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Abstract

Colloidal quantum dots (CQDs) are promising building blocks for low-cost and high-performance gas sensors due to their excellent solution processability and extremely small size. Among chalcogenide CQDs, PbSe has
a large exciton Bohr radius and exhibits strong confinement energies, facilitating the fast charge-carrier transport. However, CQDs-based devices are susceptible to degrade due to the poor stability of CQDs. Here, in order to
obtain air-stable PbSe CQDs for gas sensing application, we synthesized PbSe CQDs using a cation exchange method with in situ chloride and cadmium passivation. The sharp absorption peak in UV-vis absorption spectra
confirmed strong quantum confinement in the PbhSe CQDs and their average diameter was estimated to be 2.87 + 0.23 nm. To construct gas sensors, PbSe CQDs were spin-coated onto ceramic substrates and then Pb(NO;),
treatment was carried out to remove the long-chain ligands surrounding PbSe CQDs. At 25 °C, the sensor was highly sensitive and selective to NO, with a response of 22.3 at 50 ppm and a fast response time of 7 s. Moreover,

the sensor response showed a 85.2% stability as the time increased up to 20 days, suggesting the potential applications of PbSe CQDs for NO, monitoring at room temperature.
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1 Introduction

Highly sensitive gas sensors for detecting tiny amounts of toxic and hazardous gases play a vital role in our daily life for public safety, industrial processes, medical diagnosis, and continuous monitoring of environmental

pollution [1,2]. To date, worldwide effort has been made to develop reliable gas sensors with high sensitivity and selectivity, and rapid progress has been achieved driven by the emerging nanoscience and nanotechnology [3-5].

Recently, low-dimensional nanostructured materials with tailored structures have expressed great potential for serving as the sensing layer of gas sensors [6-9]. Their performance can be significantly enhanced through
reducing the dimension of the gas-sensing materials. Specifically, zero-dimensional nanoparticles were extensively used to make gas sensors because of their unique electrical and optical properties. For example, Pd nanoparticles [10]
were used in surface acoustic wave H, sensor, ZnO [11] and BaTiO; [12] nanoparticles were used for detection of formaldehyde and H,S, respectively. However, one of the major challenges faced in the development of nanoparticle-

based gas sensors is the difficulty in obtaining various sizes of nanoparticles below 10 nm as well as the lack of precise control of their size distribution, because smaller particles are expected to have more gas adsorption sites.

Colloidal quantum dots (CQDs), semiconductor nanoparticles synthesized and suspended in the solution phase, display certain merits due to their special structures and properties. First, being highly tunable material, CQDs
possess flexible adjustability of sizes, with advantages of extremely small size and narrow size distribution [13]. Second, the grain size of CQDs is comparable with the Debye length, facilitating the fast transfer of the charge and
superior gas-sensing properties compared with their bulk counterparts. These are mainly due to the small-size effect in which decreasing crystal size can achieve much larger surface areas which facilitates the gas adsorption [14].
Third, the solution processability of CQDs enabled it to be self-assembled into thin-film quantum dot solids, in which the size and quantum confinement of CQDs can be conserved. These features make devices based on CQDs very
promising for the construction of thin film gas sensors. In our previous work, much of the progress in chemiresistive gas sensor was based on lead sulfide (PbS) CQDs because of their well-developed synthesis techniques [15-18].

However, there is currently considerable interest in extending this work to other lead chalcogenide CQDs.

Among the lead chalcogenide family, lead selenide (PbSe) have long been known as versatile functional materials for applications in electronic circuitry [19], field-effect transistors [20], solar cells [21] and photodetectors [22]
due to its attractive photoelectric properties. With the small bulk bandgap of 0.28 eV [23] and large exciton Bohr radius of 46 nm [24], which is twice higher than that of PbS (18 nm), PbSe CQDs attain a strong confinement of the
electron-hole pair and should induce a significant wave function leakage. Therefore the electronic coupling between adjacent CQDs could be enhanced, facilitating the charge-carrier transport [25]. What's more, the electronic
properties of PbSe CQDs that measured macroscopically could sensitively make changes at CQDs surface [26], favoring for high response upon the presence of specific gases. However, PbSe has not been explored as a gas sensing

material, although there are literatures using CdSe [27,28], ZnSe [29] and SnSe [30] in gas sensing applications.

In this study, we demonstrated PbSe CQDs-based gas sensors for room temperature NO, detection. Noted that CQDs are highly susceptible to oxidation when exposed to ambient air for a long term, making the performance of
CQDs-based devices tend to quickly degrade. Thus, to improve the air stability of CQDs, here we synthesized the PbSe CQDs through a cation exchange reaction that converts CdSe CQDs directly into PbSe CQDs with in situ chloride

and cadmium passivation. Impressively, gas sensor devices based on PbSe CQDs exhibited high sensitivity, superior selectivity, full reversibility and good long-term stability to low concentration of NO, gas.

2 Experimental details

2.1 CQDs synthesis and sensor fabrication

The PbSe CQDs were synthesized via a cation exchange route with some modifications [31]. We first synthesized CdSe CQDs through a hot-injection method as follows: The Cd precursor was made by dispersing 0.512 g CdO in
3.5 mL oleic acid (OA) and 30 mL 1-octodecene (ODE), and then the solution was heated at 260 °C for 20 min. The Se precursor was prepared by dissolving 0.315 g Se powder into 10 mL ODE, then the solution was sonicated for 5 min
to form a uniform dispersion. When the solution of Cd precursor was cooled down to 220 °C, the heating mantle was removed, and 5 mL of Se precursor was rapidly injected. After the injection, the solution in the flask was transferred

into a cold water bath to be cooled down to room temperature. The product (CdSe CQDs) was rinsed for three times using hexane, chloroform and ethanol, and finally dispersed in 10 mL ODE.

After that, 0.84 g PbCl, was dissolved in 10 mL oleylamine (OLA) to obtain the Pb precursor. The solution was degassed under vacuum at 80 °C and then heated to 150 °C under nitrogen atmosphere for 30 min. Then, 5 mL of
CdSe CQDs dispersed in ODE was swiftly injected into the Pb precursor, which produces black-brown precipitates. The reaction flask was immersed into a cold water bath and allowed to cool down to 80 °C, then 10 mL hexane was
added. When the temperature was further cooled to 30 °C, 8 mL OA was added and the solution was stirred for 15 min. Finally, the precipitates were washed for 2-3 times using hexane and ethanol, and then dispersed in octane at a

concentration of 50 mg/mL.



Preparation processes for the PbSe CQDs synthesis and film fabrication were schematically shown in Fig. 1. To fabricate gas sensor, alumina ceramic plate with a dimension of 15 x 15 x 0.8 mm was used as the substrate which
was pre-patterned with interdigital Ag electrodes. The film was deposited using layer-by-layer spin coating method followed by the ligand exchange treatment as explained below. Briefly, a few drops of PbSe CQDs solution were
dropped onto the substrate, which was then spun at 2000 rpm for 15 s. Then the obtained PbSe CQDs film was soaked with Pb(NO;), solution (10 mg/mL in absolute methanol) using a dropper for ligand exchange for 45 s. The
Pb(NO;), solution was spun at a speed of 2000 rpm in order to dry the solvent. This soaking-dry treatment was repeated twice. Finally the film was washed by absolute methanol for three times. To make the final sensor devices, the

film deposition and ligand exchange treatment processes was repeated again and resulted in two-layered PbSe CQDs films.
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Fig. 1 Schematic diagram illustrating the process from PbSe CQDs synthesis to sensor fabrication.
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2.2 Characterization

X-ray diffraction (XRD) measurements were performed using a diffractometer (MAXima XXRD-7000, Shimadzu, Japan) with Cu K « radiation in the 2-theta range of 10°-80°. High-resolution transmission electron microscopy
(HRTEM) images were obtained using JEOL 2100F microscope with an accelerating voltage of 200 kV. UV-vis absorption spectra were obtained using a PerkinElmer Lambda 950 UV/Vis/NIR spectrophotometer. The photoluminescence
(PL) spectra were measured with an Edinburgh FLS 980 fluorescence spectrometer at the excitation wavelength of 532 nm. Fourier transform infrared (FTIR) spectroscopy analysis of the CQDs films deposited on quartz glass substrate
was conducted with a Bruker Vertex 70 infrared spectrometer. Surface morphologies of the PbSe CQDs films were characterized using a scanning electron microscope (SEM, Zeiss Supra 55). Surface elements and chemical states of
the PbSe CQDs films were characterized using X-ray photoelectron spectroscopy (XPS) with an AXIS-ULTRA DLD-600 W system (Kratos, Japan). The electrical properties of the PbSe CQDs film was measured at room temperature by
the Hall Effect measurement (ECT, ET-9000). The sample was deposited on a quartz glass substrate of 1 cm x 1 cm size. Four metal circular dots were deposited on four corners of the film for better contact with the probe. Solartron

impedance analyzer (Model: 1260) in the frequency range of 1 Hz-1 MHz was used for impedance measurement.

2.3 Measurement of gas sensing properties

Gas-sensing properties of the sensor were evaluated using a CGS-4TPs intelligent gas-sensing analysis system under laboratory conditions (50 + 10 RH%, 25 = 1 °C). The sensor was put into the test chamber which was initially
filled with fresh air. When the resistance of the sensor was stable, target gas with desired concentrations determined by the volume ratio was injected into the chamber using syringes. The target gas used in the study was mixed by
NO, and N, gases both with the high purity of 99.9% and the volume ratio of NO, and N, was 1:49. As the sensor resistance reached a constant value, the chamber lid was then opened to allow the sensor resistance to be recovered in
the air. The response of the gas sensor is defined as R,/R,, where R, is the resistance of the sensor in air (base resistance) and Rg is the resistance of the sensor in the target gas. The response time was defined as the time taken by the

sensor to achieve 90% of the total resistance change in the case of gas adsorption. Similarly, the recovery time was defined as the time taken by the sensor response to reduce to 10% of its maximal value in the case of gas desorption.

3 Results and discussion
3.1 Optical, structural and morphological characteristics

As described in Section 2, we first synthesized the brilliant yellow CdSe CQDs dispersed in ODE, and then it was injected into a hot PbCl,/OLA mixture that promoted direct cation exchange of Cd?* for Pb?* in a single reaction
step. Finally, the dark brown PbSe CQDs solution well-dispersed in octane was obtained. The UV-vis absorption spectra of the solutions were shown in Fig. 2. The PbSe CQDs (Fig. 2a) exhibited a clearly shifted band edge absorption

peak centered at 950 nm and the corresponding average diameter was estimated to be 2.87 nm, according to the following equation proposed by Zou et al. [32]:



d (1) = (A —143.75) /281.25 N

where d and 4 were the diameter and absorption peak of the CQDs respectively. To further estimate its size distribution, we took 50 data points varying between 860 and 1005 nm from the absorption spectra and calculated the
corresponding sizes according to equation 1. Then the corresponding size distribution histogram was plotted in Fig. 2b and fitted using Gaussian function. Based on this estimation, the average value of the particle diameter of PbSe
CQDs was 2.87 nm with a standard deviation of 0.23 nm, yielding a relatively narrow size dispersion of 8%. In addition, the PbSe CQDs synthesized in this paper showed a prominently widened band gap of 1.30 eV compared to its bulk
band gap (0.28 eV) and thus confirmed the quantum confinement feature of the as-synthesized PbSe CQDs. Fig. 2c showed the absorption spectra of the CdSe CQDs. The maximum intensity peak observed for the sample corresponded

to a wavelength of around 465 nm, which could be attributed to the exciton state of 1S;,-1S, [33]. Excitonic absorption due to the exciton state of 2S,,,-1S, (375 nm) and 2S3/,-1S, (430 nm) were also shown in Fig. 2c. The size of the

CdSe CQDs was determined to be about 2.1 nm by using the sizing curve given by Peng et. al [34].
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Fig. 2 (a) UV-vis absorption spectra and (b) Histogram of size distribution and fitting of the as-prepared PbSe CQDs, (c) UV-vis absorption spectra of the as-prepared CdSe CQDs.
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Fig. 3 showed the XRD pattern of the as-synthesized PbSe CQDs powder. The positions of the diffraction peaks at 26 = 25.16°, 29.14°, 41.68°, 49.33°, 51.66°, 60.41°, 66.49°, 68.48°, 76.08° can be assigned to the scattering from
(111), (200), (220), (311), (222), (400), (331), (420) and (422) planes of the cubic PbSe structure respectively, which were well consistent with the standard card (JCPDS No. 06-0354) of the cubic phase PbSe. The XRD pattern of the

starting CdSe CQDs to those of the final PbSe CQDs was also compared and no evidence of residual CdSe was found, indicating that the CdSe CQDs were fully converted to PbSe CQDs during the direct cation exchange reaction.
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Fig. 3 XRD patterns of the as-prepared PbSe and CdSe CQDs.

HRTEM were employed to further analyze the interior microstructure of the as-synthesized samples. Fig. 4a and b represented the HRTEM images of PbSe and CdSe CQDs, respectively. Nearly spherical and uniformly
distributed crystals could be observed. The average particle sizes calculated from the micrograph were found to be 2.8 + 0.3 nm and 2.2 + 0.2 nm for the PbSe and CdSe CQDs respectively, which were consistent with the UV-vis
results. The well-developed lattice fringes could be clearly observed in Fig. 4c and d, suggestive of the highly-crystallized single crystalline nature of the PbSe and CdSe CQDs. The lattice constants calculated from the lattice fringes in

Fig. 4c and the fast Fourier transform (FFT) pattern were 0.35 nm and 0.30 nm, which were corresponding to (111) and (200) crystal planes of lead selenide and in a good agreement with the XRD results.
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Fig. 4 HRTEM images of the as-prepared (a, c) PbSe CQDs and (b, d) CdSe CQDs. Inset was the corresponding FFT pattern.

3.2 Characterization of PbhSe CQDs film

In the synthesis of PbSe CQDs, OA and OLA were used as the surface ligands which could avoid agglomeration of CQDs and enable their solution processability in octane. Therefore, the surface of the as-synthesized PbSe CQDs
were capped by abundant OA and OLA ligands, which can be confirmed from the FTIR spectra. The as-prepared PbSe CQDs film (untreated, black line in Fig. 5a) was fabricated on the quartz glass substrate for FTIR analysis. The

transmittance peaks at 2850-2920 cm~! characteristic of the aliphatic C

H stretching bands could be observed, suggestive of the presence of OA and OLA ligands in the as-synthesized PbSe CQDs. However, these organic ligands with long hydrocarbon chains were generally unwanted in the sensor



fabrication, since they might act as an insulating layer between semiconductors and electrodes and thus hinder both the carrier transfer and gas adsorption [35]. Therefore, in order to remove the OA and OLA ligands capped on the

PbSe CQDs surface, we conducted a simple surface ligand exchange treatment in the film deposition process of CQDs, similar to our previous work [15]. In this paper, the short inorganic ligand of Pb(NO;), was employed for exchange

of those long-chain ligands. Fig. 5a (red line) demonstrated significant reduction in the C

H stretching peaks at 2854, and 2929 and 2961 cm™! for the Pb(NO,),-treated PbSe CQDs film, indicating that most of the OA and OLA ligands were successfully removed by this surface inorganic ion treatment and thus the
CQDs film was allowed to be fully exposed to the target gas molecules. Fig. 5b displayed the absorption spectra of the untreated and Pb(NO;),-treated PbSe CQDs films. It indicated that the excitonic absorption peak remained after the
ligand exchange treatment and its peak position at 950 nm was almost identical to the untreated film. These clearly confirmed that the Pb(NO;), treatment could remove the OA and OLA ligands as well as conserve of the strong

quantum confinement and band gap in the prepared PbSe CQDs film.
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Fig. 5 (a) FTIR spectra, (b) absorption spectra, (c) survey XPS spectra and (d) Pb 4f core-level XPS spectra of the untreated and Pb(NO3),-treated PbSe CQDs films.
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The surface elements and chemical states of PbSe CQDs film after Pb salt-exchange treatment were examined using XPS analysis. The survey XPS spectra were shown in Fig. 5c, which showed that the main constituent
elements of the samples were Pb, Se, C and O. The detected C and O were due to oleate residual and CO, contamination [15]. The atomic ratio of Pb to Se was founded to be 1.13 and 1.42 for the untreated and Pb(NO;),-treated PbSe
films respectively. It revealed that abundant Pb cations binding on the CQDs surfaces were introduced through Pb(NO;,), treatment and thus resulted in an increase of the amount of Pb. As shown in Fig. 5d, the Pb 4f core-level spectra
for the untreated sample exhibited two well-defined and symmetric peaks centered at 137.4 and 142.2 eV. They were corresponding to Pb 4f,, and 4f;,, respectively, consistent with the spectral values for PbSe [36].The characteristic
spectral peak attributed to the Pb 4f associated with PbO and Pb;0, centered at around 138.8 eV were not observed in the result, indicating the purity of the prepared PbSe film [37]. There was no obvious shift in the peak position of

Pb 4f after Pb(NOj;), treatment, suggesting that there was no apparent changes of the chemical environment of Pb with the treatment procedure.

The top-view SEM images shown in Fig. 6 compared the surface morphologies of the PbSe CQDs films before and after the solid-state ligand exchange treatment. There were clearly significant changes in the surface
morphologies. The untreated-PbSe film showed the tightly distributed spherical grains on the whole surface. After Pb(NO;), treatment, these grains became separated and some small cracks were observed among them, resulting in

porous morphology. This was easily explained by the volume shrinkage induced by the removal of the bulky OA and OLA ligands. The obtained porous morphology would be advantageous for gas sensing applications since porous

microstructure is helpful for the gas adsorption and diffusion.



Fig. 6 The film morphology of the (a, b) untreated and (c, d) Pb(NOj3),-treated PbSe CQDs films.
3.3 Gas-sensing properties

Fig. 7a showed the real-time resistance changes of the Pb(NO;),-treated PbSe CQDs sensor toward 50 ppm NO, at 25 °C, 50 °C, 75 °C and 90 °C. As the temperature increased, both the base resistance and sensor response
decreased. When the temperature exceeded 75 °C, the sensor did not respond to NO,. The response of the sensor to 50 ppm NO, was the highest at 25 °C and thus, we chose 25 °C as the optimal operation temperature. The repetitive
cycles of resistance variation of the sensor toward NO, with the fixed concentration of 50 ppm at 25 °C were demonstrated in Fig. 7b. Initially, the sensor showed a relatively stable resistance of 38.6 MQ in air, after the supply of NO,
gas into the test chamber (i.e., the adsorption of gas on the sensor surface), the resistance decreased rapidly and reached a saturated value. After the NO, gas was stopped followed by the supply of fresh air by opening the chamber lid
(desorption), the sensor resistance gradually returned to its original position, indicating the full baseline recovery. The corresponding response curves of the sensor were presented in Fig. 7c. The sensor exhibited a good repeatability
after repeated testing cycles, as the sensor showed a nearly constant amplitude of the initial response without any obvious changes after consecutively three tests exposing to the same NO, concentration. The response of the PbSe
CQDs sensor to 50 ppm of NO, gas was calculated to be 22.3, with the response and recovery times of 7 s and 39 s respectively, which showed an extremely high response and fasted response/recovery speed compared to the other NO,
sensors based on metal sulfide or selenide semiconductors reported in literatures (see Table 1). Therefore, PbSe CQDs can be used as a promising gas sensor material toward oxidizing NO, gas at room temperature. The small particle

size and high surface-to-volume ratio of PbSe CQDs as well as its porous film morphology might guarantee the high sensitivity and fast response speed.
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Table 1 Comparison of the sensing properties of our PbSe CQDs sensor and the other NOp sensors based on metal sulfide or selenide semiconductors reported in literatures.
alt-text: Table 1

Materials T (°C) NO, (ppm) Response Tres/trec (S) Ref.
PbSe CQD 25 50 22.3 7/39 This work
PbS film 38 100 ~1.74 20/>1000 [38]
CdS film 38 100 ~1.61 50/720 [39]
SnS crystals 25 1 ~1.6 - [35]
SnS, flakes 120 10 ~36 ~170/~140 [40]
ZnSe nanowire 2 5 3.34 ~80/~40 [29]
ZnS nanowire 300 5 ~2.63 72/68 [41]

Fig. 8a further exhibited the response performance of the PbSe sensor to different NO, concentrations of 100, 70, 50, 30, 20, 10, 5, 10, 20, 30, 50, 70 and 100 ppm in sequences. Evidently, the response sensitivity firstly showed
a step-wise decrease with decreasing NO, concentrations, followed by an increase with further increase in the NO, concentrations. The sensor response, response and recovery times of the forward and backward cycles were compared

and shown in Fig. 8b-d. Results showed a good repeatability when the sensor was tested at different NO, concentrations. Due to its nonlinear nature of the curve, the calibration curves and the experimental data of the response values

could be fitted and the results were listed as follows:

Brorwara = —14.48 % exp (—Cropyara/24.77) +25.67 )
Brackward = —13.30 s exp (—Ciyewara/27.92) +24.37 3)



where f is the sensor response and C is the concentration of the NO, gas. The correlative coefficient R?> was 0.99259 and 0.99214 for the forward and backward cycles, respectively, indicating the excellent exponential

relationship. The results can be applied in the quantitative measurements of NO, concentration.
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Selectivity histogram for the PbSe CQDs sensor was investigated by exposing the gas sensors to different types of gases with a fixed concentration of 50 ppm, including nitrogen dioxide, sulfur dioxide, hydrogen, hydrogen

sulfide and ammonia. The results were shown in Fig. 9. Obviously, the sensor showed superior selectivity to NO, against other interference gases.
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Fig. 9 Selectivity of the PbSe CQDs gas sensor.
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3.4 Long-term and humidity stability of the PbSe CQDs sensor

To evaluate the long-term stability of the sensor in atmospheric conditions, we conducted the stability measurement of PbSe CQDs sensor performed over a period of 20 days under laboratory conditions (50 = 10 RH%,
25 = 1 °C). The sensor were relatively stable with a variation of about 14.8% of the sensor response after repeated exposure to 50 ppm of NO, gas for 20 days (Fig. 10a), which might due to the air-stability of the PbSe CQDs itself. Then
we further verified the stability of PbSe CQDs solutions and Pb(NOj;),-treated PbSe CQDs films by tracking the position of the first exciton absorption peak over time. As shown in Fig. 10b, the PbSe CQDs synthesized via cation

exchange were quite stable in air when stored in octane for 20 days, as its position of the absorption peak and the full width at half maximum (FWHM) were well remained. This was attributed to the chloride passivation and thus



prevent oxidation [31]. However, for the Pb(NO,),-treated PbSe CQDs film, a 10-nm blue shift of the absorption peak was observed after 20 days. We speculated that the blue shift resulted from the surface etching when the PbSe film
was exposed to air for a long time, while it did not lead to great changes in the sensor response. The gas sensing performance of the sensor to 50 ppm NO, at different humidity conditions were further measured in Fig. 10c. The relative
humidity (RH) values were controlled by filling a N, gas flow passing through saturated aqueous solutions of different salts of CH;COOK, Mg(NO;),, NaNO,, and KNO; at 25 °C, which yielded 22%, 54%, 74% and 93% RH, respectively.
Fig. 10d showed the effect of relative humidity on the NO, response and response time. The gas response decreased while response time increased as the increasing relative humidity. This observation may be explained that at a high

relative humidity, water molecules adsorbed on the surface of PbSe CQDs, occupying the active sites and blocking off the apertures [42,43]. As a result, the adsorption and diffusion of NO, molecule were interfered, resulting in lower

and slower sensor response.
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Fig. 10 (a) Long-term stability of the PbSe CQDs gas sensor. (b) Absorption spectra of the as-prepared PbSe CQDs solution and Pb(NO3),-treated PbSe CQDs film, and those placed in air for 20 days. (c) Response curves of the PbSe CQDs sensor to 50 ppm NO, at different relative

humidity at 25 °C. (d) Gas response and response time as a function of the relative humidity.
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3.5 Sensing mechanism

To understand the mechanism underlying the NO,-sensing properties of the PbSe CQDs gas sensor, we first conducted Hall effect experiment to determine the type of the Pb(NOj;),-treated PbSe CQDs film. Table 2 showed the

obtained Hall measurement values. The positive sign of Hall coefficient confirmed that our PbSe CQDs film was a p-type semiconductor with holes as majority carriers, which was in accordance with the literatures [44,45].

Table 2 Hall effect measurement values for the Pb(NO3)p-treated PbSe CQDs film.
alt-text: Table 2

PbSe CQD Resistivity (Q cm) Carrier concentration (cm-3) Mobility (cm2V-1 s-1)

8 x 1011 +4 x 1019 2 x 10-3
Then, in order to understand the interaction of the p-type PbSe film and NO, gas molecules, we compared XRD and XPS data of the samples before and after NO, soaking (in 100 ppm NO, for 12 h to make a more harsh
condition). As shown in Fig. 11, neither the XRD pattern nor XPS spectra exhibited detectable variation after NO, soaking. The peaks in XRD patterns were accorded with cubic PbSe (JCPDS No. 06-0354); the corresponding binding

energies of Pb 4f and Se 3d peaks were in accordance with pure PbSe. The results suggested that PbSe CQDs were hard to be oxidized in the presence of NO, at room temperature. Thus, we speculated that the involved sensing

mechanism might not originate from the direct chemical reaction between NO, and PbSe, but the charge transfer generated by electron extraction from PbSe grains [46].



a —— After NO, soaking b ——After NO, soaking
— —— Before NO, soaking —Before NO, soaking Pb 4f
T 5
- T g -
= =3 3
© / § gt sy o
— ™8 & =8 & —
- e 8 B8 §| 2
2 @
= j =
] 2
= £
10 20 30 40 50 60 70 80 147 144 141 138 135
26 (degree) Binding Energy (eV)
c )
——After NO, soaking
——Before NO, soaking
Se 3d
5
8
oy
‘8
t —
2
£
60 58 56 54 52 50

Binding Energy (eV)
Fig. 11 (a) XRD patterns, (b) Pb 4f core-level XPS spectra and (c) Se 3d core-level XPS spectra of the Pb(NO3),-treated PbSe CQDs films before and after NO, soaking (100 ppm, 12 h).
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Impedance spectroscopy is a powerful technique to provide insight information about interaction between sensor surface and target gases. The impedance spectra of Pb(NO;),-treated PbSe CQDs sensor before and after
exposure of 100 ppm NO, at room temperature were shown in Fig. 12a. The obtained experimental data were analyzed by using the equivalent circuit presented in the inset of Fig. 12a, which contained a frequency independent
resistance R, and a pair RC networks (R;-bulk resistance, C;-bulk capacitance, R,-grain boundary resistance, C,-grain boundary capacitance). Values of various parameters obtained from impedance spectra were given in Table 3. On
exposure to 100 ppm NO, gas, R, and R, decreased while C; and C, increased, which mainly attributed to the reduction in the depth of depletion layer and height of potential barrier at grain boundaries after exposure of NO, [47,48].
PbSe grains contained considerable fraction of adsorbed oxygen at grain boundaries which trapped electrons from the grains of PbSe and resulted in the forming of barrier to electron transport. On the interaction of PbS film with NO,
gas, adsorbed oxygen on the grain boundary of the PbSe film could be easily kicked out by NO, gas due to the electron withdrawing nature and higher electron affinity than oxygen [46,49]. The coming NO, gas trapped electrons from

p-type PbSe sensor and led to an increase in charge carrier density (holes), consequently, decreasing the sensor resistance.
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Fig. 12 (a) Impedance spectra of Pb(NO3),-treated PbSe CQDs sensor before and after exposure to 100 ppm NO, (The scattered points represented the obtained experimental data and the solid red lines represented the fitting data). Inset showed the equivalent circuit used to
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Table 3 Parameters calculated from equivalent circuit to fit the impendence spectra.

alt-text: Table 3

R, (kQ) R, (MQ) C, (UF) R, (MQ) C, (UF)
Unexposed 1 2.8 22 12.2 13

Exposed to 100 ppm NO, 1 1.5 44 0.4 21

Next, we turned our attention to the characterization of PL to study the charge transfer between NO, and PbSe in depth. Fig. 12b showed the PL spectra of Pb(NO;),-treated PbSe CQDs film before and after NO, exposure. A

clear emission spectra peaking at approximately 1030 nm was observed, with a 80 nm Stokes shift with respect to the absorption exciton band position. After the NO, gas molecules were adsorbed, the peak in the PL spectra reduced in

intensity, which could be explained by the change of the concentrations of charge carriers [50]. The NO, molecules on the surface of the PbSe act as electron acceptors and excessive holes were generated by electron extraction from

PbSe, introducing more charge-transfer-driven p-type doping. The reduced PL intensity after NO, exposure might due to the suppression of exciton PL by the injection of excess holes [51]. The results clarified the mechanisms of charge

transfer between PbSe and NO, molecules.

Taking together the above experimental observations, we tried to depicted the energy band diagrams of PbSe CQDs sensor before NO, injection (air atmosphere), during NO, injection (NO, atmosphere) and after NO,

exhausted (air atmosphere) in Fig. 13, and these have been used to discuss the gas-sensing mechanism and kinetics process of gas adsorption and desorption of the PbSe CQDs sensor in detail. In the initial stage before exposed to NO,,

oxygen molecules from air adhered to the PbSe CQDs surface and captured electrons, forming oxygen species in the O,~ form at room temperature [52,53] and an acceptor-like surface state. This created surface state allowed the

electrons to be excited from the valence band and induced more holes in the p-type PbSe CQDs, thus forming of an electron-depleted layer near the surface. When exposed to NO, atmosphere, an oxidizing gas acted as electron



acceptors, the reactions at the PbSe surface can be described using the following reactions:
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Fig. 13 Schematic diagrams on the gas sensing mechanism of PbSe CQDs based gas sensor and corresponding energy band diagrams (Eg represents surface states).
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NO, molecules were directly adsorbed on the surface active sites and took electrons away from the PbSe surface. The orbital mixing and hybridization should account for the charge transfer between NO, and PbSe [46]. The
reaction consumed electrons and increased the hole concentration. Therefore, the depth of electron-depleted layer and height of potential barrier was reduced and accordingly the sensor resistance decreased, because of the oxidizing
nature of NO, and much higher electron affinity than oxygen. When the NO, gas was released and dry air was supplied again, the sensor resistance recovered to its original value. This might be explained that the binding energy of
NO, on PbSe CQDs surfaces was just moderately higher than oxygen [15], and thus it could be desorbed easily after pumping, leaving behind the captured electrons in the p-type PbSe and decreasing the hole density by electron-hole

compensation. Eventually, an increase in resistance was observed. The porous and thin PbSe CQDs film also facilitates the fast gas diffusion and charge transfer, and hence in favor of the rapid response and recovery.

4 Conclusions

In summary, small-size, high-quality and air-stable PbSe colloidal quantum dots were synthesized using a cation exchange method that converts CdSe CQDs directly into PbSe CQDs with in situ chloride and cadmium
passivation. The product exhibited near-spherical shape with an extremely small size of 2.87 nm. Gas sensors based on PbSe CQDs were successfully fabricated through spin-coating at room temperature followed with Pb(NO3,),
treatment. The Pb(NO;),-treated PbSe film exhibited p-type semiconductor characteristic and porous surface morphology which facilitated gas adsorption. The PbSe CQDs sensor showed high sensitivity, fast response, full reversibility
and superior selectivity to NO, gas at room temperature. Moreover, the sensor performance was relatively stable for repeated testing of 20 days under atmospheric pressure with a relative humidity of (50 = 10)%. The reliable

detection of NO, make PbSe CQDs attractive candidate for fabrication of low-cost and high-performance NO, sensors working at room temperature.
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Highlights

¢ Small-size, high-quality and air-stable PbSe CQDs were synthesized by a cation exchange method in solution.
* Room temperature NO, gas sensors based on PbSe CQDs have been demonstrated.

¢ The long-term stability of the sensor was certified.

Queries and Answers

Query: The author names have been tagged as given names and surnames (surnames are highlighted in teal color). Please confirm if they have been identified correctly.

Answer: Yes

Query: “Your article is registered as a regular item and is being processed for inclusion in a regular issue of the journal. If this is NOT correct and your article belongs to a Special Issue/Collection
please contact s.sandacoumar@elsevier.com immediately prior to returning your corrections.”

Answer: Yes, the article belongs to a regular issue.

Query: One or more sponsor names and the sponsor country identifier may have been edited to a standard format that enables better searching and identification of your article. Please check and
correct if necessary.

Answer: Yes

Query: Fig. 12 will appear in black and white in print and in color on the web. Based on this, the respective figure caption has been updated. Please check, and correct if necessary.

Answer: Yes, we have checked it.



