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Abstract: Sensors based on nanocomposites of quantum dots (QDs) and wide-gap metal
oxides are of exceptional interest for photoactivated detection of toxic and pollutant gases
without thermal heating. However, the class of detecting gases has been limited almost
exclusively to oxidizing gases like NO,. Here, we designed a photoactivated sensor for
the selective detection of primary alcohols at room temperature using CdSe quantum
dots coupled to a wide-gap SnO, semiconductor matrix. Our concept of the sensor op-
erations is based on the photochemical reaction of primary alcohols via photoactivated
QD-5n0O, charge transfer and does not involve chemisorbed oxygen, which is traditional
for the operation of metal oxide sensors. We demonstrated an efficient sensor response to
C1—-C4 primary alcohols of ppm concentration under photoexcitation with a yellow LED
in the absence of a signal from other volatile organic compounds (VOCs). We believe that
proposed sensor concept opens up new ways to design photoactivated sensors without
heating for the detection of VOCs.

Keywords: room temperature gas sensor; quantum dots; primary alcohols; photoactivation;
photocatalysis; selectivity

1. Introduction

Semiconductor nanoparticles or quantum dots (QDs) obtained in colloidal systems
have become one of the promising scientific and technological achievements of recent
years due to unique photophysical properties [1,2]. An important advantage of QDs is the
ability to control the band gap in a wide range by simply changing the QD. In addition,
the composition and surface modification of QDs can be controlled in colloidal synthesis,
and QDs exhibit high thermal and photostability. These benefits open up wide possibilities
for technological applications such as LEDs, lasers, and photovoltaic and optoelectronic
devices for telecommunications, metrology, imaging, and medical diagnostics [3-5].

Sensor applications of QDs are driven by their variable band gaps, narrow lumi-
nescence bands, stability, large surface areas, and tunable surface chemistry. First of all,
luminescent sensors for biomedical applications are known to utilize the luminescent prop-
erties of QDs [6,7]. Recently, sensor applications of QDs in practically important, compact,
and low-cost resistive-type gas sensors have been developing [8]. Reversible changes in the
concentration of charge carriers in conducting PbS QDs arrays as a result of adsorption of
molecules from the gas phase allowed a room-temperature sensor of NO, molecules to be
made [9-12]. Another example is the use of nanocomposites of QDs and wide-gap metal
oxides for the detection of oxidizing gases. Upon photoexcitation, electrons are effectively
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transferred from the QDs into the wide-gap metal oxide matrix [13,14], changing the elec-
tron concentration. This allows the coverage of chemisorbed oxidizing gas molecules to
be modulated to create gas sensors at room temperature. For example, nanocomposites of
wide-bandgap SnO,, In;O3, and ZnO oxides sensitized with CdSe QDs demonstrate high
responses to sub-ppm concentrations of NO, molecules under photoexcitation at room tem-
perature [15]. In addition to CdSe QDs, CdSe/CdS and CdS/ZnSe core/shell nanoparticles
have been used for sensitization, making it possible to control charge transfer and modulate
the response behavior to NO, [16]. Photoactivated sensors for NO, molecules based on
ZnO nanorods decorated with PbS QDs have also been demonstrated [17]. Other examples
of photoactivated sensors are MoS; nanostructures decorated with CdTe QDs or WS,
nanostructures decorated with core/shell QDs for room-temperature NO, sensing [18,19].
However, in all the given examples of photoactivated sensor systems based on QDs, the
sensor signal is achieved exclusively for the NO;-oxidizing gas. This significantly limits
the capabilities and development of photoactivated QD-based resistive sensors, despite the
significant advantage of operating without heating.

Here, we present the concept of a photoactivated QD-based sensor for the detection
of volatile organic compounds (VOCs). We designed a resistive sensor based on CdSe
quantum dots coupled to a wide-gap SnO, semiconductor matrix. We considered the use
of photocatalysis with quantum dots, a recent direction of the development of QDs [20-27],
which are a versatile platform for photocatalytic organic transformations. The proposed
sensing operations involve photochemical reactions with VOCs via photoactivated QD-
5nO; charge transfer and do not involve the chemisorbed oxygen required for the operation
of traditional metal oxide sensors [28-31], resulting in a novel operating principle. As model
VOCs, we selected C1-C4 primary alcohols. We demonstrated an efficient and selective
sensor response to alcohol molecules under photoexcitation with a yellow LED, in the
absence of a signal from other VOCs, using aldehydes as a representative.

2. Materials and Methods

Cadmium acetate dihydrate (Cd(CH3COO),-2H,0, >98%), selenium powder (Se,
99.99%), trioctylphosphine (TOP, 90%), oleic acid (OA, 90%), 1-octadecene (ODE, 90%),
N-acetyl-L-cysteine (L-AcCys, >99%), acetic acid (AcA, >99%), thioglycolic acid (TGA,
>97%), and solvents were purchased from Sigma-Aldrich.

Nanocrystalline SnO, was synthesized by the precipitation method from tin (IV)
chloride [13]. SnCly4-5H,0 was dissolved in deionized water, and 25% aqueous ammonia
was slowly added under stirring until the precipitation of a-stannic acid appeared. The
resulting gel was centrifuged, washed with deionized water to remove contaminants of the
chloride ions (AgNOj test), and dried at 80 °C for 24 h. Then, the product was calcined in
air at 500 °C for 24 h.

CdSe quantum dots (QDs) were obtained with the colloidal method similarly to
previous research [13]. Briefly, 0.5 mmol of cadmium acetate and 1.5 mmol of oleic acid
(OA) were added to 5 mL of octadecene (ODE), and the mixture was degassed under
argon flow for 1 h at a temperature of 140 °C. Then, the system was heated to the injection
temperature (200 °C), and under intense stirring, 0.5 mL of 1 M Se solution in TOP was
injected rapidly into the reaction mixture, initiating nucleation of QDs. The growth of
QDs was controlled with absorption spectroscopy. Finally, CdSe QDs were precipitated
from the solution, washed with acetone, and redispersed in hexane. The precipitation—
redispersion procedure was repeated 2-3 times to remove unreacted precursors and the
excess of stabilizer. Afterward, a long-chain native ligand OA was exchanged into a series
of a short-chain organic acids (N-acetyl-L-cysteine; acetic acid; thioglycolic acid) similarly
to Ref. [32]. Shortly, an excess of ligand was added to a solution of QDs coated with OA in
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tetrahydrofurane (THF) and left at room temperature for 24 h. The resulting precipitate
was centrifuged and washed with pure acetone several times to remove the traces of ligand.
The resulting QDs were redispersed in 2 mL of methanol.

CdSe nanoplatelets (NPLs) with a thickness of 3 monolayers were also synthesized
with the colloidal method, similarly to previous research [32]. A quantity of 160 pL of
oleic acid was added to 20 mL of octadecene in a flask during intensive stirring. Then, the
solution was heated up to a temperature of 170 °C under argon flow for degasification.
After that, the mixture was cooled to 60 °C, and 0.26 g of cadmium acetate was added. Next,
the mixture was heated up to 200 °C for the injection of 200 puL of 1 M solution of selenium
in trioctylphosphine diluted up to 1 mL with ODE. The growth of CdSe nanoparticles
proceeded for 45 min. After the synthesis was completed, 3 mL of oleic acid was added
to the resulting solution as a stabilizer and the mixture was centrifuged. The mixture
of acetone and hexane was washed in a 1:3 proportion and redispersed in 2 mL hexane.
Ligand exchange similar to that in [33,34] was provided using 8 mL dioxane previously
degassed under argon flow at 75 °C. Then, 1 mL NPL solution and 300 mg of N-acetyl-L-
cysteine were added to the flask and left at 75 °C for 2 h for pre-exchange. Next, NPLs were
centrifuged, new portions of dioxane and L-AcCys for full ligand exchange were added to
the mixture, and the mixture was left at the same temperature for 4 h. The completion of
the ligand exchange was proven using FTIR spectroscopy; then, NPLs were washed with
pure acetone several times and redispersed in 2 mL of methanol.

Sensor prototypes were created by applying the photocatalyst onto a microelectronic
chip with 2 x 2 x 0.1 mm alumina microhotplates. Nanocrystalline SnO, was mixed with
a-terpineol and applied as a thick film onto the chip. It was provided with Pt contacts
on the front side and a Pt-meander on the back side, serving as a heating element and a
temperature probe. The distance between the electrodes was 0.1 mm. Then, the thick films
were dried at room temperature for 24 h and sintered at 500 °C for 10 h in air. The final
5nO; film thickness was about 50-80 um. After that, the SnO; films on the chip were coated
with CdSe QDs covered with L-AcCys dissolved in methanol, washed with pure methanol,
and dried. The measurements were carried out in a flow cell under a nitrogen atmosphere
at a flow rate of 100 mL/min, with periodic illumination of a yellow LED (Amax = 595 nm)
operating at a voltage of 3 V and a current of 40 mA. The characteristics of the LED and the
emission spectrum of the LED are shown in Figure S1 in the Supporting Information. The
resistance measurement was carried out on a laboratory-made setup at a bias voltage of 1 V.
Attested gas mixtures of alcohols in nitrogen with concentrations of 1000 ppm were used
as sources of analyte gases. Gas mixtures with preassigned concentrations in dry nitrogen
as a carrier gas were created using electronic gas flow regulators (RRG12) (Eltochpribor,
Zelenograd, Russia). A schematization of the experimental setup is shown in Figure S2.
The sensor signal S, both in the dark and under irradiation, was calculated as the ratio of:

_ Rdark — Rled

5= Rled M

where Rdark is the resistance of the sensor material in darkness; Rled is the resistance of
the sensor material under LED irradiation.

Photocatalysis in the liquid phase was carried out under UV LED irradiation
(Amax =392 nm) in an argon atmosphere, with NPLs of CdSe coated with N-acetyl-L-
cysteine as the photocatalyst. Briefly, the procedure consisted of irradiation with 100 pL
of ethanol dissolved in 5 mL dioxane and the addition of 100 mg of photocatalyst under
intensive stirring. The products were analyzed by FTIR spectroscopy.

Fourier transform infrared spectroscopy (FTIR) spectra were collected on a Perkin-
Elmer Frontier FTIR spectrometer (Perkin Elmer, Waltham, MA, USA) in the wavenumber
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range of 400-4000 cm~!. Transmission electron microscopy (TEM) was performed with a
JEOL JEM2100 microscope (JEOL, Tokyo, Japan), which was operated at a voltage of 200 kV.
Scanning electron microscopy (SEM) was carried out with an LEO Supra 50VP OMEGA
microscope. Absorption spectra were collected on a Varian Carry50 (Agilent Technologies,
Santa Clara, CA, USA) spectrophotometer in the 200-800 nm wavelength range with a
scanning speed of 60 nm/min. For optical measurements, dilute colloidal solutions of
nanoparticles in hexane for long-chain ligands or methanol for short-chain ligands were
used. Circular dichroism (CD) spectra were recorded on a spectropolarimeter (Chirascan)
(Applied Photophysics, Leatherhead, UK) in the 300-500 nm wavelength range, with a
scanning speed of 10 nm/min and a 1 nm step (integration time 3 s). The measurements
were carried out at room temperature.

3. Results and Discussion
3.1. Photoactivated QD/SnO; Sensor Design and Working Scheme

We constructed a photoactivatable sensor with photochemical reactions based on
CdSe QDs coupled to an SnO, matrix (Figure 1). This nanocomposite exhibited efficient
photoexcited charge transfer [13]. To improve the charge transfer efficiency, we used the
short bifunctional ligand L-AcCys with an anchor sulfhydryl group for attachment to the
CdSe QD and an anchor carboxylate group for attachment to the SnO, grain surface. We
propose the use of selective photooxidation of alcohols to aldehydes with the participation
of QDs, where QDs are responsible for selective photochemical reactions [35], and the SnO,
matrix provides electron transport for an easily detectable resistive response. The use of
QDs for selective conversion of alcohols to carbonyl compounds in an aqueous solution has
been demonstrated previously [36-39]. We used the fact that alcohol molecules are effective
hole scavengers during photochemical reactions, as was shown in [40] using methanol as
an example. In another example of benzyl alcohol oxidation on CdS QDs, a photoexcited
hole oxidized alcohol molecules and an electron was captured by Cd islands [41]. In our
case, a photoexcited electron was transferred from the QD to SnO;, and the photoexcited
hole oxidized the alcohol molecule.

R-CH,-OH R_cjg

Figure 1. Schematic diagram of the processes during operation of a photoactivated resistive sensor
using photochemical reactions based on CdSe QDs coupled to SnO, matrix. For clarity, only one
CdSe QD-5n0O; grain pair is shown. Electron transport was carried out along the SnO, grain layer.
Thick arrows indicate charge transfer; thin arrows indicate chemical transformations.
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The proposed working processes were as follows. Upon photoexcitation, an electron-
hole pair was generated in CdSe QD (2). Immediately after photoexcitation, the electron
was transferred to the SnO; grain, and the hole remained in the CdSe QD (3).

CdSe/SnO, — CdSe(h* + &)/SnO, )

CdSe(h* +&)/Sn0, — CdSe(h*)/SnO(e) @)
CdSe(h*)/Sn0,(&) — CdSe/SnO, 4)
CdSe(h*)/SnO,(&) + R-CH,-OH — CdSe/SnO,(@) + 2H* + R-CHO )
CdSe/SnO,(8) + HY — CdSe/SnO, + % H, 6)

In the absence of alcohol molecules, the electron and hole annihilated at the QD-SnO,
heterojunction after the relaxation time, according to the process (4). In the presence
of alcohol molecules on the QD surface after adsorption from gas phase, the relaxation
processes changed. The photoexcited hole oxidized the R-CH;-OH alcohol molecule into
R-CHO aldehyde, and a proton appeared for charge compensation according to the process
(5). We supposed that the proton then migrated to the SnO, grain surface and was reduced
to molecular hydrogen (6) by the free electron previously added in step (2). Thus, the
presence of alcohol molecules in the gas phase changed the charge balance in the system
upon photoexcitation. Since the rates of processes (5)—(6) relative to the rate of process
(4) depend on the presence of alcohol molecules in the gas phase, the concentration of free
electrons in SnO, grain changed due to the presence of alcohol molecules. This was easily
detected by a change in the resistance of the nanocomposite. At the same time, process
(5) ensured the selectivity of the sensor to primary alcohol molecules, which were easily
oxidized by the photogenerated hole.

Figure 2 shows a photograph of a microelectronic chip with an SnO; layer deposited on
the heating element before (a) and after (b) the attachment of CdSe QDs. The red coloration
of the SnO; layer after the attachment of CdSe QDs is clearly visible, which confirms the
attachment of CdSe QDs to SnO, grains. Note that the sample after attaching of CdSe
QDs was carefully washed with a solvent from unattached CdSe QDs. Figure 2 shows
an SEM image of the SnO,-CdSe QDs nanocomposite. One can see the porous structure
of the matrix, consisting of nanocrystalline aggregates of SnO, grains. TEM images of
the agglomerated SnO; crystallites with CdSe QDs complemented with EDX analysis are
shown in Figure 2d and Figure S3. The smaller CdSe nanoparticles with sizes of 3 nm
(marked with arrows) were attached to the larger SnO, grains with sizes of 20-30 nm.

Figure 2. Photographs of microelectronic chip with nanocrystalline SnO, layer covered on a plate
before (a) and after (b) attachment of CdSe QDs. (c¢) SEM image of porous nanocrystalline SnO,
matrix. (d) TEM image of SnO, crystallites with attached CdSe QDs marked with arrows.
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3.2. FTIR Analysis of Ligand Exchange

To cover CdSe QDs with the bifunctional ligand N-acetyl-L-cysteine, the native oleic
acid (OA) ligand was exchanged. We performed the exchange for CdSe QDs as well as
for the CdSe nanoplatelets (NPLs) used in liquid-phase photocatalysis experiments. The
completeness of the ligand exchange for CdSe NPLs and QDs was analyzed using the FTIR
method. Figure 3 demonstrates the FTIR spectra of the pure L-AcCys and samples of CdSe
NPLs and QDs coated with native OA and exchanged L-AcCys ligands. The FTIR spectra
of the initial OA-capped CdSe QDs and NPLs displayed intense (C—H) vibrations at 2856
and 2923 cm~! and less intense (=C—H) vibration at 3006 cm~!. Native OA ligands had
negatively charged carboxylate (COO~) groups with vibration bands at 1533 cm~! for
both samples. The completeness of the ligand substitution for QDs and NPLs proved the
disappearance of a series of intense (C—H) and (COO™) vibrations from oleic acid, and
showed the absence of residual OA molecules attached to the surface of exchanged QDs. A
summary of essential vibration assignments from the FTIR spectra is given in Table 1.

(a) (b)

Transmittance (%)
Transmittance (%)

'
1 U '
: : QD_L-AcCys :
: [ ' NP_L-AcCys
1 il '
| g dell ' '
! o v amide v N-H .
VIN-H B i - V.C=O0 Ny amide I
v amide |
T T T A T T T T T 7A T T
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Figure 3. (a) FTIR spectra of free N-acetyl-L-cysteine ligand (violet line) and CdSe quantum dots with
initial ligand of oleic acid (black line) and N-acetyl-L-cysteine (green line); (b) FTIR spectra of free
L-AcCys ligand (violet line), CdSe NPLs with OA ligand (cyan line) and L-AcCys (dark blue line).

Table 1. Summary of essential vibration assignments from the FTIR spectra of N-acetyl-L-

cysteine (clean), QD CdSe coated with N-acetyl-L-cysteine, and CdSe nanoparticles coated with
N-acetyl-L-cysteine.

Assignments N-Acetyl-L-Cysteine QD_L-AcCys NP_L-AcCys
Vas(NHp) 3375 3376 3420
Vas(CHj3) 2902 2928 2936
vs(CH3) 2809 2839 2848

Vas(SH) 2549 - -
Vas(C=0) 1720 1720 -
Vas(amide I) 1581 1640 1632
Vas(amide II) 1536 1541 1561
vs(C-Hemp) 1413 1422 1429
vs(COO™) 1372 1378 1389

In the spectrum of pure L-AcCys (Figure 3, violet line) and the samples QDs_L-AcCys
(Figure 3a) and NPL_L-AcCys (Figure 3b), the broadened band of about 3420 cm ! refers
to -OH stretching vibrations, which can occur due to water absorbed by the tablet from the
air during measurements. For the QDs_L-AcCys sample, 3375 cm ™! band is attributed to
valence vibrations of the NH, group, corresponding with the band of the same vibration of
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pure L-AcCys. In comparison with pure L-AcCys, intense vibrations of (S-H) at 2549 cm ™!
disappear in the spectra of the sample QDs_L-AcCys, which points to the coordination of
the ligand through the sulfhydryl group. The position of the (C=O) stretching vibration
band of the carboxylic group v(—COOH) at 1720 cm ! for QDs_L-AcCys coincides with a
similar vibration band of the L-AcCys reference (Figure 3). At lower frequencies, L-AcCys
has quite strong bands at 1581 and 1536 cm !, attributed to Amide I and Amide II bands,
which were observed for QDs_L-AcCys sample with a shift into high frequencies.

For the CdSe NPLs sample coated with L-AcCys (Figure 3b), one can notice the valence
vibrations of the NH, group (3420 cm 1), as well as the Amide I (1632 cm™1) and Amide
IT (1561 cm~!) bands of the peptide group, with a shift into higher frequencies compared
to pure L-AcCys. The disappearance of valence vibrations of (S-H) at 2549 cm~! and the
(C=0) stretching vibration at 1720 cm ! in the spectra of NP_L-AcCys confirms the ligand
coordination of the CdSe NPLs by these functional groups of L-AcCys.

3.3. Analysis of Optical Properties

The optical properties of the initial samples of QDs and NPLs coated with OA and the
samples after ligand exchange with L-AcCys were studied by UV-vis spectroscopy. The
absorbance spectra of CdSe_QD_OA (Figure 4a) exhibited absorption in the visible spectral
range, with a sharp, low-energy excitonic transition at A = 564 nm. This exitonic transition
involved electronic transition from the 1s hole energy level to the lowest 1s electron level
(1sh-1se). After the ligand exchange, the spectra of CdSe_QD_L-AcCys shifted to a longer
wavelength (A = 566 nm). Absorbance spectra of the CdSe_NP_OA are shown on Figure 4b,
demonstrating pronounced narrow exciton transitions involving the heavy hole HH at
the wavelength of 463 nm, the light hole LH (436 nm), and the spin-orbital SO bands
(394 nm). After L-AcCys ligand exchange, the absorbance spectra of CdSe_L-AcCys NPLs
demonstrated spectral shifts of both HH and LH exciton bands to longer wavelengths
(Figure 4b). Furthermore, broadening exciton bands were found for NPLs coated with
N-acetyl-L-cysteine compared to the as-grown CdSe_NP_OA sample.

(@ (b)

— (CdSe_QD_OA CdSe_NP_OA
—— (CdSe_QD_L-AcCys CdSe_NP_L-AcCys
1h-1se

sorbance (a.u.)

S k|

Ab:

440 460 480 500
Wavelength (nm)

LH HH

— Absorbance (a.u.)

SO

Absorbance (a.u.)

Absorbance (a.u.) _.

540 560 580
Wavelength (nm)

400 450 500 550 600 300 400 500 600
Wavelength (nm) Wavelength (nm)

Figure 4. (a) Absorbance spectra of CdSe QDs coated with native ligand OA (black line) and their
modification after ligand exchange with L-AcCys (blue line); (b) absorbance spectra of CdSe NPLs
with native ligand OA (dark blue line) and their modification after ligand exchange with L-AcCys
(cyan line). Horizontal lines indicate the spectral shifts after ligand exchange.

The attachment of chiral L-AcCys ligand to CdSe NPLs and QDs was studied by
circular dichroism (CD) spectroscopy. Figure 5 shows the typical CD spectra of CdSe NPLs
and QDs coated with L-AcCys. The CD bands of NPLs coated with L-AcCys samples
(Figure 5a) correlated quite well with the positions of the LH, HH, and SO transitions in
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the absorption spectra. This confirms the exciton character of the induced CD bands. The
most intense band of the CD corresponded to the HH-exciton and had a negative sign. For
the sample of QDs covered with the chiral L-AcCys ligand (Figure 5b), CD with a lower
intensity compared to CdSe_NP_L-AcCys and a shift of the CD band were also noticed.

(@) (b)
204
54 ‘... so LHHH |4 4
] =T N 1h-1se 1
210] E
g ] 3 82 40~
£ 5—_ g g Ay 5
N o w no . ol =
g o1V ARy v
-5 = I
— O
1 o -2+ g
10 z 2
15 1CdSe_NP_L-AcCys < _4 |CdSe_QD_L-AcCys <
300 350 400 450 500 550 400 450 500 550 600

Wavelength (nm) Wavelength (nm)

Figure 5. CD spectra of (a) NP CdSe (dark blue line) and (b) QD CdSe (green line) samples coated
with L-AcCys. Absorbance spectra are shown with dashed lines for comparison. Pointed lines show
correspondence between CD and absorbance bands.

3.4. Sensor and Photocatalytic Properties

We investigated the sensor responses of the obtained nanocomposites to model gases
under periodic photoexcitation with a yellow LED and a wavelength of 595 nm. This
wavelength corresponded to the absorption of the lower-energy exciton maximum of
CdSe_QD_L-AcCys, as shown in Figure 6a, and at the same time was not absorbed by
the SnO, matrix. The sensor properties of the CdSe_QD_L-AcCys/SnO; nanocomposite
were studied when detecting vapors of aliphatic alcohols—methanol, ethanol, and butanol,
as well as acetaldehyde—for comparison. Figure 6a shows the sensor response of the
CdSe_QD_L-AcCys/SnO, sample upon detection of 100 ppm methanol in dry nitrogen
under periodic illumination. The periodic illumination mode was selected as 2 min LED off
and 2 min LED on. It can be seen that the obtained CdSe_QD_L-AcCys/SnO; composite
exhibited a photoresponse to the yellow LED that confirmed the photoexcited charge
separation and the addition of electrons into the SnO, matrix corresponding to process (2).
Moreover, when methanol molecules appeared, the photoresponse of the nanocomposite
was modulated, and the value of S calculated by (1) increased. Since the irradiation
intensity was fixed, the injection level by (2) was maintained. Thus, the increase in S clearly
corresponded to the change in the charge balance and the decrease in the recombination
level by processes (5) and (6), corresponding to the contribution of photochemical processes
involving methanol molecules. Some drift of the base sensor resistance was observed,
which was caused by the imbalance of accumulation/depletion of the SnO, matrix by
photoexcited electrons. This could be eliminated by optimizing the ratio of the on/off
times of the illumination [13]. Figure 6b shows the sensor response of the CdSe_QD_L-
AcCys/SnO; nanocomposite compared to the pure SnO, matrix to 100 ppm of the set of
analyte gases in a dry nitrogen environment. The enlarged region of resistance modulation
is shown in the inset to Figure 6b. A clear sensor response to a series of aliphatic alcohols
C1-C4 can be seen, and with an increase in the length of the aliphatic chain, the sensor
signal decreased, which corresponded to a decrease in the reactivity of the alcohols. In turn,
the pure SnO, matrix at room temperature did not exhibit either a photoresponse when
irradiated with LED or a sensor response to any of the studied analyte gases. The absence of
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a photoresponse was due to the fact that the radiation energy with a wavelength of 595 nm
was insufficient for the transition of an electron from the valence band to the conduction
band for the pure SnO, matrix. It should also be noted that, in the absence of illumination,
no sensor response was observed for the nanocomposite (Figure S4). Also, there was no
sensor response of the CdSe_QD_L-AcCys/SnO; nanocomposite to acetaldehyde, as shown
at the Figure 6b. That means that the sensor CdSe_QD_L-AcCys/SnO, has selectivity for
alcohols that can be oxidized to another forms, compared to acetaldehyde, which represents
the already-oxidized form of organic molecules.

(b)

2x10° - .
] T s ]
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= & : \M ﬂk
= = ]
E 0 e HERN
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i 5x104 N,
/ Y, “ ARt [
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Figure 6. (a) Typical sensor response of CdSe_QD_L-AcCys/SnO, nanocomposite to 100 ppm
CH3OH under periodic yellow LED excitation. (b) Sensor response on different organic molecules
(concentration: 100 ppm) of CdSe_QD_L-AcCys/SnO, nanocomposites and pure SnO, matrix (green
line). The insert shows the dynamic mode of photoactivation of the sensor material. The arrow
pointing upward indicates illumination with yellow LED on; the arrow pointing downward indicates
illumination off.

Figure 7a shows the concentration dependence of the sensor response of the
CdSe_QD_L-AcCys/SnO; nanocomposite to methanol in the range of 100-1000 ppm.
For comparison, the behavior of the pure SnO; matrix is shown. A regular increase in the
sensor response to an increase in the concentration of the analyte in the gas phase was
observed. With an increase in the concentration of methanol by 4 times, the sensor signal
increased by 1.2 times. At the same time, the pure SnO, matrix did not exhibit a sensor
response up to 1000 ppm methanol.

Figure 7b shows an enlarged section of the response to 765 ppm of methanol under
periodic illumination for CdSe_QD_L-AcCys/SnO; nanocomposite. The measurements
were carried out for 3 h in a methanol atmosphere and 3 h in pure nitrogen with 40 illumi-
nation cycles. In the first illumination cycle, the sensor response was at the maximum up to
S = 0.4, then decreased to S = 0.2 and remained almost constant up to 40 cycles.
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Figure 7. (a) Concentration dependence of sensor signal to 255-1020 ppm of CH3OH for CdSe_QD_L-
AcCys/SnO, nanocomposite (black line) and pure SnO; (green line). (b) Enlarged view of sen-
sor response to 765 ppm of methanol under periodic illumination for CdSe_QD_L-AcCys/SnO,
nanocomposite. (c) Sensor response to detection of CH30OH (concentration 1020 ppm) of a series of
CdSe_QD/SnO, composite materials coated with different ligands (L-AcCys—green line, OA—dark
blue line, AcA—cyan line). The horizontal arrows show the correspondence between lines and axes.

Next, we studied the effect of the organic ligand on the surface of CdSe QDs on the
sensory sensitivity of the composite material. For this purpose, CdSe_QD/SnO, composites
with OA and AcA ligands of decreasing length compared to L-AcCys were prepared. The
results of our measurement of the sensor’s response to 100 ppm methanol are shown in
Figure 7c. As can be seen, CdSe_QD_AcAc/SnO, had a higher sensor response compared
to CdSe_QD_OA/SnO,, which clearly indicates an increase in the response with a decrease
in the ligand length. This confirms the contribution of photoexcited electron transfer to
the formation of the sensor response. The CdSe_QD_L-AcCys/SnO, composite with a
bifunctional ligand and the QD coupled to the surface of SnO, grains had the maximum
response. It can be concluded that L-AcCys, which was selected in the work, is the most
optimal ligand for creating a photoactivatable sensor.

To analyze the photochemical reactions, we carried out a model reaction of ethanol
photooxidation in an inert medium in the liquid phase of dioxane for CdSe_NP_L-AcCys.
The reaction products were analyzed after photoexcitation with a blue LED correspond-
ing to the absorption of the lowest-energy exciton maximum for NPLs. Figure 8a shows
the absorption spectra of the photocatalytic products depending on the time of ethanol
photooxidation. It was found that photooxidation occurred with the formation of acetalde-
hyde and acetic acid. The formation of acetaldehyde corresponded to process (5) and
clearly confirmed the scheme proposed by us. Based on process (5), a selective response to
molecules of primary aliphatic alcohols could be expected. We tested the selectivity to pri-
mary alcohols by comparing the response of the CdSe_QD_L-AcCys/SnO, nanocomposite
to methanol and acetaldehyde, as shown in Figure 8b. As can be seen, a sensor response
was observed only to the primary alcohol, while there was no response to acetaldehyde.
The absence of a sensor response to acetaldehyde indicated the absence of photooxidation,
unlike aliphatic alcohols, which also confirmed our proposed scheme ((5) and (6)). Thus,
the presented results indicate the selectivity of our proposed sensor to primary alcohols
among other VOCs.
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Figure 8. (a) Absorbance spectra of products produced after photooxidation of ethanol with CdSe
NPLs coated with L-AcCys ligand; (b) sensor responses of CdSe_QD_L-AcCys/SnO, nanocomposite
to 100 ppm of ethanol (blue line) and 100 ppm of acetaldehyde (dark blue line).

4. Conclusions

We demonstrated a concept of a photoactivatable gas sensor for the selective detection
of primary alcohol molecules at room temperature through photooxidation by photoexcited
holes instead of reactions with chemisorbed oxygen. We designed a resistive-type sensor
using CdSe QDs coupled to a wide-gap SnO, semiconductor matrix. We demonstrated
the sensor response of the CdSe QDs-SnO, nanocomposite sensor to a series of aliphatic
alcohols C1-C4 under photoexcitation by a yellow LED in the absence of heat at room
temperature. With an increase in the aliphatic chain length of alcohol molecules, the sensor
signal decreased, which corresponded to a decrease in the reactivity of the alcohols. The
measurements confirmed a stable response for 3 h in 100 ppm of methanol and 3 h in pure
nitrogen, with a photoexcitation modulation of 40 times. Analysis of the concentration
dependence of the sensor response to 100-1000 ppm methanol showed an increase in
the sensor response with the increase in the analyte concentration in the gas phase, and
with an increase in the concentration of methanol in the gas phase by 4 times, the sensor
signal increased by 1.2 times. An analysis of the sensor selectivity showed the absence
of a response to 100 ppm acetaldehyde as a model VOC. We believe that the proposed
concept of sensor operations based on the photochemical reaction of primary alcohols via
photoactivated QD-SnO, charge transfer will open up new ways to design photoactivated
sensors without heating for the detection of VOCs.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/chemosensors13010020/s1. Figure S1. The emission spectrum of
the yellow LED. Figure S2. Schematization of the experimental setup. Figure S3. (a) HAADF-STEM
image of the SnO, matrix with attached CdSe QDs; and (b) EDX spectrum from the selected area
confirming a presence of Cd and Se. Figure S4. Typical sensor response of CdSe_QD_L-AcCys/SnO,
nanocomposite to 100 ppm CH3OH without irradiation of the LED.
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