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Abstract

Air pollution is one of the most pressing environmental issues globally. When
concentrations of harmful substances in the atmosphere exceed natural levels, they
can negatively impact human health, ecosystems, and climate. These pollutants may
include gases, particulate matter, or biological contaminants. Exposure to gases such
as NOz, NO, N0, NHs, and CO>—primarily emitted by factories and vehicles—
increases the risk of respiratory diseases. Among these gases, NO: is a well-known
harmful pollutant, making its detection and measurement crucial. When NO:
concentrations exceed 0.053 ppm, prolonged exposure may lead to respiratory
system damage. Therefore, accurate detection of NO: at low concentrations is
essential for both human health and environmental protection.

Two-dimensional (2D) materials, characterized by their high surface area and
abundant surface-active sites, are promising candidates for gas sensing. MoS:, a
semiconductor material, is commonly studied for this purpose. However, according
to existing research, using MoS: as a sensing material for NO: at room temperature
often results in low sensing response signals, long response and recovery times, and
frequently requires heating to achieve effective detection at low concentrations. In
this study, we address these limitations by incorporating MXene into MoS: to form
a composite powder. MXene, also a 2D material, offers high surface area, excellent
conductivity, and abundant surface functional groups, enhancing electron transport
and gas adsorption capabilities, which in turn stabilizes sensing performance even at
low NO: concentrations.

The synthesis process is simple. By adjusting hydrothermal oxidation
temperatures and mixing ratios, optimal fabrication conditions were determined,
leading to the formation of an ideal heterogeneous composite structure. Material
analysis results show that after hydrothermal oxidation synthesis, the surface
functional group of MXene transited from Ti-OH to Ti-O rich bonds. Adding MXene
also enhances the composite film’s conductivity. The more MXene concentration
was added the higher current was observed. Porosity analysis indicates that adding
MXene not only increases the materials’ specific surface area by more than four
times but also enhances the amount of gas absorption capability. Sensing response at
a concentration of 10 ppm improved from 2% to 8%. Furthermore, the lowest
detection limit obviously improved from 3 ppm to 0.05 ppm. That is, 50 ppb. The
response time and recovery time of 50ppb were to 100s and 136s, respectively.
Finally, cyclic NOz2 sensing testing demonstrated excellent repeatability and stability
at room temperature.

Keyword:gas sensor ~ hydrothermal technology ~ MoS, ~ MXene(TisC>)
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2 H0 253 4 it HH L By [52] 0 #3 NO» et 0§ R B L
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F B ERLGE
4ol 2-10 977 o - RILG o A AT 0 S50k R F MR RIS -
F & 7 € 2t e 2H-MoS2/MXene 4 & #Hftend & + » ¥ ¥ v ¥ l«ﬁﬁééﬁ-%
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BB FHREY (FE65.6%NERFE LEFEHM).

17



B TMoS2 BTt Mos2

MoS2 h MoS2 {\ e)

MXe - § § t n g " E NO,
: : SIS | 47ev 8 @
o033 Sr—
-4feife; SOV @
oe3S S &

oo % 8 S 1.8 @
@SS Ll Q v :
: ® 0|0 S ®
@ :
® @t Bl =g
EECE =
In O, wn oz 1N NO

B 2-11 MoSy/TisCoTx 4F & & 1 Bt NO2A 5 s i b 15 iy F L -

Ti:C.Tx MXene % ™ & &> 30 ppm I 700 ppm 7 NO2¥* > 3 % 4o
2-11 #1777 o SEF R R v 0 § WE P LN 5% > 2H-MoS/TisC.Tx MXene 4§ &
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2-5 3/R§ i* MoS: & MXene ((§ & 220°C)

Zhuo Liu & % Fr 41 * TizCoTe¥2 MoS: B B K442 220°C £ 7R & »
%6 TEM LT = fath R ehe 5 > 4o@] 2-12
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Jed 14 G IC Bt O o
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¢ 2 B _THCT@TIO@MoS: % & HIET + (254 29) > B € &7 % Ewigen
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30) -

NO:+e — NO2 (29)
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Yo 2-13 BB ALE T B TR B Auhp 2 R 4T %}?’ # % TiOeh T
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Aol TiO20 & F £ATEE X MoS2 & p—n Behg + 3 ?Fﬁ'fizﬁk‘ > JE M
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Bg e & Sk 3 &k (Micro-Raman Spectrometer)

AEHRETNFFHRA L o B EWFA Y s § R d RS
S30nm @ SHE 7 HELA 1R B 6 R koW 32 47 [59] 0§ 4 L £ o
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o RRE L SRR

(Micro- Fourier-transform infrared spectroscopy)

ARHRFRREFHRA T e s FLEMF L Y o i 2 i ok R
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TR E PR R BB S adRde L 0 A ETI R s
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SR | % o B e
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X sk sk § 3 it 3 &k (X-ray photoelectron spectroscopy)

AEGHE T RAFIRFA T BT ERET Y v X MRET T N
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X sk $86+ % (X-ray diffractometer)
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P R N T3 BEks (Scanning Electron Microscope)

AR FRFHRFA L s B WA ¢ w9 TESEM (#3533 54F
o N T BB 4oB) 3-6 77 [63]
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RS S
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W& G &IV H AR A 47 & (Brunauer-Emmett-Teller)
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7 #75% o BET erdZan £ A9 B f (Langmuir) ¥ & S'q#3 cndg B 0 i 5
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SR k3t B e o BET 8% A 5 & % q‘ﬁ:;" , m | et 5 R st
A oIS B lfﬁ“ AR TR R F e
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% 4-1 B * MXene ¥ g = ip L Z L i o

‘Average | 28.12 29.58 4230

Bl 42~ B 43 fcB 44 &~ 573 F MXene & MoSz 8 &t tend f
R L SEM Bl B E Bl R E 11131 o 510 82§ # MM
MM31 & MM51 % 7%

R 4-2-MMIL ##td g~z o kg Tig O& MXene L & ~% »
Mo §1 S $135 3 4~ fr i MXene $p# it [l - ﬁ‘!z‘,{Ti N OR: 2T 4 R

A2 Mol S Al R A0 NG Rk S A B MoSy i 0
P FXF S 5 O IR FptAe b HET MoS: ¥ i ¥ AFE K B ~ MXene
B 7Aoo MoSa § it chfajs 2 m AR o jid 1-2EDS ¢ MMII éh & 4 47

,.-‘é%v Mo & Sent )5 1:2> Ti& Ot &k § % MXene 923:2 0 < 5
%_3:4 - j%_EDS mapping P 3 ¢ Af}’;ﬁ%}iéi v MMI1 > Ti R 8 R 4

M O~EhEdp Oy Bt 2 dadsy MXene® 27 i3 RS §
LR fde » MOS2iR &2 18 » 26 e O B ABH 4 > Lig O X X5
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Electron Image 1
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Electron Image 2

S Kal Mo Lal

Ti Kal

B] 4-3 MXene/MoS: 3:1 53 SEM £ EDS [ -
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Electron Image 4

S Kal Mo Lal

2.5pm

Ti Kal O Kal

2.5pm 2.5um

B] 4-4 MXene/MoS: 5:1 53 SEM £ EDS [ -

B 4-5 {vBl 4-6 RIEF T MXene £ MoS: R & blie § AT~
E’h?‘% 7} /E— é\' ‘H'#J- SEM Fg] ’ -(‘E)::{A\ g_).] ;3. ISOOC —t’_by 2000C s f; §§Q i ﬁ:&-,l'l
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Bl 4-5 22 4-6 £_MMI11 150°C 22 MM200°C 7~ % A ff & % » MoSa A ff &
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A F A AR EEFERR AR A EEFT CERH N F TR

AT BAE OB o & I3 E EfAFArd v blenk sk o

# 4-3EDS A~ 172 MXene/MoS: # B R 2 KR &ML~ F R F L i o

Statistics Q) F Ti S Mo
MM150°C 52.28 15.34 13.06 12.49 6.83
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Electron Image 6

Map Data 6
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XRD
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Raman
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XPS
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Bl 4-12 &#_Ti & MXene 22 MMII1 4F & #1417 egtld & & i vt i > MXene
L B gk edg e 0 B Y TN 6 2p 32 82 2p 12 % B MG
454eV ¥2 461eV 11 2 458eV £ 464eV » & B[ ¥ & C-Ti 422 Ti-O -

R 0t MXene £ MoS: iR £ 15 > XPS Bl & 7+ Ti2p & 458eV ik
P TIFO cnfFpcs P A5 > ¥ ¥ 2 53 B8 > C-Tiengd it > - iR &3
27 »MXene # Gegv2E A 0 F o KA REZ CTIiE%E={ 79 Ti-
O 4 -

Ti-O % o p R D F 3 £ & ?‘»fé?‘ :’i:‘?é? it g A e 3p 0 {4
Al g4 - Bt bl ERPT R EF TR TG e R
X E G KT o

2p;,(TiO .
2p4»(C-Ti-O/OH) P3(TiOy) Ti2p

2Py,
(TiOy)

| mm11

2pg);
(C-Ti-O/OH)

2p,,(C-Ti-O/OH)

2Pz,
2p, (Ti-O)

(TiOy)

2Py,
(C-Ti-O/OH)

Intensity(a.u.)

MXene

475 470 465 460 455 450 445

Binding Energy(eV)

Bl 4-12MXene 2247 & #1427 2 Tidts L Z i B

B 4-13 R E¥_MXene &2 MMI11 1 0 Is ~% & XPS B > MXene %k £
MoS: iR&# ¥ ~ %1 &3 = BaFcst s | & 532.5¢V it Ti-OH gt~
531eV >t C=0 st 529e¢V B> Ti-Ox g s » Ti-OH endg B &
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O1s
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BET
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or MoS,+MXene
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# 4-5BET 7 2“7 7 MoS2 ~ MXene ~ MM11 33t (R 823V~ /] o

MOS2 MXene MOSZ-MXene
Pore volume (cm?/g) 0.03 0.012 0.055062
Pore size (A) 53.01 49.17 43.805
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,J~ o

MM11 150 °C MM11 170°C MM11 200°C
BET specific surface area (cm?/g) 18.5482 28.3930 29.6706
Pore volume (cm?/g) 0.061169 0.055062 0.083075
Pore size (A) 54.209 43.805 47.724
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