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a b s t r a c t 

In this paper the first example of using C-dots (CDs) as sensing nanomaterial for monitoring low concen- 

trations of NO 2 in ambient air is reported. In the logic to support a green circular economy, CDs were 

prepared from a natural low cost precursor consisting in olive solid waste (OSW) by a simple pyrolysis 

process combined with chemical oxidation. Characterization data showed the formation of spherical CDs 

with dimensions in the narrow size range from 0.5 to 5 nm and charged with functional groups (COO- 

(carboxylate), C-O-C (epoxide) and C-OH (hydroxyl) imprinting excellent water colloidal dispersion. The 

nanomaterial was used to fabricate and test a conductometric gas sensor (CDs-sensor) that was found to 

exhibit excellent performances in terms of high and selective response to sub-ppm concentration of NO 2 

at low temperature (150 °C), low limit of detection (LOD) of 50 ppb, good reproducibility and stability 

over use and aging. To the best of our knowledge, this is the first example reported in the literature of 

CDs high performances gas sensing material. Results here presented pave the way for a new class of a 

carbon nanomaterial for gas sensing to be applied in the field of environmental monitoring. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Carbon dots (CDs) represent one of the most promising nano- 

aterial for many advanced applications due to their multifunc- 

ional properties deriving from their unique quantum confinement 
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nd edge effects [ 1 , 2 ]. They also exhibit high chemical stability and 

ood conductivity which, coupled with the very high surface area, 

an address effectively the use of CDs for sensing applications. In 

 recent review paper, the use of CDs for sensing towards sev- 

ral class of both organic and inorganic analytes has been exten- 

ively described [3] . However, most of the studies address sensing 

pplications focusing on both CDs fluorescence and electrochem- 

cal properties as transduction detection method. Target analytes 

ere mostly metal ions (Fe + 3 , Cu 

2 + , Hg 2 + , etc.) and electroactive 

bio)molecules (H 2 O 2 , dopamine, glucose, etc.) [3] . 

Surprisingly, no particular attention has been given to CDs as 

aterial for gas sensing that is one of the most important ap- 
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licative sector for environmental sustainability. Limited study ap- 

eared only very recently. In one paper, a CDs-based quartz crys- 

al microbalance sensor was used for the detection of gaseous 

ormaldehyde [4] . In another work, Shauloff et al. fabricated an ar- 

ificial nose based on CDs as the principle capacitance sensing de- 

erminant [5] . However, conductometric (resistive) sensors, which 

epresents the most suitable, practical and cheaper gas sensing 

echnology for monitoring a wide variety of gases [6] , based on 

Ds are not reported so far. 

In the environmental pollution, one of the most dangerous gas 

s nitrogen dioxide (NO 2 ) representing a relevant source of atmo- 

pheric pollution being a product of burning fossil fuel in industry, 

ower plants, houses heating, and car engines. It relevantly con- 

ributes to particulate matter, photochemical smog and acid rain 

nd it is very toxic for human health even at very low concentra- 

ions [7–10] . Therefore, sensitive, selective and easy to use sensors 

or NO 2 monitoring in both industrial and urban areas are strongly 

equired and today no satisfactory solutions are present [11] . In 

his respect, only one study has been reported for optical detec- 

ion (fluorescence) of NO 2 gas using a hybrid carbon nanodot func- 

ionalized aerogel (CDs/SiO 2 ,) tested in a pure nitrogen atmosphere 

12] . Also for the electrical detection, a single example describing 

 conductometric sensors uses a hybrid reduced graphene oxide- 

arbon dots (rGO–CD) sensing material has been described so far 

 13 , 14 ]. However, both above mentioned studies have practical lim- 

tations. Actually, CDs/SiO 2 fluorescence material has been demon- 

trated to work only in N 2 atmosphere, displaying a detection of 

imit of 250 ppb, which rule out its use for the low concentrations 

f NO 2 to be monitored in ambient air. In this respect, the Envi- 

onmental Protection Agency (EPA) has settled one-hour exposure 

o NO 2 at the level of 100 ppb. Further, these work are based on 

ensing layer obtained by complex and multi-step synthetic proce- 

ures for the preparation. 

In this work we present the first example of pure CDs sensing 

anomaterial exhibiting excellent performances towards NO 2 mon- 

toring in conductometric sensor architecture with selective and 

ensitive response up to sub-ppm concentrations of NO 2 in air. 

The CDs here used were obtained from olive solid wastes 

OSWs) raw material, an agricultural waste from the olive oil in- 

ustry, highly appealing from an economical point of view due 

o its abundance and low cost [15] . Actually, OSWs are produced 

n massive quantities during olive oil production and represent a 

aste with high pollution potential. Therefore, providing to its re- 

se is within the logic of the circular economy. The transforma- 

ion of OSWs in CDs here described leads to carbon nanoparticles 

aving very small particle size, which implies an extremely large 

urface-to-volume ratio and hence an elevated proportion of highly 

eactive sites. These features make these materials very appealing 

andidates for gas sensors material with high performance. Further, 

he easy processability of CDs enables the use of a facile integra- 

ion on a variety of sensing platforms made in plastics, ceramics, or 

ilicon, so offering different possibility for various practical applica- 

ions. Finally, due the lack of investigation on CDs for gas sensing, 

his study can also represent a stimulus for further investigations 

n these nanomaterials in the environmental sensor field. 

. Experimental section 

.1. Synthesis of carbon dots (CDs) 

The CDs were prepared according to the method reported in 

15] . Briefly, olive solid wastes (OSWs) (collected from Puglia –

taly) were purified from impurities by means of Soxhlet extractor 

sing water as a solvent. The purified OSWs then were pyrolyzed 

or 1 h at 600 °C to obtain a carbon-based material named as car- 

onized olive solid wastes (COSWs). 0.1 g of COSWs was dispersed 
2 
n 10 mL of 0.45 wt% H 2 O 2 aqueous solution and sonicated for 

0 min. The mixture was then refluxed for 90 min. When cooled 

own to room temperature, the brownish supernatant obtained 

fter centrifugation (9900 rcf for 20 min) was filtered through 

.2 μm microfilter and then dialyzed against MilliQ-water through 

 dialysis membrane (50 0–10 0 0 Da cutoff). When required the CDs 

olution was lyophilized to obtain a dry brown powder. 

.2. Morphological and surface charge characterizations 

Transmission Electron microscopy (TEM) analysis was per- 

ormed by JEOL JEM 1400-Plus microscope operated at an acceler- 

ting voltage of 120 kV, equipped with GATAN US10 0 0 CCD Cam- 

ra. Samples were prepared by drop casting of CDs solution on 

acey carbon film coated copper TEM grids. 

AFM images and profiles were acquired by multimode V AFM 

rom Bruker microscope on drop casted diluted CDs solution on 

ilicon substrates. 

ζ -potential measurements were conducted using a Malvern 

ano ZS90 Zetasizer at room temperature. 

Raman measurements were carried out using a Horiba Raman 

ploRA coupled with Olympus BX 41 with a laser excitation source 

t 532 nm (power 0.125 mW cm 

−2 ). 

.3. Cyclic voltammetry 

Cyclic voltammetry (CV) was carried to estimate the HOMO and 

UMO energy levels of the CDs and the band gap. The electrochem- 

cal measurement was performed by the electrochemical work- 

tation Autolab MSTAT204 Potentiostat/Galvanostat using a three- 

lectrode electrochemical cell with a glassy carbon (3 mm Dia.) 

orking electrode, an Ag/AgCl reference electrode, and a platinum 

ounter electrode (Pt wire) in a 20 mL acetonitrile solution con- 

aining 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF 6 ) 

s the supporting electrolyte and 1 mL of 1 mg/mL CDs solu- 

ion. Cyclic voltammetry of the sample was run at a scan rate of 

0 mV/s at room temperature. 

.4. Sensing tests 

Devices for the sensing tests were fabricated by printing thick 

lms of the C-dots powders dispersed in water on alumina sub- 

trates (6 mm × 3 mm) and provided by Pt interdigitated elec- 

rodes and a Pt heater located on the backside [8] . For the sensing 

ests, the sensors were introduced in a stainless-steel test chamber 

nd after an initial time of stabilization at the fixed working tem- 

erature in flowing synthetic dry air (20% O 2 in nitrogen), exposed 

o pulses of gas mixtures of selected composition. 

Electrical measurements were collected through a data acquisi- 

ion unit Agilent 34970A, while a dual channel power supplier in- 

trument Agilent E3632A was employed to bias the built-in heater 

f the sensor. The concentration of NO 2 was varied from 140 ppb 

o 2.8 ppm. The gas response, S , is defined as S = R/R 0 for NO 2 ,

here R is the electrical resistance of the sensor at different NO 2 

oncentrations and R 0 is the baseline resistance in dry synthetic 

ir. Dynamic characteristics, such as response time, τ res , defined 

s the time required for the sensor resistance to reach 90% of the 

quilibrium value after the target gas is injected and recovery time, 

rec , taken as the time necessary for the sensor resistance to reach 

0% of the baseline value in air, were also evaluated. 

. . Results and discussion 

CDs was produced by using OSWs as starting material (see 

cheme 1 ). First, the pyrolysis of OSWs at 600 °C for one hour has 

een carried to produce carbonized olive solid wastes (COSWs). 
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Scheme 1. . Schematization of the synthesis process of CDs. 
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he chemical oxidation of this intermediate material was employed 

o obtain CDs using H 2 O 2 as an oxidizing agent. Optimization of 

 2 O 2 concentration (0.45 wt%) led to CDs of low diameter with 

 production yield of 10%. H 2 O 2 is beneficial for breaking down 

he carbonaceous particles and extracting CDs with surfaces rich 

f oxygenated groups [15] . 

The morphology of the CDs obtained from OSWs has been in- 

estigated by TEM and AFM 

The HR-TEM micrographs show well dispersed nanoparticles 

ith good contrast and narrow size dispersion ranging from 1 to 

.5 nm as shown by the size distribution histogram drawn from 

EM images and an average size of 2.8 ± 0.6 nm ( Fig. 1 a and

). Similar dimensions have been obtained by AFM for the height 

f the CDs with a range of 0.5 to 5 nm having an average of 

.8 ± 0.9 nm, demonstrating that the particles have quasi-spherical 

orphology ( Fig. 1 c,d) 

The functional surface groups were investigated using FTIR 

pectroscopy ( Fig. 2 ). The peaks shown at 3424, 3236, 2923/2850, 

656, 1412, 1320 and 1116 and 1096 cm 

−1 are assigned to –OH, N- 

, C-H, C = O (carbonyl), COO- (carboxylate), C-OH (hydroxyl) and 

-O-C (epoxide) [ 16 , 17 ] groups, respectively. The presence of such 

unctional groups implies that the synthesized CDs have excellent 

ater-soluble colloidal dispersion [18] . It was also found that these 

ots are negatively charged with ξ -potential = 32 mV in 10 mM 

BS, the negative charge could be ascribed to the existence of oxy- 

enated functional groups [19–21] . 
Raman spectrum of the CDs sample is provided in the Fig. 

1 in the Supplementary Information. Weak D and G bands, at 

bout 1370 and 1590 cm 

−1 , respectively, can been recognized in 

he Raman pattern. Further, a very high photoluminescence back- 

round is also presents, covering the Raman signals and hindering 

A

3 
 deeper investigation. The photoluminescence background is likely 

ue to the existence of chemical groups on the surface of carbon 

ots, such as C = O and -NH 2 , and the presence of amorphous car- 

on. 

In terms of conduction properties, the synthesized CDs evi- 

ence a semiconductor behavior with a band gap of 1.55 eV, esti- 

ated from the difference between LUMO (-4.24 eV) and HOMO (- 

.79 eV) energy levels [22] . The HOMO – LUMO levels were calcu- 

ated from oxidation and reduction onset resulted from the cyclic 

oltammogram (see Fig. 3 a) using the Eqs. (1) and (2) : 

OME = −[ E onset,ox + 4 . 66 eV ] (1) 

UMO = −
[
E onset,red + 4 . 66 eV 

]
(2) 

here E onset,ox and E onset,red are the onset of the oxidation and re- 

uction potentials respectively [ 23 , 24 ]. 

The semiconductor behavior has been confirmed by analyzing 

he electrical resistance of thick films (around 10 μm) at different 

emperatures. The electrical measurements have been performed 

n the same platform used for the conductometric sensing tests 

 Fig. 3 b), with the aim to acquire also direct information on the 

ehavior of CDs as a sensing layer in the practical device. In the 

nset of this Fig. 3 b is noted CDs deposited as thick films by print- 

ng on the conductometric transduction device having a pair of in- 

erdigitated Pt electrodes on the ceramic substrate. 

The range of temperature investigated was between 50 °C and 

00 °C due to both the restrictions imposed by the very high resis- 

ance registered below 50 °C and the unstable and large baseline 

rift observed at temperatures higher than 200 °C. The trend of 

aseline resistance in this temperature range is reported in Fig. 3 c. 

t near room temperature, the resistance is out of the range of 
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Fig. 1. Morphological characterization of CDs: (a) HR-TEM micrograph, (b) TEM size distribution histogram, (c) AFM height micrograph, (d) AFM height profile, (e) AFM 

height distribution histogram. 

Fig. 2. FTIR spectrum of synthesized CDs. 
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easurement with our instrumentation. Increasing the tempera- 

ure, the resistance decreases, as expected by a semiconductor ma- 

erial. This behavior can be explained as follows: at low tempera- 

ure, free electrons are trapped by O 2 molecules as ionized species 

O 

− or O 

−2 ), generating a depletion layer (Schottky potential bar- 

ier); further, the grain boundaries at the contact between the very 

mall CDs might create additional potential barriers, increasing the 

lectrical resistance. Increasing the operating temperature, ther- 

ally generated electrons give the main contribution to the resis- 

ance decrease. However, as an additional process due to the ad- 

orbed O 2 molecules desorption from the CDTs surface upon in- 

reasing of the temperature, releases the trapped electrons and de- 

reases the resistance. 

On the basis of above described electrical characteristics that 

ake CDs to be full compatibles for their use in conductomet- 

ic platform for gas sensing, we have tested its performances in 

he monitoring of low NO 2 concentration in air. First, we evalu- 

ted the effect of operating temperature on the sensor response. 

ig. 4 a reports the variation of resistance for the CDs sensor sub- 
4 
ected to pulses of NO 2 at the concentration of 2 ppm in dry 

ir. 

From the above reported data, it clearly appears that the CDs- 

ased sensor is very sensitive to NO 2 gas exposure exhibiting a 

endency to a response enhancement with the temperature de- 

rease. However, by reducing the temperature, the recovery time 

ecomes longer (see Fig. 4 b) and this limits the practical applica- 

ion of the sensor. Therefore, the best balance between high re- 

ponse and faster dynamics can be settled at 150 °C. Fig. 5 a reports 

he resistance variation for the CDs sensor, at the optimal temper- 

ture of 150 °C, subjected to pulses of NO 2 at different concen- 

ration (from 140 ppb to 2 ppm) in dry air. The interaction among 

O 2 molecules and CDs leads to a linear variation of the resistance 

ith the nitrogen dioxide in the investigated concentration range, 

s highlighted in the calibration curve graph reported in Fig. 5 b. 

t is noteworthy the good reproducibility of the two reported cali- 

ration curves, registered by two diverse sensors fabricated by us- 

ng the same CDs. The resistance variations observed are well re- 

ersible; the response and recovery times are in the order of about 

50 s and 315 s, respectively. 

The interaction between the NO 2 molecule and CDs leads to a 

ecrease of the resistance at all temperatures and NO 2 concen- 

rations investigated, indicating that the CDs sensor has a p-type 

ehaviour. This finding can be attributed to presence of electron 

ithdrawing oxygen functional groups on the surface of CDs, as 

lso suggested by some authors for other colloidal quantum dots 

25] . 

The sensing mechanism can be described into the framework 

f general theory of p-type semiconducting gas sensors function- 

ng [26] . However, the true sensing mechanism of NO 2 on carbon 

aterials is still not fully understood and only hypotheses could be 

ormulated taking into account examples coming from CNTs and 

raphene as previous carbon nanostructures-based sensing mate- 

ial for NO 2 [ 27–29 ]. Here, we can suppose that the resistance of 

ensing layer decreases after adsorption of NO 2 gas molecule due 

o the direct adsorption/chemisorption of NO 2 on the CDs surface, 

hich is covered of adsorbed O 

− oxygen ions, the main surface 

xygen species present at the operating temperature of 150 °C. 

O 2 interacts with the chemisorbed oxygen ions on the surface 

nd extracts electrons. Indeed, NO 2 as an electron acceptor con- 

ume electrons, resulting in the increase of hole concentration. 
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Fig. 3. (a) Cyclic voltammogram versus Ag/AgCl reference electrode of synthesized CDs; (b) picture of the conductometric sensor probe; in the inset is shown the sensor 

head; (c) Baseline resistance vs. operating temperature trend. 

Fig. 4. (a) Resistance variation at different temperatures of CDs sensor subjected to pulses NO 2 at the concentration of 2 ppm. Inset shows the trend of sensor response 

with temperature; (b) Response/recovery time at different temperatures of the CDs sensor. 
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he depletion layer becomes thinner (low electrical resistance, see 

ig. 5 c) and therefore, electrical resistance decreases, as experi- 

entally observed. 

Above explanation is in according with data reported for other 

arbon nanostuctures, such as CNTs, were Schottky barrier modu- 

ation is the main detection mechanism postulated for gas sens- 

ng [30] . However, other sensing mechanisms cannot be excluded 

nd can be concurrently present, depending on many factors linked 

ainly to size of carbon nanostructures. Indeed, carrier trans- 

ort through the electrode-carbon particles is influenced by the 

article size and the width of the depletion region. In air, oxy- 

en is adsorbed at the active carbon sites, accepting electrons 

rom the conduction band and causing, depending on the size, 

 partial to fully depleted region devoided of mobile charge car- 

iers. The conduction mechanism is then governed by Schottky 

arriers at the grain boundaries, and grain control mechanism, 

espectively. 

For our CDs-based conductometric sensor, the sensing mecha- 

ism can be supposed to be related to limited charge transport 
5 
cross Schottky barriers. The conduction across Schottky barriers 

s regulated by thermoionic emission carrier transport, or less usu- 

lly, by tunnelling. Relevant to gas sensing is however that the ac- 

ivation energy for conductance is a function of the barrier height, 

hich is directly affected by the charge and fractional coverage of 

he surface species and, hence, a function of the composition of 

he gas surrounding the sensor. 

Selectivity to target gas, response reproducibility and stability 

re also important parameters of a sensor for the practical use. 

rom inset reported in Fig. 5 b is noted a very low response to- 

ard reducing gases (CO, NH 3 , CO 2 , CH 4 ), which implies that the 

ensor is also highly selective towards NO 2 . Experimental results 

ave also demonstrated a good signal reproducibility. Fig. 6 a shows 

he reproducibility test when the sensor was exposed to pulses of 

 ppm of NO 2 at 175 °C. A fairly stable response was observed for 

 period of approximatively three months (see Fig. 6 b). 

The good sensing properties (sensitivity, selectivity, stability) of 

he sensor towards NO 2 can be then explained with the character- 

stics of CDs synthesized. First, the large specific surface area of the 
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Fig. 5. (a) Transient response towards different NO 2 concentrations for the CDs sensor; (b) calibration curve towards NO 2 , whereas the inset shows the response to different 

gases; (c) schematization of the NO 2 proposed sensing mechanism on CDs-based conductometric sensor. 

Fig. 6. (a) Response of the sensor to consecutive pulses of 2 ppm of NO 2 ; (b) Sensor 

response evaluated for a period of approximatively 3 months. 
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ery small CDs provides many unsaturated sites with high reactiv- 

ty, maximizing the interaction with the target gas. As regarding 

he excellent selectivity towards NO 2 , it is associated to the surface 

tate of CDs. Indeed, other than addressing the semiconducting be- 

aviour, the chemical structure of the surface has the noticeable 
6 
unction to interact with the gases surrounding the sensor. In this 

ay, depending on the chemical nature on the CDs surface and 

aseous specie, the interaction will have a different strength and 

harge transfer. It seems then that the presence of the various or- 

anic groups on the CDs surface as indicated by FT-IR and XPS in- 

estigation can be relevant for NO 2 gas. In this perspective, it is in- 

eresting to note that it is possible to modulate the surface chem- 

stry of the C-dots by introducing new ligands. These modifications 

an change the interaction of CDs with the gas molecules, modu- 

ating then the selectivity of the sensor versus different gases. At 

ast, the long term stability of the sensor can be related to mild 

emperature (150 °C) chosen for sensing tests. This aspect is fun- 

amental in order to avoid thermal stress to sensing layer in gen- 

ral, and in particular in the case of CDs sensing layer, this mild 

emperature avoids to modify/degradate the labile surface groups 

n the surface of CDs. 

Finally, the sensing performances of the developed CDs-based 

ensor were also compared with previously reported conductomet- 

ic sensors based on other carbon nanomaterials (see Table 1 ). 

From this comparison, it is worthy to mention the outstanding 

ensitivity (3rd column in Table 1 ) of our nanomaterials. Further, 

his remarkable sensitivity and full and fast response/recovery of 

he signal is reached without the use of UV light. Once again, these 

omparative data confirm that the suitable carbon nanostructure 

btained improve the performance of conductometric device for 

onitoring NO 2 at part-per-billion levels. However, we plan to fur- 

her improve the performances of our materials by investigating in 

uture studies both the effect of possible surface functionalization 

f C-dots and also the optimization of film structure and morphol- 

gy. 

. Conclusion 

In summary, CDs here reported were produced by a simple py- 

olysis process combined with chemical oxidation from olive solid 

astes, a cheap and readily available natural precursor. Morpho- 

ogical and microstructural characterization indicated that these 

anometer CDs have a spherical shape with dimension ranging 

rom 0.5 to 5 nm. Further, the presence of charged functional 

roups (COO- (carboxylate), C-O-C (epoxide) and C-OH (hydroxyl), 
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Table 1 

Comparison of the NO 2 sensing performances of carbon conductometric sensors. 

Sensing material Limit of Detection [ppb] Response 1 /concentration Operating temperature Measurement range [ppm] UV light Reference 

SWCNTs 2 86 100/0.1 ppm 50 °C 0.1–10 no [30] 

Graphene oxide 0.21 10/1 ppm 150 °C 1–9 no [31] 

Aligned SWCNTs - 7/0.5 ppm RT 3 0.5–10 yes [32] 

S-doped graphene - 0.2/500 ppt RT 0.5–100 no [33] 

3D rGO 

4 186 0.1/1 ppm 22 °C 1–8 no [34] 

rGO - 37/5 ppm RT 5–100 no [35] 

CVD Graphene 4 3/1 ppm RT 1–20 yes [36] 

C-dots 50 140/0.7 ppm 150 °C 0.14–2 no This work 

1 Response (R) is defined as R = 100 ∗|R g -R a |/R a , where R a and R g are, respectively, the recorded signal in the absence and presence of NO 2 at the indicated 

concentration. 
2 Single-wall carbon nanotube; 
3 Room temperature. 
4 Reduced Graphene Oxide. 
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hich imprint excellent water colloidal dispersion properties, has 

een also highlighted. 

NO 2 sensing properties of CDs has been investigated showing 

xcellent performances in terms of sensitivity, selectivity, full re- 

overy after exposure and stability. Noteworthy, this study repre- 

ents the first evidence of using CDs sensing material for conduc- 

ometric gas sensor. Therefore, we expect that this study will pay 

he way for a large family of CDs produced by different natural 

ources to be employed as highly sensitive sensors. 
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