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ABSTRACT

Microorganisms are widely studied due to the risks they can cause in human activities.
It can damage the economy and health fields, causing infectious diseases or even the
deterioration of food. Thus, there is a need for the control and identification of these
organisms. An essential characteristic of microorganisms, in general, is that they
produce specific profiles of microbial volatile organic compounds (mVOC) in their
cellular metabolism, which can be correlated with infectious diseases or even particular
microorganisms. In this work, a-nickel hydroxide (a-Ni(OH),) and silver (Ag) were
used as a precursor of nickel oxide (NiO) and for decorating NiO with different amounts
of % mass, respectively. They aim to obtain materials (NiO and Ag/NiO) with pores
and silver in their structures. The modifications can guarantee better performance in
applying the material both as a sensor for mVVOCs and VOCs, through sensitization
reactions, caused by the presence of Ag. For selectivity of the samples, acetone, ethanol,
2-butanone, 3-methyl-1-butanol, 2-nonanone, and m-xylene were used; a better
selectivity was obtained for 3-methyl-1-butanol, a mVVOC. In addition, sensitivity tests
were performed, using different concentrations of 3-methyl-1-butanol in a range of 2 to
200 ppm and a test to obtain the optimum operating temperature of the materials.

Keywords: Microbial volatile organic compounds. a-Nickel hydroxide. Nickel

oxide. Silver decorating. Nanocomposite.



RESUMO

Os micro-organismos sdo amplamente estudados devido aos riscos que podem
ocasionar nas atividades humanas. Podendo causar danos desde a area da saude até a
area econdmica, ocasionando doencas infecciosas ou mesmo a deterioracdo de
alimentos. Dessa forma, surge a necessidade do controle e identificagdo destes
organismos. Uma importante caracteristica dos micro-organismos em geral é que estes
produzem perfis especificos de compostos organicos volateis (mMCOVs) em seu
metabolismo celular, perfis estes que podem ser correlacionados com doencas
infecciosas ou mesmo micro-organismos especificos. Neste trabalho, foi utilizado de a-
hidroxido de niquel, como precursor para sintese de 6xido de niquel (NiO) e do NiO
decorado com diferentes quantidades de % massa de Ag, respectivamente. Visando a
obtencdo de materiais (NiO e Ag/NiO) com morfologias semelhante a pétalas e com
prata em suas estruturas. Modificacbes estas que podem promover um melhor
desempenho na aplicacdo do material tanto como sensor de mCOVs quanto de COVs,
possivelmente obtida por reacdes de sensibilizacdo, ocasionadas pela presenca de Ag.
Em seguida, foram realizados testes de seletividade para as amostras. Para a seletividade
foram utilizados, acetona, etanol, 2-butanona, 3-metil-1-butanol, 2-nonanona e m-
xileno, onde foi obtido uma melhor seletividade para o 3-metil-1butanol, um exemplo
de mCOV. Além disso, foram realizados testes de sensibilidade, utilizando diferentes
concentracdes de 3-metil-1-butanol em uma faixa de 2 a 200 ppm. Também foram
realziados testes para a obtencdo da temperatura de trabalho das amostras.

Palavras-chave: Compostos organicos volateis microbianos. a-Hidroxido de

niquel. Oxido de niquel. NiO decorado com Ag. Nanocompdsitos.
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1 General introduction and aim of this work

Volatile organic compounds (VOCs) are compounds that have high vapor
pressure, which facilitates their boiling at low temperatures (ex: 50 ° C to 260 ° C)[1].
Contact with VOCs can adversely affect human health, short-term or long-term health
effects[2]. As the risk of exposure to VOCs increases, strict environmental regulations
and indoor air quality[3].

VOCs can also be used as disease biomarkers. They can be generated in the
human body due to changes in metabolic pathways and be emitted in body fluids such
as breathing, urine, saliva, and blood[4,5]. The same goes for the cellular metabolism of
all living organisms, such as fungi, mold, and bacteria, which can produce a wide
variety of extracellular metabolites, some of which are volatile (mVOCs)[6-8]

Microorganisms present in the environment represent a risk for many human
activities[9], such as food spoilage[7], pathogenicity[8,10,11]. As a result of the
different metabolisms they present, various pathogens produce specific profiles of
mVOCs. The analysis of these particular profiles allows the correlation of mVVOC with
indicative of specific diseases and infections. One of the most critical contamination
routes by microorganisms occurs through ingestion, whether accidental or intentional,
exposure to contaminated drinking water, wastewater, soil, and food sources[12]. In the
last decades, many countries have documented a significant increase in the incidence of
diseases caused by microorganisms' presence in food. Contamination of food by
microbiological agents is a worldwide public health concern[7].

Some examples related to food spoilage are grains and oilseeds that generate
mycotoxins that can cause chronic health problems to humans and animals when stored
during an extended period. The detection of specific mVOCs made it possible to use an
mVOC sensor to indicate fungal growth[6]. For example, several diseases are related to
microorganisms; Listeria Monocytogenes (LMs) is a pathogenic microbe present in
food, responsible for bacteremia, meningitis, and complications during pregnancy. It
grows in foods such as meats, vegetables, seafood, and even in domestic refrigerators.
In the case of LMs, the main exhaled volatile organic compound (VOC) is 3-hydroxy-2-
butanone[13] and 2-nitrophenol[14] and can be used as a biomarker for indirect
detection of this microorganism.

Among infectious lung diseases, pneumonia is the second most common cause

of death, second only to lung cancer. Nosocomial pneumonia is also the second most
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common cause of nosocomial infections after urinary tract infection[15]. Nosocomial
pneumonia complications are associated with mechanically ventilated patients (MVP).
The mortality rate for MVP can be relatively high, ranging from 24 to 76%. MVP can
be caused by pathogens, such as Staphylococcus aureus and Pseudomonas
aeruginosa[15]; these microorganisms can be identified through the detection of some
VOCs, such as acetoin[16], isovaleric acid[16], acetic acid[14,16], and 3-methyl-1-
butanol[15] for Staphylococcus aureus and 2-nonanone[16,17] and 3-methyl-1-
butanol[15] for Pseudomonas aeruginosa. Therefore, sensors' application to detect
metabolites derived from pathogens, especially in mechanically ventilated patients, is
entirely feasible. It is not invasive, and the results are available immediately after the
measurement. Due to these concerns, there was an increase in sensor technologies in
hospitals, industries, and agriculture[9].

Conventional methods for identifying VOCs and microorganisms are gas
chromatography coupled to a mass spectrometer (CG-MS)[8,10,11,18] and cultivation
and biochemical tests[6], respectively. However, they become unfeasible because they
are expensive, robust[5,11], complicated, and time-consuming[19] techniques. An
alternative widely studied to these problems is the development of semiconducting
metal oxides (SMOs) for application in detecting VOCs; the interest arises due to the
high sensitivity, selectivity, portability, and low cost[5,20-23] that the material can
present.

Chemiresistive sensors use a reaction mechanism (oxidation) of the studied
mVOCs due to the presence of oxygen species adsorbed on the material surface, which
causes a depletion layer ( n-type semiconductors) or a layer of accumulation of holes (p-
type semiconductors)[24]. As shown in Figure 1c,d, the VOCs detection mechanism
occurs through reactions present on the sensor surface. In p-type SMO, when the
material is exposed to air, molecular oxygen adsorbs on the material’s surface, thus
removing electrons—generating ionized oxygen species on its surface and a hole
accumulation layer (HAL) the electrons used in the ionosorption. The ionosorbed
oxygen species on the surface react with the specific VOC, oxidizing it to CO, and
H,0[21,24]. In this way, the electrons previously captured recombine with the holes,
thus promoting resistance increasing. When the material is exposed to atmospheric air
again, oxygen species will adsorb on the material’s surface, forming the HAL, changing

the resistance again.
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Figure 1. a,b) Papers of n-type and p-type oxide semiconductor gas sensors reported in the
literature. c¢,d) Formation of electronic core-shell structures in n-type and p-type metal oxide
semiconductors. Reference: JEONG, KIM, LEE, 2020[24].

P-type SMOs usually have an inadequate response as a sensor than n-type
SMOs, making it difficult to commercialize. Despite the smaller number of studies
related to p-type sensors as presented in Figure 1a,b, an area of active research appears
to increase the performance of these sensors. The application of p-type SMO should not
be underestimated and overlooked, as most p-type semiconductors are widely used as
valuable catalysts. The choice of metal oxide and characteristics such as surface area,
and morphology can directly affect the sensor's performance [24].

NiO is widely studied for applications such as electrochromic [25],
supercapacitor [26], and battery systems [27]. In addition, it was presenting high
physical stability and good electrical properties[28], making it an exciting material for
gas sensing. Besides, several alternatives can be explored to improve the performance of
SMOs as a sensor, including the use of methodologies for morphology control and
functionalization methods with noble metals, aiming at increasing the material’s contact
surface and sensitization reactions, respectively.

a-Ni(OH); has a hydroxyl-deficient, thus positively charged, with a structure
similar to hydrotalcite. The interlayer distance is approximately 7 A, more significant
than that presented by its polymorphs. a-Ni(OH), contains intercalated anions and water

molecules in its interlamellar spacing; their layers are oriented randomly, giving a
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greater degree of disorder. The large interlamellar distance directly influences the
characteristics of a-Ni(OH),, resulting in interlayer chemistry and electrochemical
activity. Thus, presenting electrochemical features superior to -Ni(OH),, in addition to
being a material that can be easily transformed into a p-type semiconductor. However,
a-Ni(OH), is unstable and difficult to prepare, as this phase may change rapidly to beta
form during synthesis or storage[29,30].

Also, noble metals such as Ag, Pd, Au, and Pt can cause SMO synergistic
effects, thus improving the material's performance in the application as a gas sensor.
These synergistic effects can occur in two main ways, through electronic and chemical
sensitization reactions. In electronic sensitization, Figure 2a, the metal in its oxidized
state removes electrons from the SMO, inducing the formation of an electron-depleted
space-charge layer close to the surface between the metal and the SMO. Thus, reducing
the layer of hole accumulations and changing the resistance. When the material is
exposed to analytic gas, the metal is reduced, and the electrons return to the SMO.
Chemical sensitization, Figure 2b, occurs through the spill-over effect, resulting from a
catalytic surface reaction. The deposited metal activates the analyzed gas molecules,
facilitating their subsequent reaction with ionosorbed oxygen on the sensor surface. In
this situation, the metal does not affect the sensor's resistance and can cause an increase
in sensitivity, increasing the reaction rate of chemical processes[31-33].

a) b)

Ha 7y HO
s

electronic sensitization chemical sensitization

Figure 2. Sensitization mechanism. a) Electronic sensitization b) chemical sensitization.
Reference: FRANKE; KOPLIN; SIMON, 2006.

Therefore, this dissertation aims to explore Ag decorated NiO (p-type
semiconductor), derived from a-Ni(OH), to detect mVVOCs. The overall structure of the
dissertation takes the form of three chapters, including the present chapter. Chapter 2
provides new insights into the methodologies for the synthesis of NiO and Ag/NiO,

which will be given for carrying out VOCs-sensing tests, the characterization of



15

materials, in addition to VOCs-sensing properties for NiO and Ag/NiO 5%. Finally,

chapter three presents the general conclusion of the dissertation.
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2 Effect of Ag on NiO derived from a-nickel hydroxide obtained
by the microwave-assisted solvothermal method for the detection of 3-

methyl-1-butanol

Abstract
In this chapter, the synthesis of two different materials derived from a-Ni(OH), was
carried out, NiO and Ag/NiO. Then, characterizations were performed for morphology
studies, confirmation of the material obtained and its purity. X-ray diffraction and
Fourier-transform infrared spectroscopy indicated the single-phase formation of the
material. In addition, the energy dispersive X-ray microanalysis confirms the presence
of Ag in the sample. Then, VOC-sensing tests were carried out for the NiO and Ag/NiO
5%. NiO presented an optimum operating temperature at 250 °C and a maximum
response of ~2.70 for 100 ppm 3-methyl-1-butanol, compared to the second-best
response, ethanol, which showed a response of 1.40 times greater. The Ag/NiO 5%
presented a maximum response of ~2.60 for 100 ppm 3-methyl-1-butanol, when
compared to the second-best response, ethanol, showed a response of 1.66 times greater.
Furthermore, Ag/NiO 5% showed an optimum operating temperature at 200 °C, lower
than that of NiO, positively influencing the energy-saving and facilitating possible
miniaturization of the system.
Keywords: Microbial volatile organic compounds. a-Nickel hydroxide. Nickel
oxide. Silver decorating. Nanocomposite. Gas sensor. 3-Methyl-1-butanol.
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2.1 Introduction

Microorganisms are widely studied due to the risks they can cause in human
activities[1], as in food spoilage[2] and pathogenicity[3-6] that directly influence in
economy and health fields[7]. Some of the contamination routes by microorganisms
occur through ingestion due to contaminated potable water, wastewater, soil, and
contaminated food sources[8]. Different pathogens produce specific VOC profiles. The
analysis of these particular profiles allows VOC’s correlation with indications of
specific diseases and infections[9].

Among gas sensors, SMOs are the most studied sensor group[10]. SMOs use as
reaction mechanisms, oxidation of the studied mVOCs due to oxygen species adsorbed
on the material’s surface, which causes a hole accumulation layer (for p-type
metals)[11]. Among SMOs types, p-type SMOs usually have an inadequate response as
a sensor than n-type SMOs, making it difficult to commercialize. So, there is an active
research area to increase the performance of these sensors.

NiO is a p-type semiconductor with a bandgap in the range of 3.6-4.0 eV[12],
known for its physical stability and excellent electrical properties and the subject of few
studies for application in sensors[13,14], which makes it a good alternative for
modifications and research as a gas sensor.

a-Ni(OH), is a polymorph, hydroxyl-deficient with an interlayer distance of
approximately 7 A, where contains intercalated anions and water molecules, resulting in
interlayer chemistry and electrochemical activity. Besides, the a-Ni(OH), structure can
be easily transformed in NiO, exploring characteristics such as surface area and
morphology, directly influencing SMQO's performance as a sensor[15,16].

The functionalization of SMO with noble metals (e.g., Ag, Pt) is already
confirmed as an effective method to promote surface sensing reactions. The positive
effects range from decreasing the optimum working temperature to increasing the
selectivity and sensitivity. Silver, decorating the material, contributes to the application
of SMO as a sensor through chemical and electrical sensitizing effects[17,18].
Contributions occur by increasing the number of oxygen adsorbed, now on the metal
surface or at the metal-SMO interface, catalytic activation by activating oxygen and
offering new adsorption sites[18].

In this work, NiO and Ag/NiO 5% derived from a-Ni(OH), were successfully
prepared. After, different amounts of Ag were deposited on the NiO material. The

structures were then chemically and morphologically characterized. Lastly, the VOC-
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sensing properties such as selectivity, sensitivity, and NiO and Ag/NiO operating

temperature were obtained.

2.2  Experimental section
2.2.1 Preparation of NiO from a-Ni(OH)

For this synthesis, the microwave-assisted solvothermal method was used.
Initially, two solutions were prepared, one of 2 mmol nickel(ll) nitrate hexahydrate
(Ni(NO3),.6H,0) Sigma-Aldrich, > 98.5%) in 40 mL of methanol and the other 8 mmol
2-methylimidazole (2-MelM Sigma-Aldrich, > 99%) in 40 mL of methanol, both under
continuous stirring. Then, the solutions were mixed and kept under stirring for five
minutes. The mixture was transferred to a sealed polytetrafluoroethylene (Teflon)
reactor with a capacity of 100 mL. The reactor was heated to 140 °C for 1 hour by
microwave (2.45 GHz / 800W). After naturally cooling, the reactor was opened at 50
°C. The product was centrifuged (7500 RPM), washed three times with methanol, and
dried at 60 °C overnight. Finally, the product (a-Ni(OH),) was calcined at 350 ° C for 3

hours with a heating rate of 5 ° C min™.

2.2.2 Ag/NIO preparation

A 2 mg mL™ aqueous dispersion of NiO was prepared using an ultrasonic bath
for 30 min. Different quantities of AgNOs (10 mg mL™) were added to de dispersion,
under stirring, to obtain the final Ag amount of 0.5, 1, 2, and 5 wt% in the Ag/NiO
structures. The dispersion was stirred for 10 min. The calculated amount of sodium
borohydride (NaBH,4 Sigma-Aldrich, > 98%) was added, and the dispersion was stirred
for 5 min. Double the number of mols of AgNO3; was used to calculate the mass of
NaBH,. The number of moles of AgNO3; was obtained using the necessary mass of Ag
for the calculations. The final product was centrifuged and washed several times with
water and ethanol. Finally, the material was dried at 60 °C overnight.

2.2.3 Characterization

The sample was characterized by X-ray powder diffraction (XRD, Rigaku
MiniFlex 300), using Cu Ka radiation (A = 1.5418 A) operated at 30 kV and 10 mA.
The samples were analyzed in the 26 range of 10-90° at a scanning rate of 2°min™* with
a step size of 0.1°. Field-emission scanning electron microscopy (FESEM, JEOL JSM-
7500F) were operated at 2kV to obtain images and at 10kV for X-ray dispersive energy
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spectroscopy (EDX). For Fourier transformed infrared (FTIR) spectra, the sample was
analyzed as powder by a Perkin Elmer spectrophotometer Spectrum Two. The X-ray
photoelectron spectroscopy (XPS) spectra were recorded on a Thermo Scientific K-
alpha X-ray photoelectron spectrometer using Al Ko radiation (1486.6 keV). The
binding energies were calibrated with reference to the C 1s peak (284.8 eV). The
Scherrer equation (Dp = (0.94 X 1) / (B X Cosb)) estimated the crystallite sizes of the
samples to the full width at half-maximum (fwhm) of the (111), (200), and (220) peaks.
Crystallinity was obtained using the Origin software, using only the NiO peaks for its
calculation as the ratio of (peaks area/total area) x 100%, except a-Ni(OH),, where all

the peaks present in the XRD were used.

2.2.4 VOCs-sensing measurements

A dispersion of the material was prepared in isopropanol and deposited in an
alumina substrate with interdigitated gold arrays (200 um Au fingers spaced 200 um
apart). The electrode was heated at 400 °C for 1 h. Afterward, the sensor was placed
inside the test chamber and heated at the desired operating temperature. The electrical
resistance variations were measured after VOC exposure using a high-voltage source-
measure unit (Keithley SourceMeter 2400), applying a voltage of 5 V. The VOCs were
injected into the test chamber using a syringe. Then the chamber was cleaned using an
airflow of 250 mL min™. The sensor response was defined as the ratio Ry/R,, Where Ry
and R, show resistance after VOC exposure and in the air, respectively. In addition, the
VOCs sensing studies were also conducted at a relative humidity (RH) of 56%,
measured by a thermohygrometer (HANNA, HI9564 model). To control de RH, the
airflow pass through a closed vessel containing a saturated solution of NaBr before

entering the test chamber, so controlling the RH of the system.
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)

Response

Figure 3. Schematic illustration of the VOC-sensing measurement setup. a) air cylinder; b) flow
meter; ¢) VOC injection syringe; d) septum to insert the VOC; e) tubular oven; f) interdigital
alumina electrode containing deposited sample; g) thermocouple; h) PID temperature controller;
i) Keithley Source Measure Unit, and j) visualization of the resistance variation with time.
Reference: OLIVEIRA, T.N.T. et al, 2020[17].

2.3 Results and discussion

The XRD pattern characteristic for a-Ni(OH), is shown in Figure 4. The peaks
shown to overlap with those present in JCPDS 38-715, referring to a R (0)
rhombohedral crystallographic structure, the peaks at 20 are in 11.3 °; 22.59 °; 34.12 °;
38.25 ° and 59.5° which were indexed to the following crystalline planes (003), (006),
(012), (015) and (110).
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Figure 4. XRD patterns of a-Ni(OH),. Reference: Elaborated by the author.

The XRD pattern obtained for the NiO sample is shown in Figure 5. The
sample presented an Fm-3m (225) cubic crystallographic structure for NiO (JCPDS 78-
643), as the positions can see it of the peaks at 20, 37.3 °; 43.3 °; 62.8 °; 75.4 ° and 79.4
° which were indexed to the following crystalline planes (111), (200), (220), (311) and

(222).
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Figure 5. XRD patterns of NiO. Reference: Elaborated by the author.

Figure 6, presents the obtained XRD pattern of the Ag/NiO samples. The NiO
peaks of each sample presented at 260, 37.3 °; 43.3 °; 62.8 °; 75.4 ° and 79.4 ° agreed
with the shown in Figure 5, according to the cubic crystallographic structure (JCPDS
78-643). Due to the small amount of Ag in the samples, NiO masks the silver peaks.
However, in the sample with 5wt% Ag, following the JCPDS 87-720 pattern, its already
possible to visualize and identify the peaks present at 20, 38.10°; 64.47° and 77.48°,

which refers to metallic silver with an Fm-3m (225) cubic crystallographic structure.
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Figure 6. a) XRD patterns of 0.5% Ag/NiO and 1% Ag/NiO. b) XRD patterns of 2% Ag/NiO
and 5% Ag/NiO. Reference: Elaborated by the author.

Table 1 shows the data for crystallite size and crystallinity of the samples.

Initially, for the degree of crystallinity, the addition of Ag in small amounts does not

interfere with crystallinity; however, when a more considerable amount of Ag was

inserted, a significant decrease in crystallinity was observed, as presented by the 5%

Ag/NiO sample. Similarly, comparing the averages of the crystallite size, it is possible
to keep that the result does not follow a pattern as the Ag is added to the sample.

However, when the calculation is made for a sample with a higher percentage of silver,

the average crystallite size increases, obtaining a value of 13.60 nm.

Table 1. Crystallite size and crystallinity of the samples.

Sample Average crystallite size Crystallinity
a-Ni(OH), 6.29 nm 36.9%

NiO 10.19 nm 86.8%
0.5% Ag/NiO 9.85 nm 85.7%

1% Ag/NiO 11.11 nm 86%

2% Ag/NiO 10.01 nm 83.2%

5% Ag/NiO 13.60 nm 76.4%

Reference: Elaborated by the author.
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The FESEM images of a-Ni(OH),, Figure 7a,b,c, revealed a cluster of particles
composed of a two-dimensional (2D) petal-like morphology. When comparing with the
FESEM images of NiO, Figure 7d,e,f, of greater magnification, Figure 7f, it is possible
to observe the presence of pores in the material that were not seen before, Figure 7d.
The pores come from the precursor structure after calcination and may thus provide a
higher surface area to the material. Obtaining the desired morphology is an essential
step in developing the sensor material due to the importance that a large surface area

has, causing more significant contact between the material and VOCs.

Figure 7. FESEM images (a,b,c) a-Ni(OH), and (d,e,f) NiO with different magnifications.
Reference: Elaborated by the author.

As shown in Figure 8, there were no significant changes in the samples’
morphology with Ag. The images obtained also showed the petal-like morphology with
pores in its structure. FESEM does not allow the visualization of Ag in the material. In

this way, for a chemical characterization, EDX analysis was performed.
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I
Figure 8. FESEM images a,b) 0.5% Ag/NiO; c,d) 1% Ag/NiO; e,f) 2% Ag/NiO; 5% Ag/NiO,
with different magnifications. Reference: Elaborated by the author.

EDX analysis was carried out in NiO and 5% Ag/NiO due to the original
material and the modification with a more significant amount of Ag, which may
facilitate the visualization of its respective peak. In the EDX spectrum, Figure 9, it is
possible to observe a maximum of five different peaks, namely, oxygen (O), nickel (Ni)
and silicon (Si), and silver (Ag). Four of them are present in both spectra. The Ni and O

peaks come from NiO, while the Si peak comes from the substrate used for analysis.
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The peak of Ag, Figure 9b, comes from the modification previously made in the
material to obtain Ag/NiO. The significant difference in intensity between the Ni and
Ag peaks is due to the small amounts of Ag (5%) in the samples. No peak of

contamination is observed, ensuring the purity of the materials.
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Figure 9. a) EDX spectrum of NiO and b) 5% Ag/NiO. Reference: Elaborated by the author.

The FTIR spectra of NiO and the different Ag/NiO samples are shown in Figure
10. The spectra obtained for the Ag/NiO samples were similar to those presented by the
NiO. The peak at 533 was assigned to the stretching vibration mode of Ni—O[19]. The
broadband present in 3450 cm™ and 1637cm™ can be given to the vibrations® stretching
and bending of water molecules physically adsorbed on NiO[19,20]. The additional low
intense peak at 2980 cm™ can be attributed to C-H bending vibrations, in addition to
weak bands at 1390-800 cm™ range that can be ascribed to the vibration of the absorbed

CO, molecules and small residues of the reagents used to synthesize a-Ni(OH),[21].
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Figure 10. FTIR spectra of NiO; 0.5% Ag/NiO ; 1% Ag/NiO; 2% Ag/NiO and 5% Ag/NiO.

Reference: Elaborated by the author.

XPS technique was performed to obtain Ag/NiO 5% surface chemical
composition and electronic structure. Figure 11a, presents the survey XPS spectra of the
material, only peaks related to O, Ni, Ag, and C were detected, the latter being due to
the contact of the sample with atmospheric air. Figure 11b, shows the high-resolution
spectra of O 1s, composed of four different components at 529.2 (O,) eV, 530.6 (Oy)
eV, 532.1 (03) eV, and 533.3 (O4) eV. The binding energy presents in (O;) can be
assigned to a typical metal-oxygen bond in NiO (0,)[19,22,23], oxygen-deficient
regions (0O)[22,23], oxygen from residual organic matter present in the sample (O3)[24]
and physical and chemosorbed molecular water (04)[25-27]. The high-resolution
spectra of Ni 2p, presented in Figure 11c, suggested four easily discernible features, two
major peaks can be observed at ~853.8 eV and 872.4 eV, corresponding to Ni 2ps;, and
Ni 2p1s2, respectively. In addition, two satellite peaks were also observed in the spectra
at ~861 eV and ~879 eV, corresponding to Ni 2ps, and Ni 2py. These significant and
satellite peaks are typical of NiO[15]. Figure 11d, shows the high-resolution spectra of
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Ag, which presents two peaks at 368.2 and 374.1 eV, referring to Ag 3ds,, and Ag 3ds,

respectively, indicating the presence of metallic silver in the material [28].
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Figure 11. (a) Survey XPS spectra of the sample. High-resolution XPS spectra of (b) O 1s, (¢)
Ni 2p, and (d) Ag 3d. Reference: Elaborated by the author.

To characterize NiO VOC-sensing properties, the response to 100 ppm 3-

methyl-1-butanol, a type of mVOC, was measured at different temperatures, Figure 12a.

The maximum signal can be observed at 250 °C. As expected for the semiconductors,

the material’s resistance decreased as the temperature increased. For selectivity test, six

different VOCs were added separately into the chamber at a concentration of 100 ppm,

Figure 12b. The NiO sample showed best response for 3-methyl-1-butanol, which is

1.40 times higher than that to ethanol, the second best response of the material.
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The sensitivity test was performed by increasing the 3-methyl-1-butanol

concentration range from 5 to 200 ppm at the optimum operating temperature. The

increase in the concentration of 3-methyl-1-butanol provides an increase in the

material’s resistance after contact with the volatile, Figure 12c. Thus, providing a more

significant response, according to the rise in the concentration of 3-methyl-1-butanol.

The NiO showed a response changing from 1.52 to 2.78 for the concentration range 5-

200 ppm of 3-methyl-1-butanol, as can be observed in Figure 12d. At 5 ppm the

material showed a response of 1.52, being equivalent to 54% of the response presented

for the highest concentration, 200 ppm. The material shows a high sensitivity at low

concentrations.
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Figure 12. a) Response to 100 ppm 3-methyl-1-butanol of NiO at different operating
temperatures (200-350°C), b) response to 100 ppm of different VOCs and mVOCs at the

optimum operating temperatures (250 °C), c¢) resistance changes of NiO upon exposure to 3-

methyl-1-butanol in the concentration range of 5-200 ppm, d) response of NiO to 3-methyl-1-

butanol in a concentration range of 5-200 ppm. Reference: Elaborated by the author.
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The same selectivity test was performed for the Ag/NiO samples, where six
different VOCs were added separately in the system at a concentration of 100 ppm. The
results are presented in tables S1-S4, referring to Ag/NiO 0.5%, Ag/NiO 1%, Ag/NiO
2% and Ag/NiO 5%, respectively. It was possible to observe that Ag/NiO 5% was the

material that presented the best response among the different samples, Figure 13.
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Figure 13. Response to 100 ppm 3-methyl-1-butanol of NiO with different percentages of silver.

Reference: Elaborated by the author.

In general, the Ag/NiO 5% sample has a response similar to NiO; the main
change is observed in the decrease of the optimum operating temperature, Figure 14a,
which is now 200 °C. The 5% Ag/NiO showed the best response for 3-methyl-1-
btutanol, Figure 14b, which is 1.66 times higher than that to ethanol, the second best
response of the sample. It is important to note that the Ag in the material presented
some characteristics such as a decrease in the optimum operating temperature and an
increase in selectivity since the detection response to 3-methyl-1-butanol is now 40%
higher than for ethanol.

The sensitivity test for Ag/NiO 5%, Figure 14c, was also performed by
increasing the 3-methyl-1-butanol concentration range from 5 to 200 ppm at the

optimum operating temperature. As expected, the material’s response increases as the
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concentration of the volatile increases. The response obtained to Ag/NiO 5%, Figure
14d, changes from 1.81 to 2.62 for the concentration range of 5-200 ppm of 3-methyl-1-
butanol. At 5 ppm, the material showed a response of 1.81, being equivalent to 69% of
the response presented for the highest concentration, 200 ppm. It also showed a high
sensitivity at low concentrations, even better than that presented for NiO.

The maximum response values obtained for NiO and Ag/NiO 5% with 100 ppm
of 3-methyl-1-butanol are similar, which are 2.70 and 2.60, respectively. The best
response was received at two different temperatures, 250 and 200 °C, for NiO and
Ag/NiO 5%, respectively. The Ag/NiO 5% maximum response obtained for 3-methyl-
1-butanol at 200 °C is attractive due to better selectivity and the lower temperature
required for the high signal, influencing the energy-saving and facilitating possible

miniaturization of the system.
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Figure 14. a) Response to 100 ppm 3-methyl-1-butanol of Ag/NiO 5% at different operating
temperatures (200-350°C), b) response to 100 ppm of different VOCs and mVVOCs at the
optimum operating temperatures (200 °C), c) resistance changes of Ag/NiO 5% upon exposure
to 3-methyl-1-butanol in a concentration range of 5-200 ppm, d) response of Ag/NiO 5% to 3-

methyl-1-butanol in a concentration range of 5-200 ppm. Reference: Elaborated by the author.
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Both NiO and Ag/NiO, 5% materials, were also subjected to sensing tests to
detect 3-methyl-1-butanol in humidity atmosphere at different concentrations, 5 to 200
ppm, with an RH of 56%. NiO and Ag/NiO 5% showed responses similar to those
previously presented in low concentrations, with responses of ~1.50 and ~1.87,
respectively, at 5 ppm. At 200 ppm, the responses were ~2.29 and ~2.48 for NiO and
Ag/NiO 5%, respectively. According to Figure 15, the Ag/NiO 5% maintained high

sensitivity for low concentrations, such as 5 ppm, even under humid conditions (56%).
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Figure 15. Responses of NiO and Ag/NiO 5% as a function of 3-methyl-1-butanol concentration
at a related optimum operating temperature under a wet atmosphere of 56%. Reference:
Elaborated by the author.

2.4 Conclusion

In this work, two syntheses were presented, the first to obtain NiO and the
second to get Ag/NiO in different percentages of Ag. Both were successful, which can
be observed in the characterizations of XRD and FTIR, guaranteeing the purity and
obtaining of the desired materials. In addition to the confirmation of the presence of Ag
through the EDX spectra. It is also possible to observe through the FESEM images
obtaining petal-like morphology (2D) for NiO and for Ag/NiO the presence of pores in



36

addition to the petal-like morphology. mVVOC-sensing performance for NiO showed the
best response for 3-methyl-1-butanol, a response of ~2.70 at 250 °C, 1.40 times higher
than for ethanol, the second-best answer. Ag/NiO showed the best response of ~2.60 at
200 °C, ~1.66 times higher than ethanol. In addition, both materials do not lose their
sensitivity in a 56% humid atmosphere. The deposition of silver positively influenced
the decrease in the optimum working temperature. It increased the sensitivity of the
material to lower concentrations (5 ppm), which facilitates and makes the possible

miniaturization of the system more accessible and attractive.
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3 General conclusions

The main concepts (e.g., VOC and mVOCs) and principles for understanding
the work, the importance, and the need to develop alternatives for detecting these
compounds were presented in the first chapter. The reason SMOs are an excellent
alternative as a group for detecting mVVOCs. Other essential points were also addressed,
such as the need and importance of techniques for obtaining materials with a high
specific morphology, a characteristic explored by the use of a-Ni(OH), as a precursor,
which may directly influence the performance of the SMO as a mVVOC sensor. Besides
the use of Ag for decorating NiO and obtaining possible sensitization reactions which
may positively impact the selectivity, sensitivity, and even the material's optimum
operating temperature.

In the second chapter, the syntheses for obtaining the materials were presented,
in addition to characterizations such as XRD, XPS, FTIR, and FESEM, ensuring the
obtaining, purity, and morphology of the desired materials. VOC-sensing tests were also
carried out for NiO and Ag/NiO 5%, presenting an optimal working temperature of 250
and 200 °C, respectively. In addition, selectivity of ~2.70 and ~2.60 for 100 ppm of 3-
methyl-1-butanol. This response is 1.40 and 1.66 times higher than the compound with
the second-best response, ethanol. It was also confirmed that the materials could detect
low concentrations and perform their function in humid environments, as shown in the

sensitivity graphs.
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APENDICE A — Response of Ag/NiO samples to six different to six different
VOCs.

Table S1. Ag/NiO 0.5% response to six different VOCs.

Ag/NiO 0.5% | 150 °C 200 °C 250 °C 300 °C 350 °C
Acetone 1.07 1.05 1.30 1.87 1.51
Ethanol 1.27 1.28 1.53 1.87 1.44
2-butanone 1.14 1.10 1.60 2.13 1.59
3-methyl-1- 1.57 2.03 2.03 2.14 1.50
butanol

2-nonanone 1.08 1.18 1.32 1.20 1.08
m-Xylene 1 1 1.17 1.71 1.73

Reference: Elaborated by the author.

Table S2. Ag/NiO 1% response to six different VOCs.

Ag/NiO 1% 150 °C 200 °C 250 °C 300 °C 350 °C
Acetone 1 1.05 1.08 1.02 1
Ethanol 1.08 1.07 1.08 1.03 1
2-butanone 1.06 1.02 1.11 1.04 1.02
3-methyl-1- 1.22 1.16 1.22 1.08 1
butanol

2-nonanone 1.05 1.03 1.05 1 1
m-Xylene 1.01 1.08 1.12 1.04 1

Reference: Elaborated by the author.
Table S3. Ag/NiO 2% response to six different VOCs.

Ag/NiO 2% 150 °C 200 °C 250 °C 300 °C 350 °C
Acetone 1.60 1.11 1.14 1.03 1
Ethanol 1.79 1.10 1.14 1.03 1
2-butanone 1.70 1.12 1.18 1.04 1
3-methyl-1- 1,80 1.24 1.31 1.09 1
butanol

2-nonanone 1.08 1.05 1.05 1.02 1
m-xylene 1 1.18 1.17 1 1




Reference: Elaborated by the author.

Table S4. Ag/NiO 5% response to six different VOCs.
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Ag/NiO 5% 150 °C 200 °C 250 °C 300 °C 350 °C
Acetone 1.24 1.46 1.29 1.09 1.02
Ethanol 1.82 1.56 1.47 1.08 1.02
2-butanone 1.49 1.40 1.41 1.11 1.02
3-methyl-1- 2.20 2.59 1,95 1.17 1.03
butanol

2-nonanone 1.18 1.11 1.03 1 1
m-Xylene 1.03 1.17 1.17 1.25 1.05

Reference: Elaborated by the author.




