analyzed in the current paper.



The peaks located in the 2700–3200 cm−1 region are attributed to C-H stretching vibrations. The bands located in 2840 and 2950 cm−1 positions are typical for aliphatic compounds [42,43]. The line at 3090 cm−1 is related to asymmetric stretching vibrations of CH2 [44]. As the aliphatic-related line at 2950 cm−1 demonstrates prevailing intensity, we conclude that the majority of the structure is comprised of chains, which confirms the discussion presented in the previous paragraph. In turn, the wide absorption band at 3390 cm−1 is related to the vibration of OH bonds, the presence of which can be related both to oxidation and hydrogenation after PP interaction with the ambient air [35] and the absorption of water vapor [35,45].



In summary, in the studied spectra, we observed both PVDF-related lines, i.e., narrow absorbance bands at 410, 520, 620, 780 and 800 cm−1, as well as the lines related to polymeric (C-H), polyenic (C=C) and sp-containing (C≡C) fragments. This result and EDX studies show that the process of PVDF carbonization in KOH takes place in various ways in different regions of the sample. A similar result was observed in [46], where the authors reported on the PVDF 6-h dehydrohalogenation in KOH solution. It was shown that such a process led to the formation of “moderately dehydrofluorinated” PVDF, the subsurface layers of which were carbonized, but the “cores” of the grains were not modified. Notably, no formation of C≡C bonds was observed in [46], and the position of the C=C-related FTIR line was characterized by a wavenumber value of 1681 cm−1, which apparently indicated a low length of sp2-hybridized fragments [47]. For the material studied in the present paper, a prolonged dehydrohalogenation reaction initiated the formation of both sp2- and sp-hybridized chain fragments. The FTIR spectra of the PVDF-PP combination similar to those discussed in the current section were observed in [48] and were ascribed to ~40% PVDF→carbon conversion. Apparently, similar to the results reported in [46], the incomplete dehydrohalogenation of the studied material is related to the thickness-dependent dehydrohalogenation of the material; i.e., low carbonization efficiency for the deep layers of the structure.




3.4. Raman Spectroscopy


Figure 6a shows Raman spectra of dehydrohalogenated PVDF irradiated with various ion doses. Raman spectra of the materials irradiated with (1–3) × 1016-ion/cm2 doses insignificantly varied from the spectra of the non-irradiated sample. The ion influence on sp-containing materials leads to the disordering of materials and the formation of the amorphous-carbon-based phase in the material structure [45]. Therefore, the region of 1520–1560 cm−1 corresponding to C=C vibrations was fitted with separate sets of polyene-related and amorphous-carbon related lines (Figure 6b–e).



The Raman spectra show intensive and relatively narrow lines at 1130–1170 cm−1, attributed to C-C bonds of polyenic structures (this mode hereinafter is referred to as ν1), the plateau in the 1200–1400 cm−1 region corresponding to the sum of the peaks related to the sum of amorphous-carbon related D-line [49] and cis-polyacetylene-related C-C vibrations line (cis-ν1) [50]; peaks at 1520–1560 cm−1 corresponding to the G-line of amorphous carbon [51] and C=C vibrations of polyenes [52]. The cis-ν1 was chosen as an additional component, as the position of the line fitting at the 1200–1400 cm−1 plateau did not always match the 1320–1360 cm−1 range typical for D-line [53], thus cis-polyacetylene was suggested as a structure representing cis-isomeric polyenes. As for the maximums ascribed to amorphous carbon, the D-line is attributed to the breathing mode of graphitic hexagons, while the G-line is assigned to the stretching vibrations of graphitic C=C [51]. In addition to the fundamental lines, the overtones of ν1 + ν2 and 2ν2 were observed in the vicinity of 2650 and 3030 cm−1.



Notably, a major polyyne-related line was attributed to the stretching vibrations of C≡C bonds, peaking at 2000–2300 cm−1 [54], which was not observed for the non-irradiated sample. It can be related to the luminescence peak observed in a similar range for the studied samples. For the polyene-polyynic materials obtained by paraffine dehydrohalogenation in KOH, the intensity of the 2170 cm−1 line was also quite weak [55]. The low length of sp-hybridized chain fragments can additionally decrease the intensity of chain-related Raman lines [39]. For the studied sample, the short lengths of polyynic fragments is consistent with the results of FTIR (Section 3.3). However, irradiated samples reveal a low-intensive peak at 2100–2200 cm−1, which can be observed after the background subtraction and spectrum smoothing (see Figure 6g). The ion-irradiation-induced restructuring of carbon materials into sp-containing structures was previously observed [56]. However, in the studied case, the emergence of the C≡C-related line may be attributed to the shift of the peak of the luminescence background (see Figure 6a) rather than to the ion modification. Subsequent investigation of ion-induced rearrangement of the polyyne component is a subject of further studies.



To analyze the variation of the material structure with ion dose, the parameters of Raman spectra fitting, as shown in Figure 6b–e, were assessed. They are presented in Table 2. The fitting was carried out for Raman lines, the backgrounds of which were subtracted by OriginPro software package using a “user-defined B-spline” instrument.



The most prominent changes in the spectra include the tendencies of the HWHM increase of the ν1, ν2 and G-peak with the dose enlargement, showing ion-induced disordering. The ν1 position shifts to higher wavenumbers with the prolonged irradiation (Figure 6f, left axis), which indicates the shortening of polyenic fragments of the chains [57]. In its turn, the ratio of the intensities of the ν2 and G-line diminishes (Figure 6f, right axis), which indicates the rise of the amorphous carbon fraction accompanied by the polyenic component decrease, which also indicates the disordering of the samples.




3.5. Structural Investigations Summary


The FTIR and Raman spectroscopy studies presented in Section 3.3 and Section 3.4 reveal a low intensity of the lines related to the C≡C-bonds compared to the ones related to C=C-bonds. This result shows that the sp-hybridized chain components (polyyne) are significantly prevailed by sp2-hybridized fragments (polyenes). In the current work, we refer to the obtained structure as “polyene-polyyne-based material”, to distinguish the structure from “polyyne-polyene” naming reported in [58] and the “polyyne-ene” of [59].



In Figure 7, the illustration of the ion-induced structural rearrangements of the PPB structure is presented, summarizing the results discussed in Section 3.1, Section 3.2, Section 3.3, Section 3.4. SEM, EDX, TEM, FTIR and Raman spectroscopy revealed that KOH treatment induced the incomplete dehydrohalogenation of the PVDF structure. Particularly, the dehydrofluorination induced the formation of pores, also resulting in the formation of polyene-polyyne structure in the surface layers, while deeper, less dehydrohalogenated layers retained a PVDF-like structure. In turn, ion irradiation smoothed the surface and induced the graphitization of the subsurface layers. The sputtering of the carbon-rich surface also led to the decrease of the overall C:F ratio.



The obtained results show the features of the suggested method of the PPB structure formation via PVDF drop casting and subsequent room-temperature KOH-induced dehydrohalogenation. Recent studies have reported on PVDF dehydrohalogenation in the solution at elevated temperatures, leading to the formation of dehydrofluorinated powder [60]. Therefore, KOH treatment of PVDF dissolved in DMF is apparently less suitable for the preparation of the continuous coatings and can cause the nitrogen doping of the resulting material even at room temperature [29], which is not always desirable for such structures. As the formation of partially dehydrohalogenated PVDF materials is of recent interest [46,61], we think that the proposed method will be promising for various applications. In the current study, we analyze the sensing performance of the films.




3.6. Sensing Properties


Figure 8 shows the Δσ/σ0 dependence on the dose of ion irradiation, while the concentrations of the interacting gasses were constant. For ammonium hydroxide, the concentration was 50 ppb, for ethanol—80 ppb and for water—135 ppb. Both sp2-carbon-based and polymer-based samples are known to have significant sensing responses to NH3 [62], therefore ammonium hydroxide was chosen as a “source” of NH3, allowing us to estimate samples’ sensing response to ammonium. In the ammonium hydroxide, only a small amount of the particles form HN4++OH− ions, while in liquid form, most of the substance consists of HN3+H2O solution, thus providing ammonium-containing vapor for the studies.



The conductivity of all non-irradiated samples increases during the interaction with gasses. Such an effect is typically caused by the charge transfer between adsorbed gas and the highest occupied molecular orbital (HOMO) or the lowest unoccupied molecular orbital (LUMO) of the molecules of the sample. Ammonium, ammonium hydroxide, ethanol and water molecules are known to be prominent electron donors when interacting with polymers [63,64] and carbon materials such as nanotubes [65], graphene [66] and porous carbon [67]. Therefore, the positive sensing response to NH3-containing vapor and C2H5OH shows that the non-irradiated structure is an n-type semiconductor, as its conductivity increases after electron transfer from adsorbed gas HOMO to the LUMO of the structure.



In the case of ethanol and water, irradiation by low (1016 ion/cm2) ion dose led to a significant increase in the Δσ/σ0 response (see Figure 8a,c). Apparently, this effect can be achieved by the ion-induced removal of the contamination from the sample surface [68]. However, FTIR and Raman data did not reveal any prominent difference between the non-irradiated and (1–3) × 1016-ion/cm2-irradiated samples. Notably, a significant margin of error was observed for Δσ/σ0, which shows that sensing enhancement by low-dose modification is inconsistent to some extent. Additionally, as shown in Figure 8b, for the HN3+H2O, low-dose irradiation induced the decrease in the sensing response; therefore, low-dose tuning requires additional analysis and further study.



For ammonium hydroxide and ethanol (Figure 8a,b), the increase in the irradiation dose to >3 × 1017 ion/cm2 leads to the change of a positive sensing response to a negative one; i.e., for large doses, the resistivity of the samples increased during their interaction with gasses. Therefore, ion-induced graphitization and defect formation of the samples’ subsurface layers changed the predominant type of sample conductivity from n-type by creating new energy levels, resulting in the p-type doping. Defected graphitized carbon typically has p-type conductivity, as the electron-accepting trap states are typical for sp2-based materials, such as graphene [69,70] and carbon nanotubes [71,72].



For the most prominent electron donor of the analyzed gasses (NH3-containing vapor), a gradual decrease in the Δσ/σ0 response was observed, which confirmed that the two components of the material contribute to the sensing response. Less graphitized areas (i.e., areas which are modified by the ion beam to a lesser extent) accept electrons from NH3, which positively contribute to the sensing response; however, NH3-originated electrons get trapped into ion-modified defect-rich graphitized areas, decreasing the conductivity of these regions. For the samples irradiated by a dose larger than 3 × 1017 ion/cm2, graphitized subsurface areas apparently prevail, which leads to the overall negative sensing response during the structure interaction with NH3.



The response of the structures interacting with water has an increasing trend with the rise in the irradiation dose (apart from the 1 × 1016-ion/cm2-irradiated sample, which was previously discussed), as shown in Figure 8c. Two factors should be taken into account when describing this effect. Firstly, H2O is not only an electron donor, but also has relatively good sticking ability, and the capacity of its sorption is comparatively large [73], which apparently means a relatively high amount of adsorbed water vapor in comparison to other analytes. Secondly, water dissociates more easily than ethanol [74], resulting in the formation of conductive H++OH− ions. Although the energy of NH3 dissociation is even smaller [75], this process results in the formation of neutral species [76], therefore, it does not contribute to the conductivity. Therefore, in the case of water sensing, the graphitization of the surface layer may contribute to the H2O dissociation in the areas where voltage is applied, thus resulting in the Δσ increase induced by ionic conduction. The effect of dissociation-induced ionic conductivity of sensors has been reported for carbon nanotubes [77]. However, the influence of this effect on the sensitivity of the investigated structures requires further study.



Figure 9 shows the relative sensing response variation with the change of gas concentration. The decrease in the slope of the related curves at large concentrations of gasses is typical for the Langmuir adsorption isotherm [78]. A prominent saturation was observed for water and ethanol, while for ammonium hydroxide saturation, it is apparently observed at concentrations prevailing the ones used in the reported experiments. Notably, saturation is observed for both positively- and negatively-responding sensing structures, confirming that a similar mechanism of electron transfer between molecules and structure determines the sensing properties of all the samples.



Figure 10 shows the dynamics of the sensing response Δσ = σ − σ0 of the samples irradiated by various ion doses. The concentration of ammonium hydroxide was 50 ppb, of ethanol—80 ppb and of water—135 ppb. For each sample, the sensing response was independently measured, but its time variation is gradually shown for comparison. The beginning of each line indicates the introduction of vapor, while the arrows indicate its termination. For positively-responding samples, the time of the response to NH3+H2O is 2.8 min, and the relaxation time is 1 min. The response value is higher than the one measured for nanotubes. The relaxation speed of the studied structure is relatively high compared to the NH3-sensing nanotubes [79,80,81]. Apparently, it indicates that the bonding between the detected molecules and the PP structure is weaker than the one of ammonia and nanotubes. Notably, after the shift from positive to negative Δσ, the response time to ammonium hydroxide was approximately 3.1 min, and the relaxation time was 7.4 min, which indicates relatively strong gas adsorption on graphitic and defect-rich regions.



In the case of the positive Δσ during ethanol sensing, the response and the relaxation periods are approximately equal (3.6–4.2 min). After switching to the negative response, both of the periods decrease to 2 min. During water vapor sensing, the response and the relaxation periods are 3.3 min.



The selectivities of structures to particular kinds of vapors are shown in Figure 11. The concentration of ammonium hydroxide was 50 ppb, of ethanol—80 ppb and of water—135 ppb. For the non-irradiated sample, the ratios of the responses to various vapors are ΔσNH₃+H₂O/ΔC₂H₅OH = 325 and ΔσNH₃+H₂O/ΔσH₂O = 158. Irradiation by 1 × 1016 ion/cm2 dose negates the selectivity of the samples. After the ion irradiation by 3 × 1016 ion/cm2 dose, the selectivity is also slight (ΔσNH₃+H₂O/ΔσC₂H₅OH = 3 and ΔσNH₃+H₂O/ΔσH₂O = 30), for 3 × 1017 ion/cm2 irradiation dose, ΔσNH₃+H₂O/ΔσC₂H₅OH = 8 and ΔσNH₃+H₂O/ΔσH₂O = −10, for 1 × 1018 ion/cm2 irradiation dose ΔσNH₃+H₂O/ΔσC₂H₅OH = 2 and ΔσNH₃+H₂O/ΔσH₂O = −0.5. Negative values correspond to the ratios of positive and negative responses. A variable sensing response to different gasses was previously observed in [82,83].



Notably, the values of the relative responses observed for the non-irradiated sample are relatively higher than the ones reported for graphene [84,85], SnO2 [86] and polyaniline-based sensors [87], and are comparable to the selectivity reported in [88], which shows prominent selectivity of the PP materials. The ability of selective sensing of ammonia at room temperature is a prominent result, as current metal-oxide-based ammonia sensors have been operating at high temperatures, which deteriorates their properties and decreases their performance [88].



The result reported in the current section shows that the mechanism of the resistive sensing of variously graphitized PP structures is described by the conductivity variation induced by electron transfer from the adsorbed molecules to the polyenic and graphitic fragments. This conclusion reveals that the presence of sp-hybridized carbon fragments does not play a significant role in resistive sensing. The insignificant contribution of sp-carbon may be caused by the sp-carbon instability upon air exposure [89], inducing the oxidation and crosslinking of sp-chains interacting with air molecules, thus diminishing the content of sp-carbon in the surface layers and suppressing sp-carbon impact on the sensing. For the resistive sensing of polyene-polyynic structures, the impact of the sp-fragments should not be prominent, as the levels related to the π-electrons of sp-carbon insignificantly perturb the electronic properties of polyenes [90].



Tuning of the resistive sensors’ response by ion irradiation is not uncommon. However, the related studies have mostly been aimed at the formation of the defects in metal oxide structures, specifically oxygen vacancies acting as adsorption sites [91]. There have only been several studies dedicated to the ion-beam treatment of polymer-based sensors. For example, for polyvinyl chloride–polyaniline composites irradated by low-dose high-energy silicon, it was shown that their response to NH3 increased with the ion dose due to the improved efficiency of ammonia gas diffusion [92]. A similar concept was investigated in [93], where 250 MeV 106–109 ion/cm2 Kr+ flux was used to create tracks in polymer foils, thus providing a pathway and adsorption sites facilitating urease sensing. However, for WO3-poly(3,4-ethylenedioxythiophene) polystyrene sulfonate nanocomposite irradiated by 700 keV Ar4+, a 1015 ion/cm2 dose of irradiation resulted in better sensing performance than 1016 ion/cm2 irradiation due to more prominent amorphization of the material and chain scission at higher doses [94,95]. These conclusions obtained for higher ion doses are more relevant to the results discussed in the current paper.



In summary, two reported stategies of the tailoring of the polymers sensing response are high-energy (>100 keV) low-dose (<109 ion/cm2) formation of ion-track pathways for analyte transfer and sorption, and low- to middle-energy (≤100 keV) high-dose (>1014 ion/cm2) irradiation, which induces the changes of the surface chemistry. Although studies and [94] have indicated that ion-induced cross-linking, graphitization and disordering of polymers are unavoidable at high doses, further results may be obtained in the irradiation modes, ensuring that surface etching and modification takes place without prominent damage and graphitization of the structure.





4. Key Findings


	
Drop-casting of the dissolved PVDF and its subsequent room-temperature dehydrohalogenation in KOH allows for the formation of the polyene-polyyne-based film with selected dimensions.



	
Subsurface polyene-polyyne layers of the structure have resistive sensing properties.



	
Selective highly-selective room-temperature sensing of ammonium hydroxide was observed.



	
Polyene-polyyne graphitization induced by ion irradiation varied the type of sensing response, but reduced its selectivity to the ammonia-containing vapor.






The reported facile and scalable method for the formation of ammonia sensors is of interest for safety monitoring in the chemical industry and for breath monitoring, as NH3 is also a biomarker [96]. Further studies should be aimed at increasing the availability of the pores in the polyene-polyyne material and at the formation of field-effect-transistor-based polyene-polyyne sensors, allowing us to tune the carrier concentration, thus improving the detection threshold.




5. Conclusions


Polyene-polyyne-based structures, i.e., structures based on chains with major polyenic (sp2-carbon polymer) and minor polyynic (sp-carbon) fragments, were investigated. The studied material was synthesized by PVDF film drop-casting and subsequent KOH treatment at room temperature. The variation of the film composition with ion irradiation revealed that the structure was partially dehydrohalogenated, with a remaining-fluorine-rich structure in the deeper layers. KOH-treatment-induced pore formation was observed. Irradiation of the structure by 150 eV Ar+ induced the graphitization and disordering of the subsurface layers.



The non-irradiated polyene-polyyne structure showed a comparatively selective resistive sensing response to NH3+H2O vapor compared to the C2H5OH and H2O vapors at room temperature (ΔσNH₃+H₂O/ΔσC₂H₅OH = 325, ΔσNH₃+H₂O/ΔσH₂O = 158). Ion irradiation decreased the selectivity of the sensing response. For the prominent electron donors (NH3-containing vapor and C2H5OH), irradiation doses exceeding 3 × 1017 ion/cm2 induced the change in the sensing response from conductivity increase to decrease. This effect is attributed to the change in the subsurface layers’ conductivity from n-type to p-type.
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Figure 1. Schematics of the sensor manufacturing. 
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Figure 2. (a) Image of the uncoated track made by aluminum deposition on a masked polyene-polyyne-based structure. (b) Microphotography of the structure obtained by metallographic microscope. The length of the scale bar is 500 μm. 
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Figure 3. TEM image of polyene-polyyne-based structure. Characteristic parts of the image are indicated. 
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Figure 4. SEM images of the samples irradiated with various ion doses indicated above the sub-figures. The length of the scale bar is 1 µm. 
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Figure 5. FTIR of the polyene-polyyne-based sample. The characteristic types of bonds, the vibrations of which result in the absorption band emergence, are indicated. Colors indicate various sets of lines and arrows associated with them. 
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Figure 6. (a) Raman spectra of the studied structure. Indicated bonds are attributed to the positions of major peaks. (b,c) The fitting of the background-subtracted Raman spectra of non-irradiated sample (b) and samples irradiated with 3 × 1017 (c), 6 × 1017 (d), 1 × 1018 (e) ion/cm2 doses. (b–e) show experimental data (black lines), fitting components: ν1 (orange lines), lines comprised of D-peak and cis-ν1 sum (blue lines), ν2 (green lines), G-peak (violet lines), as well as the sum of fitting components (other lines). (f) shows the ν1 position (left axis), the ratio of ν2 and G-line (right axis) and their variation with the change of irradiation dose. (g) Background-subtracted spectrum of the sample irradiated with 3 × 1017 ion/cm2 in the region corresponding to C≡C vibration, non-smoothed (black line) and smoothed (red line) curves are shown. 
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Figure 7. Summary of the structural analysis. The processes of the incomplete thickness-dependent dehydrofluorination and ion-irradation-induced graphitization of the sample surface are shown. 






Figure 7. Summary of the structural analysis. The processes of the incomplete thickness-dependent dehydrofluorination and ion-irradation-induced graphitization of the sample surface are shown.



[image: Jcs 07 00156 g007]







[image: Jcs 07 00156 g008 550] 





Figure 8. Normalized resistive sensing response of the polyene-polyyne structure irradiated with various ion doses to (a) NH3, (b) C2H5OH and (c) H2O vapors. 
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Figure 9. Normalized resistive sensing response of the polyene-polyyne structure irradiated with various ion doses to various concentrations of (a) NH3, (b) C2H5OH and (c) H2O vapors. 
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Figure 10. Dynamics of the normalized resistive sensing response of the polyene-polyyne structure irradiated with various ion doses to (a) NH3+H2O, (b) C2H5OH and (c) H2O vapors. Arrows indicate the termination of the vapor source. 
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Figure 11. Comparison of the sensing responses of the samples irradiated by various ion doses to different gasses. 
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Table 1. Elemental composition of the precursor PVDF, non-irradiated and irradiated polyene-polyyne samples.
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	Elements
	PVDF Precursor
	Polyene-Polyene-Based Material
	Material Irradiated by 3 × 1017 ion/cm2
	Material Irradiated by 6 × 1017 ion/cm2
	Material Irradiated by 1 × 1018 ion/cm2





	C, at. %
	48.6 ± 2.7
	67.2 ± 1.0
	62.8 ± 1.4
	64.0 ± 0.6
	59.9 ± 1.9



	F, at. %
	50.8 ± 3.4
	18.8 ± 1.7
	19.77 ± 1.1
	24.8 ± 1.3
	25.1 ± 1.6



	O, at. %
	0
	14.0 ± 0.7
	15.5 ± 0.2
	11.1 ± 0.9
	11.9 ± 0.4



	Other, at. %
	0.6 ± 0.6
	<0.1
	1.6 ± 0.5
	~0.1
	2.7 ± 0.1
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Table 2. The parameters of the fitting of the irradiated and non-irradiated polyene-polyyne-based materials. Line positions (kmax), half widths at half maximum (HWHM) and relative intensities of the lines (Irel) are presented.
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Line

	
kmax, cm−1

	
HWHM, cm−1

	
Irel, %

	

	
Line

	
kmax, cm−1

	
HWHM, cm−1

	
Irel, %






	
Non-irradiated polyene-polyyne-based material

	
ν1

	
1134

	
18

	
13

	
Material irradiated by 3 × 1017 ion/cm2

	
ν1

	
1149

	
29

	
7




	
D-peak/cis-ν1

	
1361

	
150

	
31

	
D-peak/cis-ν1

	
1323

	
130

	
29




	
ν2

	
1524

	
22

	
35

	
ν2

	
1541

	
34

	
25




	
G-peak

	
1555

	
58

	
20

	
G- peak

	
1556

	
82

	
39




	
Material irradiated by 6 × 1017 ion/cm2

	
ν1

	
1156

	
26

	
4

	
Material irradiated by 1 × 1018 ion/cm2

	
ν1

	
1164

	
44

	
6




	
D-peak/cis-ν1

	
1382

	
160

	
32

	
D-peak/cis-ν1

	
1284

	
91

	
14




	
ν2

	
1543

	
30

	
14

	
ν2

	
1555

	
36

	
11




	
G-peak

	
1559

	
64

	
50

	
G-peak

	
1540

	
124

	
70
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