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Abstract. The paper demonstrates how the Hard-Soft Acid base (HSAB) theory can be used as a valuable criterion in the selection process of semiconducting metal oxides (MOX) suitable as sensing layers for ammonia detection. Six different cases of ammonia detection performed by chemiresitive sensors employing MOX and related nanocomposites as sensing layers are identified and discussed. The role of HSAB as an efficient selection tool for appropriate sensing layer (any type of gas), is further reinforced by analyzing and discussing literature results on MOX-based trimethylamine sensing layers. By analyzing the operation of a fiber-optic ammonia sensor, we demonstrate that the HSAB principle can be also successfully applied to the selection of sensing layers for detectors employing other sensing principles, different than the chemiresistive one. Changing the sensing paradigm (i.e., the amino groups-based compounds are part of the sensing layer, rather than part of the analyte), the paper shows that these types of molecules (polymers, carbon nanotubes, ionic liquids) are appropriate constituents of a CO2 sensing layer, in full accordance to the HSAB criteria.
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1. Introduction
Ammonia (NH3), a natural gas that is present throughout the atmosphere, is a highly toxic compound, with low odor threshold (20 ppm), corrosive to the skin, eyes, throat and lungs.  The most widely recognized exposure limits for ammonia are an eight-hour TWA (Time Weighted Average) of 25 ppm, with a 15-minute STEL (Short Term Exposure Limit) of 35 ppm.1 Strong irritation of the nose and throat occurs at 500 ppm, while exposure to 1000 ppm or more causes lungs injury (pulmonary edema).2-3 Extremely high concentrations, around 5000 – 10,000 ppm, are fatal to humans within the first 5 – 10 minutes of exposure.4 
Ammonia, one of the most important industrial raw materials in the world, is widely used in many industries including chemical and petrochemical, food/beverage, pulp and paper, fertilizer and the oil industry, pharmaceuticals, etc. Its global production exceeds 100 million tons per year. Ammonia is also the key precursor in the synthesis of many chemical compounds with high economic value, such as urea (Bosch - Meiser process), hydroxilamine and ammonium carbonate (Raschig process), acrylonitrile (Sohio process), hydrazine (Olin Raschig process), ammonium nitrate, hexamethylenetetramine, to name but a few.5 Anhydrous ammonia is also extensively used as a coolant in industrial refrigeration systems, replacing environmentally unfriendly chlorofluorocarbon refrigerants. It is worth mentioning that ammonia is an ingredient in the formulation of many cleaning products.6 
Given all the above, sensing of ammonia is an important process in various areas of domestic and industrial applications, such as environmental monitoring (monitoring ambient conditions, level of ammonia in stables), automotive (measure NH3 emission from vehicles), chemical industry (chemical leakage alarm), medical diagnostics (breath analysis), food safety, etc.7 Therefore, the design and manufacturing of an NH3 gas sensor has been demanded for process control and monitoring in laboratories, factories and public places.
There are many principles and methods described in literature for measuring ammonia. Besides conducting polymer gas detectors,8 catalytic sensors,9 spectrophotometric and other optical devices,10-11 chemiresistive-based sensors employing semiconducting metal oxides (MOX) as sensing layers were also widely used in the last decades.12 These types of sensors are typically operated at elevated temperature, usually more than 400oC. The major benefits of MOX-based sensors are their significant higher lifetime, increased robustness, ease of manufacturing, simplicity of measurement, low cost, and a wide detection range:  from 1 to 1000 ppm. MOX-based sensors are by far the least expensive type of ammonia sensors and are not damaged or consumed by prolonged exposure to the analyte. However, because their output signal is non-linear, they need to be calibrated and adjusted for being reliably used in the desired detection range.13 Another drawback of MOX-based sensors is the significant cross-sensitivity, particularly with relative humidity.
A plethora of sensing layers based on MOX were tested for the NH3 detection, yielding different sensitivity, selectivity, and response time performance. Different mechanisms and models have been proposed to coherently explain the sensing capabilities of MOX. 
In this paper, we introduce and use, for the first time to our knowledge, Pearson’s Hard-Soft Acid-Base (HSAB) concept as a possible criterion to assess the sensitivity and selectivity of a number of MOX and of their nanocomposites as candidates to ammonia sensing
To support the conjecture that the HSAB principle can be used when selecting the appropriate gas sensing layer (in particular for NH3), we will bring into the discussion facts and conclusions related to the following three issues:
1) the results obtained for the MOX based - trimethylamine sensing;
2) evaluation of fiber-optic ammonia sensor using MOX and their nanocomposites, showing that, despite a completely different detection principle, HSAB interpretation works and explains sensing mechanism;
3) changing the sensing paradigm and showing that, using the same principle, amino group - based molecules (polymers, carbon nanotubes, ionic liquids) can be evaluated as appropriate candidates for carbon dioxide detection.


2. MOX-based gas sensing layers selection – General theory
Despite the measurement simplicity required by MOX-based gas sensors, their detection mechanism is complex and not yet fully understood. Electrophysical and chemical properties, catalytic activity, thermodynamic stability, adsorption ability, the adsorption/desorption properties of the surface (highly dependent on materials used and environmental parameters) are just a few of the MOX parameters which are responsible for the sensing mechanism.14-15 Beyond these aspects, it is obvious that recognition of the analyte through a gas-solid interface induces an electronic change of the metal oxide surface.16  One of the most used mechanism which explains ammonia sensing can be described by the reactions 1 - 7:17

					O2gas   ↔   O2ads 					(1)
					O2ads   + e-↔ O2ads-  					(2)
					O2ads- + e-↔ 2Oads- 					(3)
					Oads- + e-↔ Oads2-       					(4)

Once the MOX-based sensing layer is exposed to NH3, the reaction between the adsorbed oxygen ions and the NH3 molecules releases electrons in the MOX, leading to a thinner space–charge layer and a lower potential barrier. Consequently, the resistance of the MOX decreases. The process can be understood by using the following set of reactions 5 – 7: 18  

NH3 (gas) ↔   NH3 (ads) 				(5)
2NH3 (ads) +   3Oads-    ↔   N2 + 3H2O + 3e-  		(6)
2NH3 (ads) +   3Oads2-   ↔   N2 + 3H2O + 6e-  	(7)

Despite its reasonability (generation of electrons and decrease of MOX resistance, presence of adsorbed oxygen ions), this mechanism cannot explain the different sensing performances of different MOX-based layer. Why some MOX are more sensitive towards ammonia than others or why some MOX are selective and can discriminate between certain types of gases, but cannot discriminate between other types of gases, are some of the issues still  unclear.


3. MOX-based gas sensing layers selection – HSAB Theory
We consider that direct and individual interaction of MOX metal cations and ammonia can have a cardinal importance in the sensing mechanism and in answering the questions listed above. For this purpose, we introduce and use Pearson’s Hard-Soft Acid-Base (HSAB) theory. 
The Hard-Soft Acid Base (HSAB) theory is a qualitative concept, developed by Ralph Pearson in the early 1960s, which justifies, among others, the propensity of some chemical species to interact with other species.19  The HSAB concept has proven to be a useful investigation tool in many areas of chemistry, such as: medicinal chemistry, toxicology,20 quantum dot functionalization and design of quantum dot solar cells,21 TiO2 functionalization,22 computational chemistry,23 design and synthesis of sensing layers employed in nano - resonators based CO2 detection,24-25  corrosion,26  adsorption phenomena.27  
The HSAB principle operates with Lewis bases and acids; a molecule donating a pair of electrons is classified as a base, while a molecule accepting a pair of electrons it is classified as an acid. Pearson divides Lewis’ bases and acids into hard, borderline, and soft.  Hard bases tend to have low ionic radii, high HOMO energy level, while hard acids have empty orbitals in their valence shells, high positive charge and high LUMO energy level. At the same time, soft acids exhibit large ionic radii, while soft bases have large atoms with high polarizability.28 Borderline species have an intermediate character between hard and soft species. It is worth pointing out that, to be classified as soft, hard or borderline, a Lewis base or acid doesn’t have to possess all the above-mentioned properties.
Examples of hard, soft and borderline acids and bases are given in Table 1. The large electronegativity differences between hard acids and hard bases lead to strong ionic interactions, while the electronegativities of soft acids and soft bases are almost the same, hence their interactions are predominantly covalent.29 According to the HSAB theory, a hard base prefers to interact to a hard acid, a soft base prefers to interact to a soft acid, while a borderline base tends to bond to borderline acid.





                   




Table 1. Examples of hard, soft and borderline acids and bases

	
	Soft
	Borderline
	Hard

	Bases
	SCN-, C2H4, 
RSH, CO, R3P, 
R3As, (RO)3P, 
CN-
RCN, R3P, C6H6, I-
	Aniline (C6H5-NH2)
C5H5N(pyridine)
N2, Br-, N3-
	PO43-, CH3OH, C2H5OH, C2H5O-, HO-, ClO4-, N2H4, CH3COO-, NH3*
Me-NH2, Me2NH, Me3N, H2N-(CH2)4-NH2, H2N-(CH2)5-NH2, 
H2O, CO32-, Cl-

	Acids
	Pt2+,
Cu+, Au+ Ag+, Pd2+
Metal atoms in zero oxidation state
	Fe2+, Bi3+, Ni2+
Zn2+, B(CH3)3, 
Pb2+, NO+, Cu2+
	 CO2, Sm3+*, Ga3+*, In3+*, BeMe2,
 Gd3+*, Li+, B(OR)3, Mg2+, Al3+, 
BF3, Fe3+*, Co3+*, BCl3, Ti4+*,
 La3+*,   Cr3+*, Zr4+*, AlMe3



From the HSAB theory perspective, ammonia is classified as hard base (in bold in Table 1). Thus, according to the HSAB principle, hard acid species (with asterisk in Table 1) are feasible candidates for ammonia detection. Indeed, by investigating the literature, we found that most of the MOX exhibiting good performances (in terms of sensitivity, selectivity, recovery time, etc.) to ammonia detection are classified as hard acids according to HSAB theory. Six such cases are described and briefly analyzed below.

4. MOX-based sensing layers for ammonia chemiresistive detection 
4.1) The sensing layer is based on one MOX with cations classified as hard acid
TiO2, In2O3, ZrO2, β-Ga2O3, α-Fe2O3, SnO2, which are MOX having hard acid cations, were used as sensing layer in chemiresistive sensors for ammonia (gas and aqueous) detection. 
Karuganaran et al. developed a NH3 planar structure sensor employing a TiO2 film deposited by a direct current (DC) reactive magnetron sputtering technique onto a silicon substrate having interdigitated comb shaped electrodes. 30 Appropriate annealing temperature of the film formation was found to be 873 K, while an operating temperature at 250 °C ensured highest sensitivity to the detection of the NH3 gas. 
Li et al. used single-crystalline In2O3 nanowires for NH3 detection at room temperature. Ammonia sensing layer based on In2O3 nanowires exhibited “on/off” ratios (i.e., the ratio between the measured currents during and before the NH3 exposure) around 50 and response times around 20 s, with ambient air initialization for 1% NH3. 31 It has also been found that oxygen has a relatively minor effect on the nanowire conductance. The authors explained the sensing mechanism based on the electrons transfer from the adsorbed NH3 molecules into the In2O3 nanowire, explanation which agrees with the HSAB theory, as In3+ is classified as hard acid, while ammonia molecule is hard base. 
Deshmukh et al. reported on the development of an ammonia sensor using ZrO2 thin film as sensing layer. The film was prepared using the spray pyrolysis technique. 32 The sensor showed quick response (4 s) and fast recovery (10 s). 
Pandeeswari et al. used nanocrystallite β-Ga2O3 thin films for ammonia sensing at 300C. 33 In this case, the lowest detection limit of ammonia was found to be 0.5 ppm. The response and recovery times were 40 s and 18 s, respectively (for a 0.5 ppm NH3 level).  The authors demonstrated that the nanocrystallite β-Ga2O3 thin film has a comparatively lower sensitivity for toluene, xylene, formaldehyde and acetone than for ammonia. This result agrees with the HSAB theory. None of the other measurands is a hard base, so it is reasonable to explain the preference of Ga3+ - a hard acid and part of the sensing layer - for ammonia (hard base). 
Abaker et al. reported on the utilization of α-Fe2O3 nanoellipsoids thin films for developing a highly sensitive chemical sensor for aqueous ammonia. 34 The device exhibited a very high and reproducible sensitivity of ~4.678 µA cm−2 mM−1, a detection limit of ~0.04 nM and a short response time (10.0 s). 
By far, SnO2 is the most widely used MOX for ammonia detection. Rout et al. investigated ammonia sensing characteristics of SnO2 nanoparticles over a wide range of concentrations (1 – 800 ppm) and temperatures (100 – 300oC). 35 No interference with NH3 detection was found from H2, CO, nitrogen oxides, H2S and SO2. Experimental results described in literature revealed that the SnO2-based gas sensors exhibit linear dependence between the logarithm of the gas sensitivity and logarithm of the sample concentration when detecting both ammonia and methanol, at an operating temperature of 350°C. 36 SnO2 shows high sensitivity towards both ammonia and other hard bases (such as methanol, for instance), but cannot discriminate between. This, again, is in good agreement with the HSAB theory. 

4.2) The sensing layer comprises 2 types of MOXs, one of them acting as promoter. Both MOX contain cations classified as hard acid. 
Wang et al. demonstrated that hybrid Co3O4/SnO2 core–shell nanospheres can be used as sensing layer for real-time, rapid-response, ammonia gas sensors. 37 The core – shell architecture enabled improved flexibility of the gas sensor surface compared to commonly used sensing layers. Cations of both metal oxides semiconducting are hard acids.

4.3) The sensing layer comprises 2 types of MOXs, one of them acting as promoter. Only the cations of the promoter are classified as hard acid. 
Cr2O3-activated ZnO and zinc oxide thin film doped with Al2O3, TiO2 are examples for this category. 38-39 Here, the promoter enhances the sensitivity of the sensing layer towards ammonia and trimethylamine molecules. It is important to emphasize that pure ZnO thick films (Zn2+ being a bordeline acid, according to HSAB theory), prepared by screen-printing technique, is almost insensitive to NH3. However, when pure ZnO thick films - for which the surface was activated with Cr3+ (a hard acid) -  were measured, experimental results demonstrated that the structure is sensitive and highly selective to 300 ppm of NH3 gas, at room temperature. The changed sensitivity could be attributed to the presence of hard acid species (i. e., Cr3+ cations).

4.4) The sensing layer is a nanostructured composite material, comprising: 
a. one semiconducting metal oxide whose cations are classified as hard acid and 
b. a carbonic material
Examples include SnO2/MWCNTs composite,40 porous indium oxide nanotubes/carbon nanotubes, Fe2O3/carbon nanotubes. All these nanocomposites were used for selective ammonia gas sensing.

4.5) The sensing layer is a nanostructured composite material consisting of: 
a. one semiconducting metal oxide whose cations are classified as hard acid and 
b. another semiconducting material
Examples include p-toluenesulfonic acid doped polyaniline-titanium dioxide, SnO2-SnS2 nanocomposite, TiO2-PANI (polyaniline) / PA6 (polyamide 6) composite nanofibers. All these nanocomposites were used for highly sensitive ammonia gas sensing.41 

4.6) The sensing layer contains two types of semiconducting metal oxides, but only the core metal oxide’s cations are classified as hard acid
A good example in this category is the NiO-wrapped mesoporous TiO2 microspheres. In comparison with pure TiO2, the sensor using 10 wt% NiO-wrapped mesoporous TiO2 composite microspheres as sensing layer, exhibits no response to other volatile organic compounds (VOCs) and an excellent selectivity to detect ammonia in humid air with UV illumination at room temperature.42 
All the examples presented above demonstrate that, at least in the first stage, the interaction between the analyte (ammonia and aliphatic amines) and MOX acting as sensing layer, can be analyzed and interpreted in terms of the HSAB theory. 

5. MOX-based sensing layers for chemiresistive detection of other hard base gases
Besides ammonia, there are a several other amino - groups based compounds which are categorized as hard bases, in accordance to the HSAB theory. Among these, one can mention methylamine, dimethylamine and biogenic amines, such as trimethylamine, cadaverine, and putresceine. Biogenic amines are degradation products found in spoiled meat products and are a good indicator for bacterial contamination. Trimethylamine is a suitable target for the detection of biogenic amines due to its volatility.43 
A significant effort has been devoted to design suitable sensing layers for trimethylamine monitoring. A question arises: if trimethylamine is classified as hard base (like ammonia), is it possible to use the same type of reasoning when selecting MOX - based trimethylamine sensing layers as that employed for designing ammonia sensing layers? Reviewing the literature data, it can be indeed demonstrated that most of the MOXs (either simple or composite, with different thickness, morphologies and structural architectures) used with promising results in trimethylamine sensing, do contain species which can be classified as hard acids and that can be used, also, for ammonia sensing. Branch-like hierarchical heterostructure (α-Fe2O3/TiO2), TiO2, ZnO – In2O3 composite nanofibers, ZnO – Cr2O3 hetero-nanostructures are just a few examples supporting the idea that HSAB interaction could play an important role in trimethylamine sensing mechanism.44-48 


6. MOX-based sensing layers for ammonia optical detection
MOXs can be used, as sensing element, in the detection and monitoring of ammonia in devices employing fiber – optics technics. Examples of fiber optical sensors showing good ammonia detection capabilities include Gd2O3 nanorods (with thickness ranging from 80 to 120 nm), thin films based on Ag/SnO2 and nanocrystalline SnO2.49-51 All these MOXs contain hard acid species. For fiber optic ammonia sensor, the sensing mechanism is completely different than the one specific to chemiresistive sensors. Here, the sensing principle relies on the change of the MOX refractive index upon its reaction with NH3. So, it is reasonable to consider that the interaction between MOXs cations and ammonia - following the HSAB related rules - drives the sensing.

7. HSAB theory employed as a sensing layer selection tool
Since the HSAB theory proves to be highly applicable in choosing sensing layer and has virtually general validity (i.e., not being limited to a certain sensing principle), one can anticipate that the roles of the hard acid - hard base tandem can be interchanged. It is reasonable to rationalize that, if ammonia (a hard base) can be sensed using MOXs containing hard acids cations, then amino group-based molecules, which are formally derivatives of ammonia, can be used as sensing layers for any type of gas classified as hard acid. Indeed, CO2 (a hard acid) sensing can be performed with amino group - based molecules, such as polymers, carbon nanotubes, ionic liquids and their matrix nanocomposites, thus confirming the interaction predicted by the HSAB theory. Among these, one can enumerate CO2 sensing layers based on polyallylamine, polyallylamine-amino carbon nanotubes (CNTs) matrix nanocomposite, polyethyleneimine-amino CNTs matrix nanocomposite.24,52-53 All these types of CO2 sensing layers were used on Surface Acoustic Waves (SAW) devices, employing quartz as a piezoelectric substrate, as depicted in Figure 1.
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Figure 1. The structure of SAW device.

The HSAB interaction of CO2 with the above-mentioned amino group-based molecules is reversible, yielding to carbamates. A well-known example is the reaction of CO2 with polyallylamine (PAA), shown in Scheme 1.
[image: ]
Scheme 1. Reaction of PAA with CO2.

Furthermore, a convincing semiquantitative demonstration of the validity of HSAB principle in SAW CO2 sensing with amino groups based compounds, comes from comparing the frequency shifts (at 2500 ppm of CO2 exposure), for the three sensing layers: polyallylamine (PAA), polyallylamine - amino carbon nanotubes (aCNTs, shown in Figure 2) and polyethyleneimine (PEI) - aminocarbon nanotubes.  As depicted in Figure 3,  better results (in terms of sensitivity) are  obtained when using as sensing layers simple polymers (PAA) rather than matrix nanocomposites (polyallylamine-amino CNTs and polyethyleneimine-amino CNTs), respectively. The most resonable explanation for these results is related to the type of amino groups at the surface of the carbon nanotubes. According to HSAB,  primary  amino groups  grafted on the CNT are categorized as borderline bases, and their affinity for CO2 molecules is lower in comparison with that exhibited by the aliphatic amino groups which exist in PEI and PAA. For this reason, both PAA-amino CNTs and PEI–amino CNTs  nanocomposites show lower sensitivity than simple polymers.54-57 
[image: Fig]
Figure 2. The structure of amino carbon nanotubes.
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Figure 3 Frequency shifts at 2500 ppm CO2 concentration for different sensing layers used to coat SAW devices.

The HSAB principle – based approach can work only if there is a direct interaction between ammonia (amine) and metal oxides surface. If the surface of the metal oxide semiconducting is covered with other molecules, a different type of sensing mechanism should be considered. For instance, if TiO2 is sensitized with different anthocyanin pigments, the following reactions are responsible for the changing resistance of the TiO2:
Pigment + RNH2 (g) ↔ Pigment− + RNH3+			(8)
Pigment + H2O (g) ↔ Pigment− + H3O+ 			(9)
RNH2 (g) + H3O+ ↔ RNH3+ + H2O (g) 			(10)
In (10), R stands for H and Me. As can be observed, there is a proton exchange (in this case we can discuss about Bronsted - Lowry acid and bases) and the presence of adsorbed water is a sine qua non condition for dissolving and diffusion of analyte into the interfacial region.58 

8. Conclusions
The paper introduces the Hard-Soft Acid Base (HSAB) theory as a valuable tool for the selection of MOX - based sensing layers for ammonia and aliphatic amines detection. Six case studies of ammonia detection by means of chemiresistive sensors employing MOXs - based sensing layers were discussed in the view of this concept. To further support the suitability of the HSAB concept in selecting sensing layers, an example of a fiber-optic ammonia sensor using MOX and their nanocomposites as sensing layer was found to also fit HSAB interpretation. Within the same HSAB framework, we demonstrate that the same MOXs (hard acids) employed as sensing layer for NH3 detection, can be used for trimethylamine detection, given that both NH3 and trimethylamine are hard bases. By changing the sensing paradigm, the paper shows that, by applying the HSAB principle, amino groups-based molecules (formally derivatives of ammonia, thus, hard bases), such as polymers, carbon nanotubes and ionic liquids, are appropriate sensing layers for CO2 (hard acid) detection.
Obviously, the NH3 – MOX interaction is not the only factor influencing the overall performance of the sensor. Aspects such as morphology and thickness of the sensing layer, deposition method, presence of promotors, temperature, humidity, do influence the sensing process. At the same time, more refined calculus in terms of electronegativity, HOMO and LUMO energy levels and local hardness are necessary for better understanding key sensing properties of MOXs and their nanocomposites towards NH3 and related molecules.
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