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ABSTRACT 
 

Ammonia is a naturally-occurring gas, present throughout the atmosphere at sub-ppb 

concentrations. As result of various processes, significantly higher concentrations can be 

found in the areas surrounding industrial and agricultural operations. In such cases, the 

presence of NH3 in air not only is associated with a very pungent odor and potential toxicity 

but can also affect the environment, animals, plants, and humans. Aiming to provide a 

simple platform to monitor NH3 in air, a paper-derived gas sensor, integrating a natural 

deep eutectic solvent (NADES) was developed. The herein described paper-derived 

ammonia gas sensor was fabricated using direct laser scribing, to form a carbon-based 

interdigitated array. Characterization and optimization (using chemometrics) were 

performed to develop a material with the lowest possible resistivity. A unique feature of 

the proposed sensor is that it integrates a natural deep eutectic solvent formed with lactic 

acid:glucose:water (LGH). This NADES conveys selectivity toward ammonia (over 

methanol, ethanol, 1-propanol, and water) and greatly enhances the sensitivity of the sensor 

(over the plain carbon array). The resistivity of the sensor was dependent on the NH3 

concentration in the 0.11 – 40.6 % range and has an estimated limit of detection of 0.11 %. 

Although the sensitivity of the sensor is lower than that of others based on metallic oxides, 

this approach represents a low-cost, portable, and simple way to detect and measure 

ammonia in gas phase.  
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CHAPTER ONE 

INTRODUCTION 

1. Ammonia  

While the concentration and chemical structure of the compounds involved in 

poultry and fish production can be extremely diverse,1 most of them result from the 

decomposition of organic matter, including food, manure, and waste products. Among 

those, volatile carboxylic acids, thiols, and amines (including ammonia, NH3) are the most 

relevant. For many industries, the release of NH3 is one of the most important issues not 

only because of the pungent odor and environmental impact of the gas but also because it 

affects production levels in farms because such high levels of NH3 being produced cause 

companies to slow production to lower NH3 levels to a safe concentration. Also, the 

concentration of NH3 affects the animal health due to prolonged exposure to concentrations 

as low as 20 ppm. 2 Exposure to high levels of NH3 gas can lead to life-threatening illnesses 

in humans due to the highly corrosive properties and toxicity levels. Occupational Safety 

and Health Administration (OSHA) have stated that the exposure limit for humans to NH3 

is eight hours at a concentration of 25 ppm or just ten minutes at concentrations higher than 

35 ppm.3,4  

NH3 is emitted daily into the atmosphere, accounting for an annual release of 2.0 – 

8.0 Tg of NH3 due to human activity.5 Beyond the naturally-present concentrations around 

the part-per-billion (ppb) range,6 NH3 is known as an environmental pollutant. Due its 

reactive properties, ammonia is able to react with nitric or sulfuric acid and form 

ammonium nitrate and ammonium sulfate, which are also highly toxic.7 These compounds, 
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often present in the form of aerosols, contribute to the formation of smog, further effecting 

the atmosphere and potentially leading to increases in the global temperature.8,9 Regardless 

of the source, NH3 also participates in a number of natural processes in the atmosphere. 

The process starts with the atmospheric nitrogen, that goes through nitrogen fixation via 

bacterial conversion.10 The next process is nitrification, where a nitrifying bacterium 

converts the ammonium into nitrites.11,12 The nitrites are then used by plants as nutrients. 

After the plants die, decomposer bacteria or fungi converts the nitrites back into 

ammonium, through a process called ammonification.13,14 Finally, bacteria is able to 

convert ammonium back to nitrogen gas and release it into the atmosphere, through a 

process called denitrification. While NH3 is not considered a greenhouse gas, NH3 does 

indirectly attribute to nitrous oxide (N2O) emission,15 which is a known greenhouse gas.16 

Nitrous oxide can also be produced through the denitrification process.17 Other sources of 

NH3 come from combustion, industrial releases, and fertilizers.18  

 

2. Why Ammonia Gas Sensors? 

While the human nose is able to sense high concentrations of NH3 in the air due to 

the penetrating odor it carries, determining lower concentrations is more challenging.19 

There are many different areas and industries that have a need to detect and measure NH3 

in the low concentration range, including automotive, chemical, and environmental. As 

previously mentioned, NH3 is able to form aerosols that are very harmful to the 

environment.20–22 Automotive industries need to be able to detect atmospheric pollutants 

like NH3 for air quality control inside cars.23 Sensors have been developed for these systems 
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so when there is low air quality, the valves that pull air from outside the car are able to 

close so the contaminated air doesn’t get inside the car.24–26 NH3 is also chemically made 

in mass quantities due to the high demand from fertilizer companies and chemical 

production, potentially leading to small leaks.  

The maximum amount of NH3 that is allowed in a workspace, with long-term 

exposure is 20 ppm. As a point of reference, and while most industries are not required to 

have fast detection sensors, air in farming areas can contain levels twice as lower than what 

is allowed in a workspace .27 As such, there is a major need to monitor the concentration 

of the NH3 in these areas to ensure that neither animals nor people are exposed.27 

 

3. Sensing Mechanisms for Ammonia Gas Sensors  

There are many different sensing principles that can be used in NH3 detection and 

measurements which depends on the application of the sensor. Many times, the different 

principles can be categorized into three groups, which are optical (tunable diode laser 

spectroscopy28), solid-state (conducting polymer29,30 and metal oxide31,32), and other 

(electrochemical33) sensing methods. These different principles provide specific solutions 

to a wide variety of applications and typically are able to address different monitoring 

needs.  

 

3.1 Optical Sensing Methods 

Optical gas sensors are widely accepted in commercial settings due to the low cost, 

fast analysis, long lifetime, and simplicity.34  Another advantage of this method is its ability 
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to operate under many different temperatures.35 These sensors can collect information 

simultaneously on the intensity and wavelength.36 Gas sensors using optical absorption are 

also frequently used, especially the tunable diode laser absorption spectroscopy (TDLAS) 

method.20,35 In this technique, the detection is based on the absorption in the infrared 

spectral region. Thus, TDAS is able to detect multiple analytes in gas phase. For NH3, the 

typical wavelength spectrum range that is used is 1450 to 1560 nm37 and the instrument 

typically includes the laser, a photodetector, an analyte gas chamber, a reference chamber, 

a control unit for temperature and pressure, and an analyzer for the electronics.35,38,39 Even 

though there are many advantages to using this technique, such as high sensitivity, 

selectivity, simple operation, and noninvasive detection40, cryogenic temperatures and high 

current are needed to be able to confine carriers to the junction region because there is a 

large loss during operation, which are a major disadvantage.40 To address these, advanced 

diode laser sources41 were developed. Among others, quantum cascade lasers (GCLs) were 

found to be a better option for the diode laser source to enhance TDLAS system, as they 

were able to operate at room temperature, and provide selectivity, high resolution and 

sensitivity.42–44 With the use of QCL, Tao et al. fabricated an open-path mobile sensing 

platform for measurements of greenhouse gases and air pollutants.45 They were also able 

to develop a mobile sensing system that could be attached to the roof rack of a car to 

monitor the gases in different areas in the city.45 This could be helpful to determine if some 

areas are releasing more pollutants than others and construct a plan to lower the pollutants 

being let into the atmosphere.  
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3.2 Solid-State Sensing Methods 

There are two main types of solid-state methods used for NH3 detection, including 

those based on conducting polymers and metal oxides. There are several different types of 

polymers that are used in gas sensing, such as polyaniline, polythiophene, and polypyrrole. 

These are just some of the more popular polymers but there are many more than just three 

mentioned here.6,46,47 With these conducting polymers sensors, there are many different 

options for the operation method, including potentiometric, colorimetric, conductometric, 

and amperometric.35,48 The most common method used is amperometric by using the redox 

reaction between the conducting polymer and specific gas.49 Conducting polymers have 

several advantages when being used as the sensing principle in gas sensors, including 

stability, easy fabrication, tunability, and flexibility. With all of the advantages, there are 

some disadvantages as well. The main disadvantage is the low sensitivity of the conducting 

polymer.50 To enhance the sensitivity of the sensors, modification of the structure of the 

polymer and using dopants was proposed. It was found with modification of the polymer; 

the sensing properties were significantly improved due to facilitation of proton or electron 

transfer and giving a better interaction between the analyte gas and the sensing film. With 

dopants added, it was found to improve the sensitivity by providing higher surface area for 

molecules to diffuse onto the sensing film.51 Du et al. reported enhanced polyaniline 

(PANI) nanofibers showing enhanced sensing performance towards NH3 by looking at the 

deprotonation rate. They found that the improved sensitivity and response could be due to 

the NH3 molecules being able to diffuse into the PANI film and react with the PANI chains 

on the active site due to the small diameter size which results into a large specific area.52 
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Andre et al. also reported a NH3 gas sensor composed of zinc oxide nanofibers (ZnO) 

decorated with poly(styrene sulfonate) (PSS) with enhanced sensitivity.53 The group 

compared the sensitivity of the sensor with pure ZnO nanofibers without PSS and with 

PSS. It was found that the pure ZnO nanofibers with no PSS decorated showed quite a low 

response to NH3 gas compared to the ZnO fibers decorated with PSS which showed a much 

higher response. The added PSS increased the response to NH3 gas significantly, they 

accounted this to the high surface area the dopant adds to the sensing film.53  

In recent years, metal oxide-based sensors have become very popular for gas 

sensing due to the low-cost and flexibility of the fabrication process as well as the 

simplicity of the resulting sensors.35 These materials (especially if formulated in their 

nanostructured forms) provide unique features due to their mechanical, electrical, 

magnetic, and operational properties.54 There are many different types of metal oxides that 

are used in gas sensing, some of the most popular ones used for NH3 gas sensors are ZnO, 

TiO2, SnO2, and MoO3.55–57 Most often, the double-Schottky barrier is used as a model by 

looking at the grain boundaries to explain the sensing mechanism behind the metal oxide-

based sensors. At the grain boundaries of the potential barrier, due to the charged 

atmospheric oxygen molecules, there is an increase in the height of the barrier that form a 

depletion layer. This happens because the electrons are trapped onto the surface of the 

metal oxides, which results in a decrease in the conductivity. The opposite occurs when a 

reducing gas, such as NH3, introduced to the sensing film, where the height of potential 

barrier decreases, increasing the conductivity.35 There are many advantages to these 

sensors, including low cost, flexible fabrication, and simplicity. Even with these 
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advantages, there are always disadvantages which (in this case) include low selectivity. To 

enhance the selectivity of these sensors, a second phase material was added to the metal 

oxide surface and investigated to regulate the conductivity of the metal surface.58 Zeng et 

al. was able to show that adding a second phase material to the metal oxide surface does 

improve the selectivity of sensor towards NH3.59 The sensor developed was fabricated from 

Pd-sensitized ZnO nanostructures. This second phase, palladium, provided better 

selectivity towards NH3 and faster response than the pure ZnO. The authors attributed the 

enhanced response of the Pd-sensitized ZnO to the formation of weak-bonded complexes 

between the oxygen molecules and the palladium atoms. This complex is able to capture 

more electrons at the surface of the grains to form more oxygen species which gives a better 

response to NH3.59 Another group, Zhang et al., developed a MoS2/Co3O4 nanocomposite 

film sensor that was able to yield enhanced sensing performance towards NH3. They 

wanted to show the effects of adding more than one self-assembled layer of molybdenum 

disulfide to the tricobalt tetraoxide nanorod. To do this, they looked at the response of one, 

three, five, and seven layers to different concentrations of NH3. It was found that adding 

multiple layers gave an increased response up to five layers then after the seventh layer the 

response started to decrease again. This was found to be due at low amounts of layers, that 

there is not enough conductivity to give a high response and with more layers than five, 

gas diffusion started to become more difficult resulting in a decrease in response at seven 

layers.60 

 

3.3 Electrochemical  
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Electrochemical gas sensors have become more popular lately due to the many 

advantages they provide including portability, cost-effectiveness, and low power use. 

These sensors are also known to have high sensitivity towards analytes in gas phase. Most 

electrochemical gas sensors have the same basic set up, including the counter electrode, 

sensing electrode, reference electrode, a gas permeable membrane, and an electrolyte.61 

Electrochemical gas sensors can be classified according to the electrolyte used being either 

solid or liquid state electrolytes. Specifically, solid-state use electrolytes use potentiometric 

and amperometric techniques and liquid-state electrolytes use voltammetric techniques.62 

In electrochemical NH3 gas sensors, potentiometric techniques are often used for the 

sensing mechanism. This sensing mechanism works by measuring the difference in the 

electrical potential between the sensing and counter electrode. This happens as the NH3 gas 

is diffusing across the gas permeable membrane.63 These sensors rely on the function of 

the electrolyte, which is why problems with the electrolyte can cause many issues with an 

electrochemical gas sensor. Alternative electrolytes have been studied to improve the 

problems traditional electrolytes have, including large consumption of the electrolyte from 

each detection which reduces the lifespan of the sensor. One of the most popular alternative 

electrolytes being studied is room temperature ionic liquids (RTILs). RTILs have superior 

electrochemical range, can stay at a liquid state for a range of temperatures, and exhibit a 

wide potential window.64,65 Sekhar et al. developed an electrochemical NH3 gas sensor on 

a paper substrate. The sensor was fabricated using RTILs as the electrolyte with a platinum 

electrode.66 The paper substrate was used due to the low cost and simplicity. The sensor 

showed high sensitivity and selectivity toward NH3 gas.66  
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4. Current Research  

To address the limitations, the presented research is on the development of a paper-

based chemiresistive NH3 sensor integrating a natural deep eutectic solvent. The sensor is 

fabricated using the direct laser scribing method developed by Araujo.50 This laser scribing 

method utilizes the high temperature of the laser which causes the formation of conductive, 

porous carbon which can be used to perform electrical measurements. There are many 

advantages to this technique which include a simple and easy procedure, no harsh 

chemicals used, and controlled gas conditions are no longer needed.50 To give the sensor 

selectivity towards NH3, natural deep eutectic solvents (NADES) were used as the sensing 

film. The selected NADES (called LGH67) was prepared from a mixture of lactic acid (L) 

and glucose (G) with a 5:1 ratio with 15 % of H2O (v/v) (H). The selected NADES would 

act as an electrolyte connecting the pins in the array, and where the glucose (weak hydrogen 

bond acceptor) could be displaced by ammonia (strong hydrogen bond acceptor), changing 

the availability of the protons released by the lactic acid, and leading to an increase in the 

resistivity of the system. The sensing film is deposited onto the paper substrate to allow 

detection and quantification of the gas analyte. To acquire these green solvents, a 

hydrogen-bond acceptor is mixed with a hydrogen bond donor molecule which leads to a 

notable decline of the melting point as the when combined the melting point is lower than 

either of the two constituents. The main driving force in the formation of the NADES is 

hydrogen bonding which play a major role in the characteristics of the mixture. There are 

many advantages of NADES which include low toxicity, sustainability, easy preparation, 
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large ionic conductivity, wide electrochemical window, and a larger number of 

combinations can be made.67 A new method of preparation has been developed using 

microwave radiation (MW) to optimize the energy consumption being used. Microwave 

radiation has been found to be more environmentally friendly by having shorter reaction 

times and higher yields.68 This method is faster, cheaper, greener, and easier than any of 

the other top methods that have been used in the past.69 With the use of NADES for gas 

sensing, we developed a simple, cost- effective, and portable paper-based NH3 gas sensor 

based on the direct laser scribing process.   
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CHAPTER TWO 

METHODS, RESULTS, AND DISCUSSION 

 
1.1. Reagents 

Ammonium hydroxide was purchased as 28-30% w/w (J. T. Baker, Phillipsburg, 

NJ) and when needed, diluted with deionized water (Milli-Q, Millipore Water Systems; 

Billerica, MA, USA). The borate solution was prepared by dissolving sodium tetraborate 

decahydrate (Acros Organics, Geel, Belgium) in deionized water. A solution of chitosan 

(Sigma Aldrich, St. Louis, MO, USA) was prepared using 300mM acetic acid, and used to 

adhere the formed carbon and give mechanical stability to the sensor. Methanol and ethanol 

were purchased from VWR International (Radnor, PA, USA). 1-propanol was purchased 

from Alfa Aesar (Ward Hill, MA, USA). Compounds for the preparation of the NADES 

included anhydrous glucose (≥ 99%) and L (+) lactic acid (85%-90%), both purchased from 

Sigma Aldrich (St. Louis, MO, USA). The paperboard (thickness = 1.27 mm, 800 g.m2) 

used for fabricating the sensor was purchased from Logic Dealz (via amazon.com).  

 

1.2 Fabrication of Paper-Based Chemical Sensor/Array.  

Although there are many alternatives to deposit electrodes on paper (including 

screen printing,70 drop casting,71 and inkjet printing,72) one of the simplest approches is 

laser engraving.73,50 In this case, the device was first designed in CorelDraw X (Ottawa, 

ON) and then transferred to the engraver. Prior to the fabrication of the sensor, the 

paperboard was soaked in a solution containing 0.1 mol L-1 sodium borate for 10 minutes 

and then left to dry overnight. The borate acts as a flame retardant, decreasing the amount 
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of material ablated during the engraving process74,75 and promoting to formation of char 

(instead of tar76). The sensor was then engraved onto the paperboard using an Epilog Mini 

Laser Engraver (Golden, CO), equipped with a 30 W CO2 laser. This laser engraver has two 

engraving modes: raster and vector. These modes are typically used for marking or cutting 

the material, respectively. To fabricate the interdigitated array and pads for electrical 

connections, the laser was set to the raster mode, moving at a lateral speed of 66 mm/s (4 

% of 1650 mm/s)77 and a power of 8.4 W (28 % of 30 W), performing two passes over the 

same surface, leading to a uniform layer of carbon. The sensor was then cut out using the 

vector mode (247.5 mm/s and 25.5 W). To preserve the pyrolyzed material, the sensor was 

then immersed in a chitosan solution for one minute and then dried in a convection oven 

(85 oC) for ten minutes. As the last steps, a silicon barrier (GE Advanced Silicon) was 

deposited on each side of the array (to keep the NADES in the middle of the array) and 

electrical contacts were added using silver paint (SPI Supplies; West Chester, PA, USA). 

Figure 1 shows a schematic representation of the arrangement of the elements and selected 

geometry for the paper-derived sensor.  
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Figure 1: Schematic design of the proposed interdigitated array for NH3 sensing. The insert shows a 
photograph of a final device.  

 

1.3 Characterization of the material.  

Scanning electron microscopy (S3400 and SU6600, Hitachi High Technologies, 

Pleasanton, CA) images were obtained to compare changes in the physical structure of the 

material as a result of the engraving process. Raman spectra were excited with 514.5 nm 

light from an Ar+ ion laser (Innova 200, Coherent, 500 mW). Scattered light was collected 

by a f/1.2 camera lens (Nikon) in a 45° backscattering geometry and analyzed by triple 

spectrometer (Triplemate 1877, Spex) equipped with CCD camera (iDUS 420, Andor). 

The spectral resolution at the excitation wavelength was 0.2 nm. Raman spectrum of indene 

was used for the spectral calibration. 

 

 

25.2 mm
27.9 mm

1.27 mm

3.5 mm

25.0 mm

Pin width = 1.0 mm
Pin Length = 12.5 mm

Pin-to-pin space = 1.5 mm

Sensing area (covered with NADES)
22 mm x 13 mm

Silicone pads

Electrical contacts
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1.4 Selection and Preparation of the NADES.  

The selected NADES (called LGH)67 was prepared from a mixture of lactic acid 

(L) and glucose (G) with a 5:1 ratio with 15 % of H2O (v/v) (H). This NADES was selected 

because it features low vapor pressure, high viscosity, and its high polarity is relatively 

constant in a wide range of water contents (44.8 kcal.mol-1), maintaining its supramolecular 

structure throughout the experiment. The selected NADES acts as an electrolyte connecting 

the pins in the array, where the glucose (weak hydrogen bond acceptor) could be displaced 

by ammonia (strong hydrogen bond acceptor), changing the availability of the protons 

released by the lactic acid, and leading to an increase in the resistivity of the system. For 

these experiments, the LGH was synthetized using the microwave assisted method, as 

recently described by Silva and co-workers.69 Briefly, all components were mixed in a 

glass vial and then heated in a microwave (power set at 100 W) for 10 s, leading to the 

formation of the liquid eutectic system. The NADES was then allowed to cool down to 

room temperature and was ready to use. In all cases, 100 μL of the NADES were placed in 

the middle of each sensor (see Figure 1, 22 mm x 13 mm) and allowed to soak through the 

paperboard for 20 min before performing any experiments.  

 

1.5 Cell Set-Up. 

 In order to control the atmosphere of the sensor, a chamber of 76.2 mm x 127.0 

mm x 50.8 mm was fabricated using 3 mm-thick acrylic. The material was also cut using 

the laser engraver on the vector setting at 165 mm/s (10 % speed), 30 W (100 % power), 

and a frequency of 5000 Hz. Next, the box was assembled and glued together using a few 
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drops of dichloromethane on each edge, to dissolve a thin layer of the material and 

permanently attach them. The top layer of the box was left unglued to allow replacing the 

sensor. Two holes were cut out on the ends of the box to attach inlet and outlet gas lines. 

Also, two smaller holes were made on the opposite sides of the box to make the electrical 

connections between the sensor and the multimeter (Fluke 115 digital multimeter; Fluke, 

Everett, WA). In order to deliver a known concentration of ammonia (gas) to the sensor, a 

stream of N2 was bubbled (at 1 sl.min-1) through an aqueous solution (10 mL, using a 50 

mL Falcon tube) containing a known concentration of NH4OH. The concentration of NH3 

in gas phase was presented in % to be able to compare results to other NH3 gas sensors. 

The concentration was calculated by titrating the NH3 captured in DI water from the 

bubbling system with H2SO4.33 For the other gases, the corresponding saturation vapor 

pressure for methanol (13 kPa), ethanol (5.9 kPa), 1-propanol (3.2 kPa), or water (2.0 kPa) 

was used.78 This approach has been used multiple times before and represents a safer and 

more convenient alternative to having NH3 cylinders.79–81 

 

2. Results and Discussion  

2.1 Characterization of Paper-Derived Material. 

The selected paperboard is composed of cellulose and other materials like 

CaCO382 and kaolin,83 commonly used as additives. Upon thermal treatment, the 

cellulose is transformed into carbon via though a number of sequential reactions 

involving depolymerization, formation of anhydrosugars, furans, glycolaldehydes, and 

condensation reactions.84,85 The material formed features electrical conductivity, porous 
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structure, and good mechanical stability.86 To confirm the structural change that occurs 

after thermal treatment by the CO2 laser-scribing process, the topography of both the 

raw paperboard and laser-scribed paperboard were investigated via scanning electron 

microscopy (SEM). As it can be observed in Figure 2 (left), the raw paperboard was 

composed of large cellulose fibers (53 ± 12 μm in diameter, n=5) that are entangled 

together. On the other hand, the carbon material formed by the laser-scribing process 

features thinner fibers (24 ± 3 μm, n=5, Figure 2, right), that preserve the overall random 

structure of the original material. It is also important to mention that although the 

pyrolysis of plain paper can lead to the formation of a number of structures (fibers, 

particles, and foam-like structures), engraving the borate-soaked paper leads to the 

formation of a porous non-graphitizing carbon material with high-surface area (Figure 

3) considered appropriate for the development of gas sensors. SEM images were also 

used to calculate the depth of the engraved features (removed material, 480 ± 20 μm, 

n=5) and the thickness of the carbon material forming the pins (170 ± 10 μm, n=5) 

formed by laser engraving of the paperboard (Figure 4). To confirm the formation of the 

carbon layer and determine the composition of the material, the engraved paperboard 

was interrogated by Raman spectroscopy. As it can be observed in Figure 5, two clear 

bands (attributed to disordered and graphitic structures) appeared around 1345 and 1585 

cm-1, respectively. The ratio of the areas in each peak was calculated to be 1.212 (seen 

in Figure 5, right), value that is in line with other cellulose-derived carbon materials 

prepared by pyrolysis.50 
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Figure 2: Scanning electron microscopy image of the paperboard before (left) and after the pyrolysis with 
CO2 laser (right) 
 

  
Figure 3: Scanning electron microscopy images of a side cut of the featured engraved (A) and the 
porous carbon layer (B) formed by laser engraving of cardboard. Conditions: 100 mmol.L-1 borate, 66 
mm.s-1 speed and 8.4 W power. 
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Figure 4: Scanning electron microscopy image of the cross section at high magnification of 250. 
 

 

Figure 5: Raman spectra of laser-scribed material fabricated using CO2 laser power during the fabrication 
process and integration (D band had an area of 69690.57 and G band had an area of 57477.03) 
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These preliminary results were used as the starting point to develop the matrix used to 

optimize the conditions leading to a material with the lowest possible resistivity. 

 

2.2 Optimizing the Fabrication of the Paper-Derived Material and Architecture of the 

Sensor.  

Based on preliminary results, it was determined that several variables linked to the 

fabrication of the material would affect its electrical conductivity and (in turn) the response 

of the sensor. Among those, the variables that had the largest effect on the signal were the 

concentration of borate used to soak the paperboard, the incident power, and the engraving 

speed. Therefore, and with the objective of identifying the experimental conditions leading 

to the material with the lowest resistance, a chemometric approach was implemented. 

Using preliminary results, the low, medium, and high values were selected for borate 

concentration (100 mmol.L-1, 200 mmol.L-1, and 300 mmol.L-1), power (6.0 W, 7.5 W, and 

9.0 W), and lateral speed (66.0 mm.s-1, 82.5 mm.s-1, and 99.0 mm.s-1). It is important to 

mention that for the case of power and lateral speed, the limits of the variables were defined 

by the amount of material pyrolyzed and/or removed during the engraving process. In other 

words, outside the selected ranges the laser was either not able to form carbon or able to 

penetrate the entire thickness of the paperboard. With this in mind, a matrix was developed 

following the 33 Box-Behnken design that consisted of 15 experiments, with genuine 

triplicates at central point. The experiments were randomly performed to eliminate bias 

and distribute the errors throughout the experimental landscape using the resistance of the 

material as the performance metric. It is important to mention that because different 
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engraving conditions would lead to different thickness values of the carbon formed, the 

resistance (measured using as-prepared substrates, 3.0 mm in width and over a distance of 

5.0 mm) was selected over the resistivity of the material. As shown in Figure 6A, where 

the resistance of the material is analyzed as a function of the incident power (W) and borate 

concentration (mmol.L-1), the lowest resistance was achieved at the mid-level power and 

high-level borate concentration. As shown in Figure 6B, where the resistance of the 

material was analyzed as a function of the lateral speed (mm.s-1) and borate concentration 

(mmol.L-1), the lowest resistance of the material was obtained at low-level speed and either 

low or high-level borate concentrations. As shown in Figure 6C, where the resistance of 

the material was analyzed as a function of the incident power (W) and lateral speed (mm.s-

1), the lowest resistance of the material was obtained combining mid-level power and low-

level speed. Based on these surface response graphs, the lowest borate concentration (100 

mmol.L-1, marginal effect), the lowest lateral speed (66.0 mm.s-1) and a mid-level incident 

power were selected as the optimum conditions to form a material with the lowest 

resistance. It is also important to mention that the power selected as optimum for the 

fabrication of the sensors (8.4 W) was selected after performing a few additional 

experiments around the initial middle range of power (7.5 W), but maintaining a fixed 

borate concentration and speed.  
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A) 

 
B) 

 
C) 

 
Figure 6: There are three levels for each parameter in 33 Box-Behnken design: low (-1),  medium (0) and 
high (A). (A) Surface response with the change in power (W) and borate (mmol/L). (B) Surface response 
with the change in speed (mm/s) and borate (mmol/L). (C) Surface response with the change in power 
(W) and speed (mm/s). Resistance (Ω) was defined as response. 
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Next, the effects of the pin width and pin-to-pin distance on the response of the sensor were 

investigated in the 0.5 to 2.0 mm and 1.0 to 2.5 mm range, respectively. These ranges were 

selected considering the resolution of the engraver, the number of pins in the array, and the 

overall size of the resulting sensor. For these experiments, the response of the sensor (DW) 

was calculated by subtracting the resistance measured in the presence of NH3 vapor minus 

the resistance measured during baseline stabilization (bubbling N2 in water). For these 

experiments, 100 μL of the selected NADES were dispensed to cover the sensing region 

of the array. It is also important to note that control experiments performed without the 

addition of the NADES rendered no changes in the resistance of the array upon the 

introduction of the NH3 (data not shown). This behavior was attributed to the capacity of 

NH3 (weak base that behaves as a proton acceptor)87 to compete for the proton released by 

the lactic acid, thus affecting the conductivity of the interdigitated array.    

 

Figure 7A summarizes the results obtained when the response of the sensor was 

investigated as a function of the pin width. From the figure, it can be observed that the 

sensor shows the highest response at a pin width of 0.5 mm but considering the size large 

variability of the signal obtained with this value (represented by the error bar) and the 

overall size of the array, a pin width of 1.0 mm was chosen for the final gas sensor 

fabrication. In Figure 7B, the response as a function of the pin-to-pin distance is 

summarized. In this case, the larger the gap between the pins, the highest the response 

obtained. This behavior was attributed to the fact that such distance defines the active area 
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of the sensor to capture NH3. Again, considering the variability of the signal (large error 

bars) and the overall size of the array, a pin-to-pin distance of 1.5 mm was selected as 

optimum. Summarizing, from these experiments, the final configuration for the sensors 

was selected to be 9 pins, with a width of 1.0 mm and a pin-to-pin distance of 1.5 mm. 

While not considered within the scope of the current study, it is noted that increasing the 

number of pins (and the size of the device) could lead to increases in the sensitivity of the 

sensor.  

  
Figure 7A: Response of sensor as a function of the 
pin width. Conditions: 100 mmol.L-1 borate, 66 
mm.s-1 speed and 8.4 W power, pin-to-pin 
distance: 1.5 mm, 40.6% NH3, carrier flow rate: 1 
sl.m-1, room temperature.  

Figure 7B: Response of sensor as a function of the 
pin-to-pin distance (mm) Conditions: 100 mmol.L-1 

borate, 66 mm.s-1 speed and 8.4 W power, pin 
width: 1.0 mm, 40.6% NH3, carrier flow rate: 1 
sl.m-1, room temperature. 
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was replaced by one with a known concentration of NH4OH and the bubbled through N2 

was injected into the chamber with the sensor. The NH3 vapor was left flowing through the 

chamber until the resistance stabilized (typically within 20 min), but the amount of time 

required was dependent on the concentration of NH3 (higher concentration required shorter 

stabilization times). Subsequently, the sensor was allowed to recover with background gas 

(N2 bubbled through water) until the resistance stabilized.  

 

To investigate the response of the sensors to the concentration of NH3, aqueous solutions 

containing NH4OH in the 0.06 mol L-1 to 17.6 mol L-1 range were used, leading to gas 

phase concentrations in the 0.11% – 40.6% range, respectively. The results are summarized 

in Error! Reference source not found.A, where datapoints and the error bars represent 

the average and standard deviation, respectively, obtained with three measurements. As it 

can be observed, the sensor displayed a typical response, where initial increases in the NH3 

concentration (in the 0.11 % to 3.40 % range) lead to significant increases in the response. 

However, concentrations above 3.40% only led to marginal changes in the response, 

behavior that was attributed to the saturation of the sensor and that is commonly found in 

the literature.81,88 Figure 8B shows the linear range used to calculate the limit of detection 

(0.11%, S/N=3) of the device. These figures are comparable to those previously reported 

for a Ag-based sensor89 but higher than most sensors, including those reported by King et 

al.,33 Vaughan et al.,90 and Shang et al.91. While the low sensitivity of the sensor limits its 

potential deployment for environmental and human safety applications, these simple and 
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low-cost sensors could be used for a number of industrial applications (feed lots, poultry 

farms, etc). 

 

 

  
Figure 8A: Dependence of the sensor’s response as a 
function of the concentration of NH3. Conditions: 100 
mmol.L-1 borate, 66mm.s-1 speed and 8.4W power, pin-
to-pin distance: 1.5 mm, pin width: 1.0 mm, carrier flow 
rate: 1 sl.m-1, room temperature. 

Figure 8B: Shows the linear range, used to calculate 
the sensitivity and limit of detection of the device. 
Conditions: 100 mmol.L-1 borate, 66mm.s-1 speed and 
8.4W power, pin-to-pin distance: 1.5 mm, pin width: 
1.0 mm, carrier flow rate: 1 sl.m-1, room temperature. 

 

2.4 Selectivity, Stability and Temperature. 

Selectivity, stability, and temperature are critical characteristics for gas sensors and 

need to be investigated thoroughly. Thus, the selectivity of the paper-derived gas sensor 

was studied measuring the response when the sensor was exposed to ethanol, methanol, 1-

propanol, and water. These compounds were selected because they can function as both a 

weak bases (proton acceptor) and (very) weak acids (proton donor, pKa values ranging 

from 14 to 16).92 The results are summarized in Figure 9, where the response of the sensor 

to 4.0.6% NH3 (solution containing 30% w/v NH3), methanol (98%, 13%), ethanol (98%, 

5.8%), 1-propanol (98%, 3.2%), and water (2%) is shown. The results show that while the 
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sensor was able to respond to NH3, it only showed marginal responses to ethanol, methanol, 

or water. As a point of reference, and without considering the differences in concentration, 

the signal for NH3 was fivefold higher than that of the other analytes at saturation 

concentrations.  

 
Figure 9: Selectivity of the sensor toward NH3, methanol, ethanol, 1-propanol, water, and 
air (blank). Conditions: 100 mmol.L-1 borate, 66mm.s-1 speed and 8.4W power, pin-to-pin 
distance: 1.5 mm, pin width: 1.0 mm, carrier flow rate: 1 sl.m-1, room temperature. 

 

Secondly, the investigation of the long-term stability of the sensor was conducted by 

measuring the response of the sensor with 40.6% NH3 in the gas phase for 18 days at room 

temperature. The measured results, in Figure 10, reveal there was only a minor fluctuation 

in the sensing responses observed during the 18-day period. This shows that the sensor 

possesses a stable response to NH3 gas. This sensor has shown to have good stability over 
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an 18-day period, but it could also be used as a disposable sensor due the low fabrication 

cost.  

 
Figure 10: Stability of sensor toward 40.6% NH3. Conditions: 100 mmol.L-1 borate, 66 mm.s-1 
speed and 8.4 W power, pin-to-pin distance: 1.5 mm, pin width: 1.0 mm, carrier flow rate: 1 
sl.m-1, room temperature. 

 

Lastly, the effect of the temperature selected for the operation of the sensor was 

investigated. This parameter is critically important for the development of gas sensors 

because it can affect the selectivity, sensitivity and response time. We first hypothesized 

that increasing the temperature of the sensor would give a faster response and recovery 

time. To determine the effects of temperature, the sensor was heated up to 100°C and it 

was found that the heat actually had the opposite effect on the sensor, the sensor showed 

no change in resistance when in the presence of NH3 gas. To identify the roots of this 

behavior, the stability of the NADES was investigated using thermogravimetric analysis. 
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From that experiment, it was found that increasing the temperature caused the weight of 

the NADES to decrease drastically, as shown in Figure 11. This is data is shown to prove 

that the water is evaporating off once the temperature reaches 100°C over a period of time. 

This result was attributed to the release of the water in the NADES, component that was 

necessary to maintain the functionality of the solvent. 

 

Figure 11: Isothermal TGA experiment with NADES. 
 
 

2.5 Fish Spoilage Testing Using Gas Sensor.  

As proof of the potential applications of the paper-derived sensor as a portable NH3 

sensor, we demonstrate its utility in the detection of NH3 gas from the decaying of fish. 

Fish spoilage is a large issue in the food industry today. Spoiled fish not only has a bad 

smell but the generated biogenic amines can cause a wide range of health problems 
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including vomiting, diarrhea, hypotension, and edema. Among other compounds, spoiled 

fish samples are known to release NH3, dimethylamine, and trimethylamine.93 Thus, and 

as a proof of concept, the response of the sensor to a fish sample (Halibut, 1.0 g) left in a 

Falcon tube at room temperature was recorded and the results are shown in Error! 

Reference source not found.. As it can be observed, only a small response of the sensor 

(attributed to the release of NH3 or possibly dimethylamine or trimethylamine) was 

observed during the first 12 hours. However, a much more significant response was 

observed beyond that time. Error! Reference source not found. also shows the estimated 

NH3 concentration, calculated using the previously-described figures of merit (Error! 

Reference source not found.) 

 
Figure 12: Sensor response toward Halibut as a function of storage time in 25 °C. 
Conditions: 100 mmol.L-1 borate, 66 mm.s-1 speed and 8.4 W power, pin-to-pin 
distance: 1.5 mm, pin width: 1.0 mm, carrier flow rate: 1 sl.m-1, room 
temperature. 
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CHAPER THREE 

CONCLUSIONS AND FUTURE RESEARCH 

 

2. Conclusions of Paper-Derived Ammonia Gas Sensors  

This report describes the first example for the integration of a paper-derived 

chemical sensor with NADES and its application to selectively quantify NH3 in gas phase. 

The sensor was patterned using laser engraving and the conditions selected, to minimize 

the resistance of the material, by a chemometric approach. The sensor displayed very good 

selectivity towards NH3, a limit of detection of 0.11%, and very good stability; enabling its 

application to follow the spoilage of a fish sample (Halibut), stored at room temperature. 

This new strategy to control selectivity using NADES could enable the development of 

many other gas sensors using (almost exclusively) organic materials, which despite of 

having lower sensitivity could address the need of emerging markets such as the NH3-based 

fuel industry94,95 or waste treatment96 where most of the current sensors would be saturated.  

 

2. Future Research  

 Without a question, the sensor developed has advantages over current technologies, 

including low-cost, simplicity and selectivity. That said, the current sensor is only able to 

measure the concentration of ammonia and the sensitivity need to be improved 

dramatically. To address these deficiencies, future research will be focused on the amount 

and functionality of the selected NADES. As a long-term goal, we believe the technology 
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developed could lead to the development of a multi-sensor array for multiple analytes, 

opening the door to inexpensive and simple tools for quality control in food or even 

biomedical applications.   
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