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Abstract: This work reports a simple hydrothermal method for the synthesis of uniform sized 16 

hexagonal nanoprisms (~38 nm) of β-nickel hydroxide/oxyhydroxide that show room 17 

temperature ethanol sensing properties. The films made of these nanoprisms show response 18 

as high as 120 against 100 ppm ethanol vapour at room temperature with good repeatability 19 

over several cycles and fast response and recovery times of 2s and 17s, respectively. The 20 

films of nanoprisms also show high selectivity to ethanol vapour as evident from their almost 21 

negligible responses to other alcohol vapors and non-alcoholic vapors tested in this work. 22 

What is unique about the material is that it shows no degradation in performance with aging 23 

and humidity; rather shows an improved response and selectivity to ethanol at 75% relative 24 

humidity. The enhanced performance is explained in terms of the special surface properties of 25 

the nanoprisms that can adsorb excess oxygen via oxyhydroxide formation and large surface 26 

area as confirmed by photoemission and surface adsorption studies. Further, the change in 27 

infrared absorption intensity is measured to understand the decomposition reaction of ethanol 28 

on the nanoprism surface. Thus, the synthesized material shows enormous promise as a low-29 

cost material for room temperature ethanol sensing. 30 
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1. Introduction:   33 

Volatile organic compounds (VOCs) are mostly hydrocarbons released in atmosphere from 34 

sources such as furniture, buildings, food and chemical industries. Some of these VOCs have 35 

been suggested in the literature as pollutant to the environment as inhaling these VOCs above 36 

a threshold concentration can pose threat to human and animal health [1-2]. Consequently, 37 

their detection at low concentration level is very important for both human health and 38 

environmental air monitoring. In humans, alterations of metabolic pathways are sometimes 39 

associated with the production of various VOCs such as acetone, ethanol, isopropanol, 2-40 

butanone, benzene, toluene, hexane, isoprene, etc. [3-4].These VOCs are eventually released 41 

from the body through body fluids such as exhaled breath, urine, saliva, blood, etc. Precise 42 

measurement of the concentrations of these VOCs present in these body fluids thus offers a 43 

viable method for human health monitoring. In particular, consumption/inhaling of excess 44 

ethanol, a low molecular weight VOC, has been suggested to have serious harmful effects in 45 

human health [2]. Ethanol has also been identified as a biomarker for early diagnosis of 46 

diabetes in humans [4].Detection of ethanol is of enormous interest to traffic safety as one of 47 

the main reasons of road accidents across the world is due to drunk driving which can be 48 

prevented by analyzing the exhaled breath of the drivers who have consumed beverages 49 

containing ethanol [5].Thus, detection of ethanol in human breath is not only important for 50 

the health and safety of the individual, but also for the safety of people on the road. Ethanol 51 

monitoring is also of interest to various fermentation, food and chemical industries.[6,7] 52 

Thus, it is evident that identification and detection of ethanol is of utmost importance not 53 

only for human health monitoring but also for control of indoor air pollution both at home 54 

and workplace, as well as for food and chemical industries [1-7]. 55 

However, the most commonly used analytical techniques for detection of VOCs are Gas 56 

Chromatography (GC) and GCMS (GC-mass spectrometry), which are expensive and bulky 57 

methods and suffers from cost and portability issues. Other methods of VOC sensing rely on 58 

surface acoustic waves, quartz crystal microbalance, capacitance, resistance, etc. some of 59 

which overcome the portability or cost issues but suffer from low sensitivity, selectivity, 60 

reproducibility, etc.  Thus, there is an increasing demand for low-cost and portable ethanol 61 

sensors with high sensitivity (especially in humid air), and long durability.Chemiresistive 62 
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sensors, in which a sensing material (usually thin film of a metal oxide semiconductor 63 

(MOS)) shows large change in its resistance when exposed to a given VOC/gas, have gained 64 

enormous popularity as VOC and gas sensor in recent years due to its design simplicity, low 65 

cost and good chemical and thermal stability [8-10]. Till date numerous metal oxide 66 

semiconductors (MOS) [11-18] have been studied extensively for the detection of various 67 

gases and VOCs such as ethanol, methanol, acetone, formaldehyde, etc.  However, most of 68 

the metal oxide-based ethanol sensors have been reported to operate at high temperatures 69 

(generally above 100°C) [17-30] which put a restriction in their use. Poor stability against 70 

aging and poor sensitivity in humid air are other issues that limit the practical use of most of 71 

these sensors [15,17-18]. Only a limited number of reports demonstrated metal oxide based 72 

ethanol sensors to work at room temperature. [30-36] For example, using zinc oxide, Shankar 73 

et al  demonstrated a room temperature ethanol sensor with high sensitivity [33,34]. Recently, 74 

our group also demonstrated a room temperature ethanol sensor using ZnO nanoflowers. [35, 75 

36] However, the selectivity, and longtime durability of these sensors were not satisfactory. 76 

Another major drawback of MOS sensors is that their sensitivity is strongly reduced in humid 77 

air which needs attention. 78 

Nickel oxide is a well-studied oxide for sensor and other applications, [20-22,37-42] but its 79 

sensing application suffers due to high operating temperature and influence of humidity. On 80 

the contrary, nickel hydroxide which often serves as the precursor for producing the oxide, 81 

has not been sufficiently explored as VOC sensor, although it showed huge potential for its 82 

energy storage application [43-44]. A few groups claimed to have used Ni(OH)2 for sensing 83 

of gases, but when we read these, we found that the sensing was performed by NiO, since 84 

their operating temperature was 300°C [45-47].It is therefore, evident that there is a need for 85 

research for development of VOC sensors using nickel hydroxide and especially for room 86 

temperature ethanol sensor which nickel oxide based sensors cannot exhibit. The β-phase of 87 

Ni(OH)2 is isostructural with brucite Mg(OH)2 structure and occurs naturally as the mineral 88 

theophrastite [48,49] which is very stable and thus may fulfil our expectation of high 89 

durability in humid environment. 90 

In view of the above, herein, we report the synthesis of Ni(OH)2 using a facile hydrothermal 91 

method with an aim to evaluate its sensing performance against VOCs. X ray diffraction 92 

(XRD) and scanning electron microscopy (SEM) analyses were conducted to evaluate the 93 

morphology and microstructures of the synthesized materials which revealed the formation of 94 
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uniformly sized (38 nm) hexagonal nanoprisms of crystalline β-Ni(OH)2 (NHNP). XPS was 95 

employed for identification of elemental composition and chemical states of these NHNP 96 

whereas the surface area was estimated by N2 sorption isotherms. Thin films made of the 97 

synthesized NHNP were then exposed separately to the vapour of a number of VOCs to test 98 

their sensing response at room temperature against each of these VOCs. The dynamic 99 

response-recovery curves were recorded at different ethanol exposures (both in dry and 100 

humid air) and the corresponding sensor response, and response-recovery times were 101 

estimated. The stability of the sensor was evaluated over a period of six months and the 102 

sensing mechanism was explained based on formation of space charge layer on NHNP 103 

surface. Fourier transform infrared (FTIR) spectroscopy was used to investigate the chemical 104 

reaction of ethanol with pre-adsorbed O2
−ions on NHNP surface by measuring the quantity of 105 

CO2 signal evolved during exposure of the NHNP sensor to ethanol. 106 

2.   Experimental 107 

2.1 Synthesis of NHNP 108 

The details of the synthesis of the NHNP were reported in our previous publications [43-44]. 109 

In brief, it involved as first step, the mixing of aqueous solutions of 0.1 M Ni(NO3)2.6H2O 110 

(1.16 gm) and 1M NaOH (1.6 gm) under continuous stirring at 500 rpm. After stirring for a 111 

further 30 min, the resulting solution was transferred to a 100 mL Teflon lined stainless steel 112 

autoclave and kept at 140 °C for 12 h followed by a natural cooling to room temperature.  113 

The reaction mixture was subsequently washed with DI water until pH 7 and filtered 114 

followed by a further wash with ethanol to remove any unreacted precursors. The final 115 

product was obtained as a powder of Ni(OH)2 after drying the filtrate under an infrared lamp.   116 

2.2 Material Characterization: 117 

The crystallinity of the synthesized material was investigated by powder X-ray diffraction 118 

method (PANALYTICAL X Pert Pro) using Cu Kα radiation (1.54Å). The surface 119 

microstructure and morphology was analysed by a field emission scanning electron 120 

microscope (FESEM) (Carl-Zeiss Sigma) operated at 10 kV accelerating voltage and the 121 

sample in powder form was pressed on a carbon tape for imaging. Further analyses of the 122 

FESEM micrographs were carried out using ImageJ software. Chemical analysis of the 123 

nanoparticles was conducted by X-ray photoelectron spectroscopy (XPS) using an Al Kα 124 

source (1486.6 eV) and an electron energy analyser (PSP Vacuum Technology) in normal 125 

emission geometry. The samples for XPS were prepared by drop casting a slurry of Ni(OH)2 126 



 

on a Si(100) substrate. The binding energies were corrected by setting the127 

peak originating from adventitious carbon 128 

literature [50-51]. The XPS data were analysed using CasaXPS software, the p129 

fitted with Gaussian/Lorentzian line shapes and the background was fitted with a Shirley type 130 

background subtraction. Attenuated total reflectance (ATR) spectra for infrared light were 131 

obtained using a Shimadzu IR Affinity132 

attachment in the spectral range of 400 cm133 

2.3 Fabrication of the sensor 134 

The sensors were fabricated by drop135 

clean glass slides followed by drying in a vacuum desiccator for 12 h. The thickness of the 136 

Ni(OH)2 thin film on the glass substrate was estimated from the cross137 

images. The sensor (i.e., NHNP coated glass) was then mounted in the sensing chamber to 138 

which four crocodile clips were connected to a source meter (Keithley 2450) through an 139 

electrical feed-through. The source meter was interfaced with a computer for data recording. 140 

For our electrical measurements, two probes were shorted on each side in order to take only 141 

two probe measurements. The schematic of the indigenously designed gas se142 

and the electrical measurements is presented in figure 1.143 

144 

Figure 1: Schematic of the Sensor measurement set up.145 

As it can be observed from figure 1, the indigenous gas sensing set146 

connected to nitrogen, air and t147 

flows into the sensing chamber (where the sensing device is mounted using a sample holder), 148 

it is pre-evacuated by a diffusion pump (backed by a rotary pump).149 

The binding energies were corrected by setting the 

adventitious carbon at 284.7 eV in accordance

]. The XPS data were analysed using CasaXPS software, the p

Gaussian/Lorentzian line shapes and the background was fitted with a Shirley type 

background subtraction. Attenuated total reflectance (ATR) spectra for infrared light were 
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Figure 1: Schematic of the Sensor measurement set up. 

As it can be observed from figure 1, the indigenous gas sensing set-up consists of three inlets 

connected to nitrogen, air and the test gas/VOC vapour. To ensure that the analyte vapour/gas 

flows into the sensing chamber (where the sensing device is mounted using a sample holder), 

evacuated by a diffusion pump (backed by a rotary pump). 
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For ethanol sensing, appropriate volume of liquid ethanol was taken in a glass vessel whose 150 

mouth was connected to one of the gas inlets going into the sensing chamber. Gentle heating 151 

was provided to this vessel which together with low pressure of the sample chamber, 152 

achieved by its pre-evacuation, causes the ethanol vapour to easily flow into the chamber. 153 

Recovery of the sensors was achieved by pumping out the chamber (i.e. the VOCs) once the 154 

electrical resistance of the sensor film reached its highest value for a given ethanol exposure.  155 

The concentration (C) of ethanol vapour (ppm) was estimated using the following equation. 156 

 � =
��

��
× 10	        (1) 157 

Where, Ve and Vcare the volumes of the liquid ethanol and the sample chamber, respectively. 158 

The response (S) of the sensor was defined by the ratio of the electrical resistance of the 159 

Ni(OH)2 film in absence of any gases to that in ethanol vapour and is given by,  160 

 
 =
��

�
         (2) 161 

where, Ra and Rg are the electrical resistances of the sensor in absence of the analyte (ethanol) 162 

and in presence of it, respectively. The response and recovery times were defined by the 163 

times required to reach 90% of the total resistance variation when ethanol vapour was flown 164 

in and out, respectively. 165 

 166 

3. RESULTS & DISCUSSIONS 167 

3.1 Structural and morphological analysis 168 

The X- ray diffraction (XRD) pattern of NHNP is presented in figure 2(a) which shows peaks 169 

corresponding to (001), (100), (011), (012), (110), (111), (200), (103), (201), (202) and (113) 170 

planes of crystalline β phase of Ni(OH)2 in accordance with  AMCSD file no. 001803. The 171 

average crystallite size (D) of NHNP was estimated to be 23 nm from the most intense peak 172 

of (001) plane using Debye-Scherrer formula given by, 173 

 � = 	
��

�����
      (3) 174 

where k =0.9, λ=1.5418 Å, β is the full width at half maximum (FWHM) of the (001) peak 175 

and θ is the corresponding diffraction angle.  176 

Figure 2(b) presents an FESEM micrograph of the NHNP powder which reveals hexagonal 177 

prism shaped particles of uniform size and shape. A hexagonal shape particle is identified and 178 

expanded within the image of Fig. 2(b) as inset. Analysis of the size of the particles using 179 

ImageJ and the subsequent histogram plot of the size distribution is shown in Figure 2(c) 180 
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where one can see that the size of the NHNP varied between 30 and 60 nm with a mean value 181 

of 38 nm. In order to estimate the thickness of the Ni(OH)2 film, i.e. the sensing film, cross-182 

sectional image of the film was recorded using the FESEM as shown in Figure 2 (d) where 183 

one can see that the typical thickness of the film is ~570 nm. 184 

 185 

Figure 2: (a) XRD pattern (b) FESEM image of NHNP powdered film. (c) Histogram plot 186 

showing particle size distribution of NHNP and (d) Cross-sectional FESEM image of the 187 

NHNP on glass substrate. 188 

 189 

3.2 Surface Chemical Analysis of NHNP 190 

The survey XPS spectrum (Fig. 3(a)) obtained from the NHNP film revealed the presence of 191 

elements like nickel, oxygen, silicon and carbon of which Si originates from the substrate on 192 

which Ni(OH)2 was coated possibly due to pinholes within the film and carbon originates 193 

from the atmospheric contamination (adventitious). Absence of signals of any other elements 194 

confirms the cleanliness of the Ni(OH)2 film. The atomic composition was calculated from 195 

the XPS data by evaluating the areas under the core-level spectra of Ni 2p3/2, O1s, C 1s, Si 196 

2p, and taking into account the respective sensitivity factors [52]. This analysis revealed the 197 

presence of 7.69 at.% Ni, 69.49 at.% O, 10.18 at. % C, and 12.64 at.% Si. A closer inspection 198 
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further reveals that out of 69.49% oxygen, Si and Ni together account for about 40%, 199 

(assuming Si is present as SiO2), thus suggesting the presence of almost 30 at.% (about 43% 200 

of total oxygen) non-stoichiometric oxygen originating from the pre-adsorbed oxygen species 201 

on the NHNP surface from atmospheric exposure.  202 

 203 

Figure 3: XPS plots of NHNP - (a) Survey, (b) Ni 2p extended spectrum. (c) Ni 2p3/2 and (d) 204 

O 1s spectra decomposed into various components. 205 

 206 

Ni 2p spectrum (Fig.3(b)) shows presence of two most intense peaks centred around 856.4 eV 207 

and 874.0 eV separated by 17.6 eV corresponding to photoelectrons emitted from Ni 2p3/2 208 

and Ni 2p1/2 orbitals in accordance with the formation of a mixed β-NiOOH and Ni(OH)2 [53-209 

54]. Additional pair of satellite peaks observed at binding energies of about 5.5 eV higher 210 

than the above two main peaks originate from the half-filled d-orbital of Ni which causes a 211 

continuous transition of electrons from d to p orbitals and is commonly observed in Ni based 212 

compounds [54-55]. To identify the detail chemical state of nickel in NHNP, Ni 2p3/2 213 

spectrum was deconvoluted into components by curve fitting (Fig. 3(c)) which shows 214 
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existence of two strong components at 856.2 eV and 857.4 eV, corresponding to Ni2+ and 215 

Ni3+ states in accordance with the formation of Ni(OH)2 and NiOOH phases, 216 

respectively[55]. Quantitative analysis of the components revealed that of the total Ni metal, 217 

about 67.4 at. % Ni is present in the sample as Ni(OH)2 whereas the rest is NiOOH.  218 

The deconvoluted O1s spectra is presented in figure 3 (d) which has been obtained by 219 

maintaining similar FWHM values using CASAXPS. Three components were enough to get 220 

a good fit of the data as shown in 3(d).The component peaking at 531.2 eV is due to lattice 221 

oxygen, i.e., oxygen bound within Ni(OH)2[55] whereas the component peaking at 532.6 eV 222 

is likely to be associated with oxygen bound within SiO2 substrate. The most interesting 223 

component is the one in the middle peaking at 532.0 eV which has the highest intensity 224 

encompassing nearly 55% of the total oxygen signal. This component originates from the 225 

surface adsorbed oxygen (O2
−) species [56,57] which is in good agreement with the expected 226 

43 at% non-stoichiometric oxygen as discussed above. The slightly higher intensity of 55% is 227 

possibly because this component also encompass the oxygen signal (about 5 at%) due to 228 

NiOOH since its binding energy is also around 532.1 eV as assigned in the established 229 

literature[55]. The fitting also revealed that about 12 % oxygen signal is due to Ni(OH)2 230 

whereas the remaining 33% is due to oxygen bound to SiO2 substrate both of which are in 231 

good agreement with the expected atomic percentages of Ni and Si as discussed above. 232 

 233 

3.3 Evaluation of the NHNP film as Sensor 234 

3.3.1 In moisture free (dry N2) atmosphere: 235 

Figure 4 (a) shows the resistance transients of the sensor at different concentrations of ethanol 236 

in the range of 50-150 ppm where one can clearly see that a sharp decrease in the resistance 237 

occurs as soon as the sensor is exposed to ethanol vapour which soon saturates to a minimum 238 

value at each ethanol concentration. It can be further observed that the saturation (lowest) 239 

resistance of the sensor monotonously decreased with increase in the ethanol concentration 240 

(ppm) although the rate slowed down above 125 ppm and almost saturated at 150 ppm. In 241 

terms of response, the sensor showed its highest responses of 180 and 120 against 150 and 242 

100 ppm of ethanol exposure, respectively which is remarkable. The slowing down of the rate 243 

of decrease of saturation resistance can be understood by considering that above 150 ppm, 244 

number of ethanol molecules are high enough to use up all the available molecules of NHNP 245 

film so that a further increase in ethanol has no impact on the sensor resistance. The lowest 246 

concentration of ethanol measured by the NHNP sensor was 25 ppm at which the sensor 247 
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showed a very low but detectable response of 1.4 in dry air and 1.7 in 75% RH (not shown) 248 

which could be understood by considering that the actual ethanol concentration could be 249 

much less than that measured by us because part of the ethanol could be trapped on the inner 250 

walls of the long (~2 feet) and narrow (6 mm diameter) pipes and large sensing chamber 251 

(6.75 L) and could remain unaccounted for. Since the number of such unaccounted (lost) 252 

ethanol molecules does not increase after it saturates the walls, its influence on the estimate 253 

of concentration will be highest at low concentration and negligible at higher concentrations. 254 

This means that the actual response of the sensor at 25 ppm could be much higher if we were 255 

able to account for the lost molecules of ethanol. On the other hand, for ethanol concentration 256 

above 150 ppm, it took long time for us to degas the chamber since our sample holder was 257 

not equipped with a heater and hence we avoided taking measurements above 150 ppm.  258 

 259 

Figure 4: Performance parameters of the NHNP sensor tested in dry N2 atmosphere at room 260 

temperature. (a) Resistance transients at different concentrations of ethanol; (b) Expanded 261 

view of the response transient at 75 ppm highlighting the response and recovery times; (c) 262 

Repeatability plot showing five consecutive cycles of transients recorded at 75 ppm ethanol 263 

exposure; (d) Highest responses against exposure to 50 ppm of different VOCs.  264 
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An expanded view of the response transient at 75 ppm is presented in Figure 4(b) 265 

demonstrating how the response and recovery times were calculated. It can be seen that the 266 

response and recovery times of the sensor are 1.8s and 4s, respectively thus indicating fast 267 

response and recovery times. The recovery process begins slowly as one can see that a flat 268 

plateau exists for about 20s before the recovery starts essentially because we did not supply 269 

any heat to the NHNP film after reaching the saturation resistance for removal of ethanol 270 

(which is commonly used by other researchers) and instead allowed degassing through 271 

evacuation of the chamber. Figure 4(c) presents the resistance transients for five consecutive 272 

cycles against 75 ppm of ethanol which confirms that the sensor response data is very much 273 

reproducible as all the transients show identical values of base resistance and lowest 274 

(saturation) resistance. Figure 4(d) plots the highest responses of the sensor against exposure 275 

to 50 ppm of different VOCs in which one can see that the sensor has its highest response of 276 

24 against ethanol but almost no response to other VOCs tested. At higher concentrations, the 277 

sensor exhibited some response, although much less than that against ethanol, to other 278 

alcohols such as methanol and 2-propanol which is not surprising and I accordance with 279 

previous literature given the interaction of alcohols with semiconductor follows somewhat 280 

similar mechanisms (discussed later)[35,58]. The selective high response of the sensor to 281 

ethanol compared to methanol can be understood from the reactions that these two VOCs 282 

exhibit with the pre-adsorbed oxygen species on sensor surface (discussed later in Eq. 4 and 283 

Eq.5), as one can see that each ethanol molecule releases three electrons but it requires two 284 

molecules of methanol to release the same number of electrons making the response of the 285 

sensor half that for ethanol when both VOCs are used with same ppm of concentration. In 286 

addition, the hydrogen bonding within methanol is much stronger than that of ethanol making 287 

it difficult for methanol to interact with other molecules. Thus it can be safely concluded that 288 

the NHNP sensor exhibits very good selectivity to ethanol.  289 

 290 

3.3.2 NHNP Sensor Performance in Humid Air (75% RH @ 33°c): 291 

Since the sensor performance often degrades with presence of humidity, we have evaluated 292 

the performance of our sensor against humid air of different % RH in terms of change in 293 

resistance. Figure 5 (a) shows the resistance transients of the sensor at 50, 75,100,125 and 294 

150 ppm concentrations of ethanol in which one can observe sharp decrease in resistance 295 

when exposed to fixed concentration of ethanol vapour followed by a gradual recovery upon 296 

removal of ethanol. Comparison of the transients recorded at different ethanol exposure 297 

levels further reveals a slow and gradual decrease in the value of the saturation (lowest)  298 
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 299 

Figure 5: Performance parameters of the NHNP sensor tested at 75% RH at 33°C. (a) 300 

Resistance transients at different concentrations of ethanol; (b) Variation of highest responses 301 

against different ethanol concentrations, (c) Repeatability plot showing five consecutive 302 

cycles of transients recorded at 75 ppm ethanol exposure; (d) Highest responses against 303 

exposure to 50 ppm of different VOCs; (e) Highest responses in dry and humid (75%  RH) 304 

conditions against 50 ppm of different VOCs; (f) Current – voltage characteristic (I-V plot) of 305 

the NHNP sensor. 306 

 307 
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resistance very similar to that observed in dry air. However, the magnitudes of the saturation 308 

resistance recorded against each fixed concentration of ethanol decreased from their dry air 309 

values thus increasing the overall responses of the sensor to higher than those in dry air. As a 310 

consequence, in humid air the sensor showed its highest responses of 250 and 154 against 311 

150 and 100 ppm ethanol exposure, respectively which are much higher than those in dry air. 312 

Figure 5(b) plots the sensor response at various ethanol concentrations both in dry and humid 313 

(75% RH) air in which it is evident that the response of the sensor increases with increased 314 

ethanol concentration for both the cases. The graph also shows that the magnitudes of 315 

response are higher in humid air than in dry condition for all ethanol concentrations. With 316 

increased concentration of ethanol the response is expected to increase due to larger 317 

interaction of the semiconductor surface with incoming ethanol molecules resulting in larger 318 

reduction of the resistance of the nanoprisms. 319 

Figure 5(c) presents the resistance transients for five consecutive cycles against 75 ppm of 320 

ethanol which confirm that the sensor response data is very much reproducible as all the 321 

transients show almost identical values of base and saturation resistances. Figure 5(d) 322 

compares the response-recovery times of the sensor at each ethanol concentration both in dry 323 

and humid air. One can see for both dry and humid conditions, that the recovery time is much 324 

larger than the response time and that the recovery time gradually rises with increase in 325 

ethanol concentration. Also to note is that in dry condition, the response time gradually 326 

reduces with increased concentration (from 4s at 50 ppm to almost 1 s at 150 ppm) but in 327 

humid condition it is more or less constant at about 4s. Thus, it is evident from the graph that 328 

the sensor responds faster but recovers slowly in humid air than in dry air which is in 329 

accordance with the difficulty of degassing of moisture. Figure 5(e) plots the response values 330 

against 50 ppm ethanol both in dry and humid (75% RH) where one can see that the sensor is 331 

highly selective to ethanol vapour as the magnitudes of responses against other VOCs tested 332 

are negligible. In fact, what is even more interesting is that the selectivity of the sensor to 333 

ethanol is more prominent in humid air (75% RH) than in dry air which is potentially very 334 

useful, especially in detecting low level of ethanol from a mixture of moist VOCs and 335 

demands for further research attention on the material. Current-voltage characteristic of the 336 

sensor both in dry and in humid (75% RH) are shown in Figure 5(f) in which the straight 337 

lines passing almost through the origin indicating the ohmic contact. 338 



 

339 

Figure 6: Highest responses of the NHNP sensor (a) 340 

of %RH; and (b) against 100 ppm ethanol exposure in341 

 342 

In order to assess the nature of dependence of the sensor response as a function of relative 343 

humidity of the air, the responses of 344 

exposure level of 150 ppm at RH values (@ 33ºC) of 30%, 52%, 75% and 85% which are 345 

plotted in figure 6(a).  The plot clearly establishes an increasing positive influence of RH on 346 

the sensor response. For this study, we chose 150 ppm concentration of ethanol to maximize 347 

the difference of responses compared to dry atmosphere. 348 

highest responses of the sensor at 100 ppm ethanol exp349 

months at an interval of ~one month. It is evident that the value of response did not change a 350 

lot within six month of aging time suggesting good durability of the sensor351 

remarkable.  352 

To understand why NHNP sensor performs better in humid air, we note 353 

principles calculation by Eslamibidgoli et al [59354 

higher degree of ordering of surface water layers on Ni(OOH) surface compared to that of 355 

Ni(OH)2due to large surface polarization effect on the forme356 

of some surface Ni(OOH) in our sensor material is helpful in adsorbing water molecules 357 

when it is exposed to humid air. Another study by Cheng et al. [358 

of water molecules can catalyse the reaction359 
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To explain the high selectivity of NHNP sensor to ethanol, the room temperature reactions of 364 

ethanol [32, 61], methanol [13, 62], 2-propanol [62], toluene [63] and hexane [64] are shown 365 

in the following equations (4) to (8): 366 

������ + 3��
� → 2��� ↑ +3��� ↑ +3!� (ethanol)    (4) 367 

2��"�� + 3��
� → 2��� ↑ +4��� ↑ +3!� (methanol)    (5) 368 

2�"�$�� + 9��
� → 6��� ↑ +3��� ↑ +3!� (propanol-2)    (6) 369 

�$�' + 9��
� → 7��� ↑ +4��� ↑ +9!� (Toluene)     (7) 370 

�	�)* + 19��
� → 12��� ↑ +14��� ↑ +19!�  (Hexane)    (8) 371 

 372 

The electron withdrawing effect of the OH molecule is distributed among three C-H bonds in 373 

methanol whereas in ethanol it is distributed between two α C-H bonds thus making it weaker 374 

in methanol. As a consequence, the activation energy of ethanol is lower than that of 375 

methanol. On the contrary, for 2-propanol, a secondary alcohol, both size and activation 376 

energy are higher than those of ethanol and methanol[65]. In fact, the intermediate reaction 377 

product of 2-propanol is a ketone whereas in case of primary alcohols, the intermediate 378 

product is an aldehyde which is the reason why 2-propanol has a higher activation energy. 379 

Toluene and hexane being large non-polar, they form complex intermediates requiring large 380 

activation energy and therefore, the NHNP sensor is almost insensitive to these analytes at 381 

room temperature. Thus, it is understood why the sensitivity of the NHNP sensor is the 382 

highest towards ethanol compared to other VOCs. 383 

 384 

3.4 Sensing Mechanism: 385 

The sensing mechanism of semiconductors against VOC is closely related to their ability to 386 

adsorb oxygen molecules on the surface [8,35,56]. Adsorption is a surface phenomenon in 387 

which molecules of a compound are accumulated at an adsorbent surface in gas or liquid 388 

form [66]. Depending upon the interaction between the molecules and the surface, adsorption 389 

can occur in two ways: 390 

(i) physical adsorption also called “physisorption,”  in which the weak forces such as 391 

electrostatic interactions and Van der Waals forces are involved and  392 

(ii) Chemical sorption, also called “chemisorptions” in which strong chemical bonds 393 

such as covalent bonds are formed between the surface and the adsorbed 394 

molecules. 395 
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When NHNP are exposed to air, oxygen molecules are adsorbed onto its surface and these 396 

adsorbed oxygen molecules extract electrons from the conduction band (CB) of NHNP 397 

whereby forming adsorbed oxygen ions as indicated in equations (9) to (13). [13] 398 

��(gas)↔ ��(ads)         (9) 399 

At temperatures below 150°C , the dominating process is,    400 

��(ads) +!�(-�-.) → ��
�(ads)        (10) 401 

At high temperatures (above 150°C), the dominating processes are, 402 

��
�(ads) ↔ 2��(ads)         (11) 403 

�� + !�(-�-.) → ���(ads)       (12) 404 

��� ↔ ��� (First bulk layer)        (13) 405 

Obviously, for better sensing response, the sensor (NHNP) would require more pre-adsorbed 406 

oxygen species on its surface which in the present work was facilitated by a nanostructured 407 

surface with its rough and porous design. Indeed, the surface area of the NHNP measured 408 

from their N2 sorption isotherms (Fig. 7(a)) and by employing BET theory was found to be 409 

pretty large (72.5 m2/g) suggesting a porous structure of the NHNP material and the average 410 

pore size, to be 18.4 nm from BJH theory (Inset in Fig. 7(a)). The adsorption isotherm of 411 

NHNP in figure 7(a) appears to be Type III referring to multilayer adsorption indicating a 412 

physical adsorption process on microporous NHNP adsorbent because a chemical adsorption 413 

usually occurs by formation of a single molecular layer (monolayer) on the adsorbent surface 414 

[66]. 415 

Due to its large surface area, when NHNP comes in contact with atmosphere, large number of 416 

oxygen species get adsorbed on its surface by extracting electrons from the CB of NHNP. 417 

This causes the formation of a thick space charge layer on the surface of NHNP films which 418 

in turn sharply increases the potential barrier yielding a much higher value of electrical 419 

resistance than actual. Upon exposure to a reducing gas molecule like ethanol vapour, the 420 

adsorbed oxygen ions react with ethanol via equation (4) [30-36,56], whereby the trapped 421 

electrons are released back to the CB of the NHNP film making it electrically more 422 

conductive which is measured as the sensor response.  423 



 

424 

Figure 7: NHNP characteristics 425 

(b) Mott-Schottky plot, (c) schematic band diagram 426 

in the band diagram when exposed to 427 

 428 
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semiconductor, [67] but to be sure that the NHNP synthesized in this work is also n431 

did Mott-Schottky analysis as shown in 432 

the plot confirming the n-type behaviour of NHNP. Fig. 7(c) plots a schematic band diagram 433 

of NHNP normally exposed to ambient atmosphere whereas Fig. 7(d) shows the same upon 434 

exposure to ethanol vapour. It is evident that the response is produced by the shrinkage of the 435 

space charge layer (from Fig. 7c to 7d) due to adsorption and reaction of ethanol molecules 436 

with pre-adsorbed O2
−ions on the NHNP surface which results in the reduction of the 437 

electrical resistance of the NHNP along with production of CO438 

form.  439 

NHNP characteristics - (a) N2 sorption isotherms and pore size distribution (inset), 

chematic band diagram in normal atmosphere and (d) the change 

when exposed to ethanol. 

To construct a schematic band diagram of the NHNP it is important to know whether it is a n

type semiconductor. In the literature there are suggestions that Ni(OH)

] but to be sure that the NHNP synthesized in this work is also n

Schottky analysis as shown in Fig 7(b) where one can clearly see a negative slope of 

type behaviour of NHNP. Fig. 7(c) plots a schematic band diagram 

of NHNP normally exposed to ambient atmosphere whereas Fig. 7(d) shows the same upon 

r. It is evident that the response is produced by the shrinkage of the 

space charge layer (from Fig. 7c to 7d) due to adsorption and reaction of ethanol molecules 

ions on the NHNP surface which results in the reduction of the 

l resistance of the NHNP along with production of CO2 and H2O both in the gaseous 
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To further verify this mechanism, we tried to quantify the evolved CO2 in the above reaction 440 

by in situ monitoring of the infrared spectrum of the NHNP film as it was exposed to ethanol. 441 

In Figure 8(a), the absorbance curve of the NHNP not exposed to any VOC but exposed to air 442 

is shown in which a sharp band in the region 3300 cm-1 to 3700  cm-1, due to OH stretching 443 

vibration of hydroxide confirms the brucite structure of β-Ni(OH)2 phase [68]. The bands at 444 

500 cm-1 and 435 cm-1 originate from Ni-OH bend and Ni-O lattice vibrations associated with 445 

Ni(OH)2 [69]. The small humps in the region between 2300 and 2400 cm-1 are indicative of 446 

the presence of CO2 vibrations originating from atmosphere of the sample inside the 447 

spectrometer. Any change in the intensity of this hump from sample to samples would 448 

indicate a change in the quantity of CO2 in the atmosphere. 449 

 450 

Figure 8: (a) FTIR spectrum of NHNP, (b) FTIR spectra of NHNP, NHNP exposed to 451 

ethanol and NHNP exposed to ethanol/water mixture. 452 

 453 

In figure 8(b) the FTIR spectra obtained from NHNP at different exposure conditions are 454 

compared where one can see small humps around 2350 cm-1that characterises the presence of 455 

small amount of CO2 for samples of NHNP, water, and water/ethanol mixture in accordance 456 

with expectation. While this hump due to CO2, for NHNP not exposed to ethanol, shows ~4% 457 

intensity, it rises to about 6% for NHNP exposed to ethanol and about 11% when exposed to 458 

a solution of equal concentration of ethanol and water. The enhancement of intensity of the 459 

CO2 related hum for the two cases where NHNP were exposed to ethanol suggests that CO2 460 

was indeed produced during interaction of ethanol with NHNP. Since the highest intensity is 461 

observed for the NHNP sample exposed to ethanol and water mixture, we can further 462 

conclude that presence of water assists the reaction presented in equation (4) yielding higher 463 

amounts of CO2. This, in turn, explains why we see a better sensor performance of the NHNP 464 
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sensor in humid air than that in dry atmosphere as discussed earlier. Thus, we have 465 

experimentally verified the products that come out during sensing of ethanol by our sensor. 466 

 467 

Finally, to realise the importance of this work with respect to existing room temperature 468 

ethanol sensors, the performance parameters of NHNP sensors are compared with those of 469 

published reports in Table 1. It is evident that the NHNP sensor performs better than the other 470 

NiO based ethanol sensors in terms of a number of sensor parameters. 471 

 472 

Table 1: Comparison of the performance parameters of the NHNP sensor with those of 473 

reported NiO based ethanol sensors. 474 

Sr. 
no. 

Sample detail 
Temp. 
(°C) 

Ethanol 
conc. 
(ppm) 

Sensor  
Response 

Response/ 
Recovery 
time (s) 

Ref. 
no. 

1 
Fe doped NiO 
nanowires 

320 100 
01

02

= 14.30 25/11 20 

2 
Coral-like CuxNi(1-x)O 
based resistive sensor 

250 540 
01

02

= 14.30 NA 21 

3 

Ultra-thin 
NiOnanosheets with 
neck connected 
networks 

200 500 

01

02

= 4.5 
64/211 22 

4 
Sputtered 
NanocrystallineNiO 
thin films 

250 5 
01

05

= 7 167/99 38 

5 
Au-functionalised NiO 
nanoparticles 

325 1000 100 ×
�

��
=4.42 ~22/200 39 

6 
NiO nanowires 
calcined at 650°C 

300 100 
01

02

= 5.26 15/49 40 

7 
Rose like NiO 
nanoparticles 

230 5 
01

02

= 8.4 21/14 41 

8 
Platelet-like 
Ni(OH)2converted to 
NiO at 313°C 

350 100 
01

02

= 1.85 NA 45 

9 
Ni(OH)2chemically 
converted NiO 

350 100 
01

02

= 1.8 NA 46 

10 
Hexagonal nanoprisms 
of β-Ni(OH)2 

33 100 

02

01

= 120	(789	:;8) 

02

01

= 154(75%0�) 

2/20 (dry 
air) 
2/24 
(75%RH) 

This 
work 

 475 
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4. Conclusion: 476 

In conclusion, Ni(OH)2 hexagonal nanoprisms (NHNP) of uniform size (38 nm) and shape 477 

were synthesized by a facile hydrothermal method and their sensing properties against 478 

different common VOCs  were tested at room temperature, both in dry and humid 479 

environment. Characterization of the NHNP using XRD, FESEM, XPS and FTIR confirmed 480 

the hexagonal nanoprism like particles made of crystalline β-Ni(OH)2. Sensing experiments 481 

with NHNP showed n-type behaviour when exposed to reducing gases such as ethanol. The 482 

sensor showed its highest response of 120 and 154 against 100 ppm of ethanol in dry and 483 

humid air, respectively whereas it showed negligible responses against other VOCs tested in 484 

this work. Both selectivity and response of the sensor improved in humid air, thus showing its 485 

potential use in detecting ethanol with high sensitivity from a humid air mixture. The NHNP 486 

sensor showed fast response of 2s and recovery time of 17s, respectively against 100 ppm 487 

ethanol and it also showed good stability against aging. The sensing mechanism was 488 

explained based on established literature in which	��
�	ions in NHNP surface interacted with 489 

incoming ethanol molecules thereby releasing electrons back to the NHNP along with 490 

decomposition of ethanol into CO2 as a gas. The presence of ��
� ion in NHNP surface was 491 

confirmed by XPS whereas release of CO2 was confirmed by FTIR spectroscopy. Thus, our 492 

work not only strongly establishes the potential use of NHNP as a low-cost and durable 493 

ethanol sensor that can detect ethanol from a mixture of humid air with high sensitivity and 494 

selectivity at room temperature but also experimentally verifies the sensing mechanism. 495 

 496 
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