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ABSTRACT  

Bearing in mind the advantages of useful, cost-effective and eco-friendly synthesis, carbonized sugar 

(CS) has been synthesized via microwave-assisted carbonization of market quality table-top sugar. The 

as-prepared CS has been characterized for its morphology, phase purity, type of porosity and pore-size 

distribution etc. The gas sensing properties of CS for various oxidizing and reducing gases are 

demonstrated at ambient temperature where we observe good selectivity towards liquid ammonia 

amongst other gases. The highest ammonia response (50%) of a CS-based sensor was noted at 80°C for 

100 ppm concentration. The response and recovery times of CS sensor are 180 s and 216 s, respectively. 

This unveiling ammonia sensing study is explored through plausible theoretical mechanism which 

further is well-supported by computational modelling performed using density function theory. The 

effect of relative humidity on CS sensor has also been studied at ambient temperature, which 

demonstrated that the minimum and maximum (20%-100%) relative humidity revealed 16 % and 62 % 

response respectively.  

KEYWORDS: Carbonized sugar; Structural analysis; Surface morphology; Ammonia sensor; Density 

Function Theory. 
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1.  INTRODUCTION 

The pressing need for environmental monitoring has ever been more important, due largely to the 

rising air pollution in the last few decades.1-2 The detection of poisonous and hazardous gases in 

mixtures, in low quantities and under different environmental conditions can be achieved by increasing 

the sensitivity of gas sensors at ambient temperature. The developments in gas sensor technology must 

be economic, eco-friendly, chemically stable and environmentally robust3-6 and furthermore, sensor 

materials should not add to the environmental risk. Researchers are actively engaged in developing 

sensor with such signatures.7-8 The working principle of a gas sensor is based on a change in electrical 

conductivity due to surface reactions such as oxidation or reduction caused by an exposure to various 

gases. Chemical sensing also depends on the active centers, chemical properties and the defects existing 

on the surface layer of the sensor material.9 Semiconducting metal oxides such as zinc oxide, bismuth 

oxide, tin oxide, iron oxide, titanium dioxide etc., are being studied to develop cost-effective gas sensors 

specific to various gases.10-12 However, metal oxide-based gas sensors have several limitations such as 

expensive metal salts, toxicity, high operating temperature, chemical instability etc.12,13 It is widely 

accepted that sensors based on metal oxide nanostructures have limited surface area and require elevated 

temperatures for their efficient operation; a pressing goal is to reduce operating temperature without any 

loss of gas sensitivity.  

In recent years, carbon-based materials such as carbon nanotubes, graphene and graphene oxide etc., 

have shown excellent gas sensor properties.14-18The natural carbon sources, used for the synthesis of 

functional carbon materials, and their applications have also been studied by different groups of 

researchers worldwide. Yuan et al. presented a facile and green strategy for fabrication of carbon-foam 

with tunable pore structure by controlling the amount of yeast and water in bread.19 Rybarczyk et al. 

fabricated a series of carbon materials from natural rice husk and further envisaged in Li−S battery.20 

Carbon-based materials are a potential next generation gas sensor material for autonomous sensor 
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technology, since they have excellent detection sensitivity with interesting energy conversion 

characteristics.21 The absence of certain atoms and the reconstruction of the lattice due to annealing  

leads to most of the intrinsic defects in the carbon nanostructure.22 The intrinsic defects in carbon 

nanostructures include point defects (vacancies, Stone–Wales defects) and line defects (dislocation, 

grain boundaries) and in-plane topological defects (non-hexagonal rings, such as pentagons and  

heptagons), which undoubtedly break the electron–hole symmetry, alter the local density of the π-

electrons,  increase the chemical reactivity, and modify the edges and induce expected local active 

sites.23
 

There are several methods reported in literature for synthesizing carbon nanostructures which are not 

limited to synthetic methods such as chemical vapor deposition, arc discharge, laser ablation, 

microwave-assisted synthesis, hydrothermal synthesis, and atomic layer deposition24-30 to name a few. 

Among these synthesis methods, microwave-assisted synthesis has several advantages such as rapid 

heating, fast processing, cleanliness, inexpensive, and economical infrastructure. Microwave heating has 

many merits over traditional heating which provides increased reaction kinetics due to its unique 

operation style. Rapid initial heating provides enhanced chemical reaction rate, which results in cleaner 

reaction products with higher yields,31-33 and is a productive route to nanostructuring of a range of 

oxides and carbons34. Volatile Organic Compounds (VOCs) such as liquid ammonia, benzene, acetone, 

ethanol, formaldehyde, benzaldehyde, methanol, toluene etc has attracted researchers, because they not 

only pollute the environment but also directly affect human’s health. In spite of that, VOCs are still used 

in industries to produce other chemicals and research purpose. The exposure to such hazardous VOCs is 

highly probable; hence, the advancement of sensors for early detection of flammable and toxic agents is 

necessary. The presence of high ammonia levels in the environment has adverse effects on human 

health. For example, it is the by-product of livestock or industry,35 which is non-controllable and its 

0.1% occurrence can cause long-term respiratory system disorder and a concentration ~0.5−1% can be 

lethal. Additionally, exposure to ~50 ppm ammonia level in air causes human health hazards such as 
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permanent blindness; lung and skin diseases etc.36 The detection of ammonia under ambient conditions 

using green technology for environmental pollution monitoring is a high priority. 

In the present work, we showed microwave-assisted synthesis of carbonized sugar (CS) using market 

quality sugar. This scalable and cost-effective method forms a carbonaceous product that is 

nanocrystalline, mesoporous, and exhibits a high surface area. In addition to the effectiveness in gas 

sensing applications, in presence of various oxidizing and reducing gases, the structure, morphology, 

porosity, pore-size distribution etc., has been detailed by physical analysis. The selectivity of a CS 

sensor was determined for various gases where CS was more selective to ammonia (NH3) gas allowing 

the transient response to be recorded to measure the overall response and recovery times. The gas 

sensing mechanism was proposed via its band structure. The NH3 sensing was studied at different 

concentrations to determine repeatability and stability. Finally, the results were compared with proposed 

theoretical model which further was confirmed from computational models designed specifically to 

probe of similar gas molecules such as NH3 and chlorine (Cl2) with CS (considered Graphene Oxide 

(GO) slab as Raman scattering spectrum and XPS analysis of CS closely matched with GO).   

 

2. EXPERIMENTAL 

2.1 Synthesis of Carbonized Sugar (CS) 

A typical method to synthesize CS includes periodic microwave heating of dry table sugar. Initially, 

dry table sugar was crushed in a mortar pestle (to form a powder) and transferred into a glass beaker. 

The powdered sugar was heated at 300-350 W power for 15-20 mins using microwave oven. The 

processed powder was black in color, which was then crushed followed by air annealing at 450 °C for 2 

h in an open ceramic crucible. The product yield was ~30% (~6 g) of the used synthesis material. The 

obtained black powder was observed to be insoluble in water, ethanol, methanol, benzene solvents at 

warm conditions (≤100°C) but still partially soluble in dimethyl sulfoxide (DMSO). The annealed 

powder was used for various characteristic measurements.  
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As per as synthesis of graphene oxide (GO) is concerned it was introduced quite a few decades ago by 

Brodie, Staudenmeier and Hummers et al.37 and still continue in use today with only slight 

modifications. Regrettably, both Staudenmaier technique and the Brodie methods generate ClO2 gas, 

which is highly toxic and has tendency to decay in air to produce explosions.38 The Hummers method 

with its comparatively shorter reaction time and lack of dangerous ClO2, is preferred by several research 

groups for preparing GO.  One disadvantage of this method is severe contamination by excess 

permanganate ions, which is supposed to be removed by treatment with H2O2 followed by washing and 

thorough dialysis.39 So we consider the microwave-assisted combustion method to synthesize the CS as 

a more facile, eco-friendly and cost-effective with compared to the above mentioned methods used 

while synthesizing commercial GO. Time consumption and an easy synthesis method are few 

advantages of this method over reported earlier and also commercially available GO. 

2.2 Characterization details 

The structure of CS was confirmed by X-ray diffraction (XRD, D8-Discovery Bruker, Cu Kα, 40 kV, 

40 mA) pattern, scanned from 20 to 80°. Field-emission scanning electron microscopy (FE-SEM, 

Hitachi, S-4800, 15 kV) along with energy dispersive X-ray analysis (EDX) analysis and high-

resolution transmission electron microscopy enclosed with SAED pattern (HR-TEM, Technai F20) were 

used to observe the surface morphology, grain-size and elemental configuration, respectively. X-ray 

photoelectron spectroscopy (XPS, VG Scientific ESCALAB250) was utilized to analyze the chemical 

composition and bonding status of the CS. The XPS spectrum of the CS was calibrated to the carbon 

peak C 1s at 284.6 eV. Raman spectrum was recorded on a WITec system within a Raman shift of 1000 

cm-1 to 2000 cm-1. The Brunauer–Emmett–Teller (BET) surface area was obtained using a Micrometrics 

ASAP2010 analyser in N2 environment with proper moisture removal from the sample by heating nearly 

200°C for 2 h. 

2.3 Sensor Measurements 

A schematic illustration of the sensor unit with a gas sensing experimental setup is shown in Figure 1. 

The gas sensor unit consists of a stainless-steel cylindrical chamber with 250 mL volume capacity. The 
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 7

cylindrical chamber consists of heater with PID controller to set the desired temperature. A voltage 

stabilizer is used to provide constant voltage to avoid the fluctuations in the temperature. The change in 

resistance of the sensor, due to the presence of target gas, can be recorded by using Computer assisted 6-

digit Keithley 6514 System electrometer. Keithley electrometer was coupled to the computer via RS232 

interface to record the change in resistance with respect to time. For gas sensor studies, pellets of 1.5 cm 

(diameter) and 0.5 mm (thickness) area were prepared using a hydraulic pressing machine. For electrical 

contacts silver paste, on the sensor pellet, was preferred. The target gases used in the experiments were 

obtained (Cryo gases Pvt. Ltd, Mumbai, India) in 0.5 L canisters with each of 1000 ppm concentration 

capacity with N2 as secondary component. The gas response was calculated from the following relation; 

��%� =
����	

��
× 	100 (1) 

where, Ra is the stabilized resistance of the sensor material in presence of air, Rg is the stabilized 

resistance in presence of the target gas. The desired concentration of ammonia gas was obtained by the 

static liquid gas distribution method, which was calculated by the following formula.40 

C	�ppm� =
22.4ρTV�

273MV
	X	1000									�2� 

where, C (ppm) is the desired target gas concentration; ρ is (g/mL) the density of the liquid; ’V’ is the 

volume liquid ammonia (µL), T is testing temperature (K) M is the molecular weight of ammonia (g 

mol-1), and V is the volume of testing chamber (L). In this work, the values of M, ρ, V and T are 17.03 g 

mol-1, 0.68 g cm-3, 0.250 L and 298 K, respectively. 

3. RESULTS AND DISCUSSION 

3.1 Surface morphology and structural elucidation 

The surface morphology of the CS was revealed by performing FE-SEM (Figure 2a) and TEM 

(Figure 2b). It was observed from the microscopy images that CS mainly comprises globular structures. 

Figure S1 shows the elemental analysis of CS which clearly had shown the presence of only C and O 

elements. The Figure 2c and Figure 2d presents images of HR-TEM and SAED pattern where irregular 

grains of 10-50 nm dimensions and nanocrystalline signature are clearly evidenced.  Obtained ~0.38 nm 
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 8

and ~0.28 lattice spacing’s are corresponding to the (002) and (100) planes, respectively, evidenced 

from ring diameter measured while scanning, of GO. The XRD pattern of the CS sample is  shown in  

Figure 3a, where two broad peaks at ~26° and 43° were indexed to the (002) and (100) (#JCPDS 41-

1487 for GO) planes, respectively.41 The lattice fringe widths corresponding to (002) peak of d-spacing 

0.37 nm and (100) peak of d-spacing 0.28 nm matched closely to the HR-TEM inter-planar distances. 

The Raman spectrum (Figure 3b) of CS demonstrated two characteristic bands at 1379 cm-1 (D-band) 

associated with sp3 and 1592 cm-1 (G-band) corresponding to sp2 graphitic configurations. The intensity 

ratio of the D-band over the G-band (ID/IG) was 0.75, which signifies the graphitic behavior of CS.42 

The FTIR spectrum (Figure 3c) shows broad and strong bands at ~3390 and 1090 cm−1 attributed to 

stretching vibrations and in-plane bending vibration of –OH/H2O. A weak band at ~2926 cm−1 

corresponds to the stretching vibrations of the C-H bond. Featured band at ~1622 cm−1 suggested the 

stretching of C=C. A relatively sharp band at ~1205 cm−1 confirmed stretching of –C-O or bending of 

alkyl groups. Band appeared at 618 cm−1 was assigned to C-H deformation. The assignment of all FTIR 

peaks was in good agreement with literature values43 for graphitic carbon. As shown in Figure S2, the 

XPS survey of the as-prepared sample demonstrates the presence of C and O without any additional 

impurities which is in accordance with EDX analysis. The de-convoluted high resolution C 1s XPS 

spectrum of CS is shown in Figure 3d. The calibration of C 1s peak at a binding energy of 284.6 eV 

corresponds to the sp2 carbon phase. The C 1s peaks fitted with three contributions; sp2 (284.6 eV), C-O 

(286.8 eV), C=O (288.9 eV) which exactly matched with the reported values of GO,44 so we propose 

that CS was similar to GO. The amount of oxygen in the CS can be explained by bonding of oxygen to 

defective carbon bonds. The N2 adsorption-desorption analysis was carried out to further demonstrate 

the specific surface area and porous nature of the prepared CS (Figure 3e). Hysteresis loop of the 

adsorption-desorption curves revealed the porous nature of the CS sample. The shape of the isotherms 

represented a type IV hysteresis according to the IUPAC classification as the relative pressure (P/Po) 

was > 0.3, exhibiting a typical mesoporous (10–50 nm) signature of CS. Consequently, the specific 

surface area of the CS was ~5.15 m2/g. Thus, the carbonization of sugar was an efficient method to 
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 9

produce porous carbon material with a mean pore-diameter of ~4.6 nm and a pore volume of ~0.0876 

cm3/g. 

3.2 Thermogravimetric analysis 

Thermogravimetric analysis (TGA, Figure S3) curve presents the weight loss of CS as variation of 

temperature at a heating rate, 1°C/min under N2 environment. Mass losses at two different temperatures 

are evidenced. The first one is minor weight loss (~ 4 wt.%) before 100 °C, probably due to evaporation 

of water molecules that are contained in the material.45 While, the second one is the major one  which is  

~49 wt.% between 200 and 500 °C,46 which corresponds to CO, CO2, and steam release10 from the most 

labile functional groups. Between 500 and 750 °C, CS confirms a slower mass loss which can be 

attributed to the elimination of more stable oxygen functionalities.47    

3.3 Electrical properties 

The electrical properties of CS sensor (pellet) were recorded as function of temperature (Figure 4).  In 

accordance with other studies48, the resistivity of the sensor dropped with increase of the operating 

temperature (Figure 4a). This drop in resistance was attributed with electron hole-pair formation. The 

increase in charge concentration as function of temperature was plotted and shown in Figure 4b. Due to 

an involvement of defective active sites, there was noticeable drop in resistance and increase in the 

charge concentration with temperature, demonstrating an n-type semiconductor behavior of CS sensor.  

3.4 Gas sensing properties 

The gas sensing properties were investigated by exposing the gas sensors to various concentrations 

(10 – 400 ppm) of NH3. The gas sensing principle is based on the change in the resistance of the sensing 

material, which is influenced by the adsorption-desorption process of target gas molecules via charge 

transfer processes. As-discussed earlier, the CS powder was used to make a pellet and its gas sensing 

properties were tested. The resistance of the CS pellet was stabilized before exposure to NH3. CS was 

exposed to various gases viz., NH3, CO2, NO2, Cl2 and H2S to a maximum of 100 ppm. The CS sensor 

exhibited good selectivity towards NH3 as compared to other gases (Figure 5a).  We observed that the 

sensor resistance decreased rapidly with NH3 exposure compared to the time taken to reach 
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 10

equilibrium/saturation. The sensor testing chamber was opened to external environment through a small 

opening without disturbing the pressure conditions to evaluate the recovery. We also evaluated the 

effect of operating temperatures on sensor performance for a fixed 100 ppm NH3 concentration in 

Figure 5b. It was clearly observed that the CS sensor demonstrated a maximum response of 50% to 100 

ppm NH3 at 80°C. At lower temperatures (≤80°C), adsorbed moisture water molecules could slow down 

the rate of adsorption of NH3 molecules, which might limit the response. At 80°C, the desorption of 

water molecules takes place and  the NH3 molecules could gain energy due to the thermal excitation and 

try to get adsorbed at the surface of CS. The higher temperatures (≥80°C) could restrain the gas 

adsorption by increasing the exploitation rate of the CS sensor. Secondly, the NH3 molecule is highly 

unstable at higher temperature which could result into lower response values. Therefore, the optimum 

temperature of CS sensor was fixed to 80°C and the same was applied in following measurements. The 

transient gas response time for ammonia sensing (for 90% change in resistance from its original value to 

its saturation) is shown in Figure 5c. The response and recovery time signatures depend on the rate of 

gas molecule diffusion to the surface (adsorption and desorption) and the associated reaction rate 

between the target gases molecules with the sensor element. The CS sensor exhibited a sensitive 

response of 50% to 100 ppm NH3 gas at 80°C temperature with fast response (180 s) and recovery (216 

s) times. On the exposure of NH3 to the CS sensor, the resistance of carbon decreased from 27.5 GΩ to 

13.5 GΩ in a response time of 180 s (Figure 5d). The response of CS as a function of time at various 

NH3 concentrations at 80°C is shown in Figure 5e and 5f. Furthermore, the CS sensor was able to detect 

a lower NH3 concentration up to 10 ppm with a response of 14%. The lower response implies less NH3 

molecules adsorption and sensing reaction at lower concentration. At high concentration, the better 

response was due to the greater number of NH3 gas molecules adsorbed to react. The repeatability study 

of carbon sensor was performed by repetitive gas response measurements at 100 ppm NH3 concentration 

and the corresponding results are illustrated in Figure 5g. The CS material helped to create a stable 

sensor for NH3 as which was evidenced when CS sensor was operated for seven days at a fixed 
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concentration of 100 ppm NH3 at 80°C (Figure 5h), a maximum initial response of 50% to 100 ppm 

NH3 was maintained and after seven days, a slight decrease in response to 48% was found.  

3.5 Gas sensing mechanism 

It is known that the gas sensing mechanism of semiconducting metal oxides principally depends upon 

the change in electrical resistance of sensing material, which is chiefly caused by means of the 

adsorption/desorption of target gas molecules on the top of sensor surface, upon the interaction of 

different target gases. Here, we consider that the NH3 sensing mechanism of CS sensor can be attributed 

to the surface adsorption phenomenon. As the CS sensor was exposed to air, oxygen molecules from air 

could adsorb on the CS sensor surfaces by trapping electrons form the conduction band of CS,  ensuring 

the formation of an electron depletion layer (Figure 6) with higher resistance. Adsorbed oxygen has 

temperature dependent character49 which is in O2¯ nature below 100 °C, O¯ in between 100-300 °C, and 

O2¯ above 300°C. When reducing NH3 gas molecules comes in the contact with CS sensor, the formerly 

adsorbed oxygen species interacted with the gas molecules by setting free the trapped e¯ back to the 

conduction band of CS sensor. In so doing, the resistivity of CS sensor decreased due to the reducing 

nature of NH3 which could lead to the reduction in the width of electron depletion layer (Figure 6). The 

probable sensing reaction mechanism could be as follows:50  

O2 (air)                           O2 (ads)                                                        (3) 

O2 (ads) + e¯                       O2¯ (ads)                                                  (4) 

NH3 (gas)   + 5O2¯ (ads)                        4NO + 6H2O + 5 e¯              (5) 

3.6 Humidity sensing activity  

The humidity-sensing of the present sensor was investigated by using the two-electrode film 

introducing to different relative humidity (RH) conditions. RH conditions were accomplished by 

saturated salt solutions at room temperature (27 °C). Figure 7a shows the resistance of CS sensor at 20% 

RH conditions. From the resistance curve, we found that the resistance of the sensor decreases with the 

relative humidity which confirms that the H2O molecules from the saturated salts are electron donors 

and results in n-type doping. The H2O molecules adsorbed on the surface of sensor alters the Fermi level 
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 12

nearer to the conduction band edge. Moreover, the humidity sensing mechanism is associated with the 

adsorption of H2O molecules on the surface of sensor material.51 The response time of 42 s and recovery 

time of 6 s are obtained for the CS-based sensor (Figure 7a). The quick recovery is attributable to the 

hasty desorption process of H2O molecules from the CS surface, and the sluggish response is as a result 

of hydrophilic surface of the CS resulting in slow adsorption of H2O molecules on the surface of CS 

sensor. The effect of different RH conditions on the sensor sensitivity is given in the Figure 7b, which 

confirms that the response of the sensor towards humidity increases with increase in the RH.52-56 

 

 

3.7 Gas sensor: Computational analysis  

Based on the gas sensing results, it was concluded that the carbon sensor exhibits NH3 sensing 

properties at lower temperature with quite good response and recovery time values. The experimental 

characterization of CS in present study was well matched with the reported GO.57, 58 Thus, we adopted a 

representative model of GO from the earlier reports and studied the gas phase interactions57 to 

determine the basis for the selectivity of CS towards NH3. The geometrical optimizations were carried 

out at M05-2X/6-31G (d) level using Gaussian09 software.59 The analytical frequency calculations were 

computed at the same level and the minimum on the potential energy surface was confirmed by all 

positive frequencies. The binding energy evaluation was determined according to BE = E(CS – G) - (ECS + 

EG) where, E(CS – G) , ECS and EG are the total energies of gas molecule-adsorbed CS, CS and gas 

molecule respectively. Among the above-mentioned gas molecules, highly selective reducing NH3 and 

poorly selective oxidizing Cl2 molecules were analyzed. The molecular electrostatic potentials (MEP) of 

the pure CS, CS -NH3 and CS -Cl2 were obtained and given in Figure 8. The charge polarization due to 

–O–, –OH and –COOH functional groups was clearly seen by keeping the rest of the part almost 

neutral. Hence, the gas molecule interactions were expected to be at these functional groups of CS. As 

expected, NH3 molecule has strong hydrogen bonding interactions to both the –OH groups with 0.1783 

nm and 0.2101 nm bond lengths, respectively. This results in a large binding energy of -15.0 kCal/mol. 
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and the associated charge polarization is clearly seen in the MEP representation. The relatively poor 

performing Cl2 molecule had a minimum effect on the electronic distribution within CS. This was 

resembled in the MEP picture and the associated binding energy was just -10 kCal/mol. Hence, the 

reducing NH3 molecules were identified via better interactions with CS compared to oxidizing Cl2 

molecules, which corroborates the sensitivity and response from resistance changes from charge transfer 

upon gas molecule binding to the CS surface. The sensor performance of the CS material was compared 

with reported data shown in Table 1. From this comparison, our CS sensor showed significant 

improvement in response and operating temperature over reported values of carbon-based sensors. Thus, 

the observed sensing properties of carbon derived from carbonized sugar makes it potential candidate 

for a low operating temperature NH3 sensor. However, the present response of the CS sensor is not that 

much convincing at lower temperatures, so we are trying to improve the response as a part of future 

investigations either by catalytic metal like silver, gold, palladium etc., nanoparticles. Owing to the 

observed gas sensing results we concluded that the microwave assisted synthesized CS sensor exhibits 

better-quality NH3 sensing properties at lower temperature with quite good response and recovery time 

values. In addition, CS sensor is able to detect a lower 10 ppm concentration of hazardous NH3 with 

considerable response. Thus, the observed sensing properties of CS sensor make it appropriate candidate 

for the detection of hazardous NH3 at lower temperatures. 

 

4. CONCLUSION 

In summary, CS was successfully synthesized from naturally abundant table quality sugar using an 

eco-friendly and cost-effective microwave-assisted synthesis method. As-synthesized CS was 

nanocrystalline and mesoporous with grain-sizes of 10-50 nm, and showed an excellent selectivity 

towards ammonia gas among the various oxidizing and reducing gases. The CS sensor displayed a high 

response of 50% to 100 ppm NH3 levels at 80°C. The lowest ammonia detection level was 10 ppm with 

a reasonable response of 14%. In all cases, we found good repeatability and stability for CS-based 
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sensors. Theoretical and computational modeling studies confirmed a preferentially larger binding 

energy to NH3, indicating its more favorable interaction with the carbon surface to that of other gases. 
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FIGURE CAPTIONS: 

 

 

Figure 1: Schematic representation of gas sensor experimental setup. 
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Figure 2: a) SEM shows the agglomerated nanoparticles arranged stack on top of each other. b) TEM 

shows the nanoparticles with smooth surface with average diameter 20-50 nm. c) HR-TEM image of CS 

showing clear fringes of ~ 0.38 nm and ~ 0.28 nm width. D) SAED pattern confirming the 

polycrystalline nature of carbonized sugar carbon. 
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Figure 3: a) XRD pattern of CS, b) Raman shift, c) FTIR spectrum analysis, d) XPS analysis: C 1s core-

level photoemission measurements of CS. e) Adsorption-desorption isotherms, and f) pore-size 

distribution plot for as-made CS. 
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a) 

 

b) 

Fig. 4: Electrical properties of CS sensor a) Variation of resistivity of CS with respect to temperature, b) 

Charge concentration in the CS sensor with respect to temperature. 
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Fig. 5: a) Selectivity of different target gases towards CS sensor, b) Response towards ammonia at 

various temperatures. c) Response and recovery plot of CS at 100 ppm of NH3, d) Change in resistance 

value of CS sensor on exposure to ammonia  e) and f) Effect of concentration on response of CS sensor 

at different concentrations dynamic and static, respectively, g) Response reproducibility, and h) Stability 

measurements of CS sensor. 
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Figure 6: NH3 sensing mechanism of CS sensor. 
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Fig. 7: Humidity sensing properties of CS sensor a) Variation of resistance of CS with respect to 20% 

RH, b) Response of the CS sensor with respect to various RH conditions. 

 

 

 

 

 

 

 

Page 21 of 33

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 22

 

Figure 8: Optimized geometries and molecular electrostatic potentials (MEP) (isovalue = 0.005) of; a) 

CS, b) CS -Cl2 and c) CS -NH3. MEPs have been plotted using Arguslab 4.0.1 code. 
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TABLES: 

Table 1: Comparison of responses of carbon, CNT’s and graphene-based sensors found in the literature 
(RT-Room temperature i.e. ≈27°C). 

 

Sensor Material 

 

Concentration (ppm) Response 

(%) 

Temperature 

(°C) 

Reference 

Functionalised SWCNT 50 20.2 27 60 

MWCNT–PEDOT:PSS 50 16 27 61 

Graphene/Polyaniline 500 10 27 62 

CNT 100 1.5 27 63 

Graphene/polyaniline 100 10 27 64 

BAX-CS1% 500 21 27 65 

PANI:CNT 30 40 27 66 

CS 100 50 80 This work 
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