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Fig. 1. MAX phase and its corresponding MXene structure.
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MXene # #3258 F HF % W . 90 AL 4R
FRIR TR AV . SR B AT A RO HE B 20 Tl MAXAH
B A JRF 2T RAS 3. BEE X & MXene #1%}
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2.1.1 HF Z4&%) &

B2 3CHR [16] H % TisCyT,, B TizAlC, (1 g)
BRI A 40% By HF % (20 mL) 1, 7E7K
WHRRSE 5 min, DARES TSN AT S B0 FE
i ¥ LIRS TE 35 C T, LA 600 rad/min
Pt 48 h. B TR P PE N i, BT B0l
L 3500 rad/min .0 5 min, {58 I, FHN
EBETAIF TS Ti,CoT, 43k, HE XA
Vet BE, HE LW pH EZN 5—6. KKk
WA T, 158 TiyCyT, Mk,
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%2 SR [16] ] %5 Ti;CoT,, 1) 36% #) HCI
(15.46 mL) HEINZEEF7KE] 20 mL #il5 9 M HCI
VW, ¥ 9 M HCI (20 mL) #l LiF(1.60 g) JR4 )
Pt 5 min DAl LiF %A%, 58 8020050 ) il 45
FE VKV BR B8 ) 220 ik 5 rf 22 08 S I 1.00 g 1Y
TizAIC, B3 K, IFHFIR G W AE 35 °C TS+
24 h. RIWEEH G, FHEE TR MUER NI, &
FEL.OHLF 3500 rad/min 8.0 5 min, 8]
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Fig. 2. (a) and (b) SEM images of Ti;C,T, prepared by HF
solution etching; (¢) and (d) SEM image of Ti;C,T, pre-
pared by LiF /HCI solution etching.

K (Al 2(d) JZRIBERT/R). R T W5 PR A [ Z)
T TigCyT, M8} b R TR RE M, SR N,
AT T R A (BET) 2047, 45 B 1
/~. A% BET 303 H HF %M1 LiF /HCL %
W2 i) 2 1Y TiaCoT, A4 BHAY b 2% 1w AR 0 031 Ky
5.265 m?/g 1 5.263 m?/g. BET 4r#r&h Fe =W, ™
Foft 221 b 30 4 4 B4 TigCoT, B4R Y He 36 1] AR L A
.

F 1 WFCRFEZIRI RS TisCoT, AR LR
Table 1.

different etchers.

Specific surface area of Ti3C, T, prepared by two

e 2R HERHIRL/ (m2-g 1)
Ti3C, T, HFA W] 5.265
TiyC,T, LiF /HCIA R 5.263

& 3 2 H FH HF %8O LiF /HC i W 2 i s
Ff TizCyT, MORHE XPS F2AF 1S . 76 R 21 itk 57
il & 11 TigCoT, #48 EZEH Ti, C, O Ml F JLHE 4
A9 X EE R 3(a) AT 3(e) BT LAK PR, LiF/HCL %
T £ B TigCoT, AR T A7 S AR Xof 5 5 1A 48
W55 . ] 3(b) AT 3(E) 43 )R PR 20 kR o Y
TiCoT, AEHR Ti 1Y 2p =70 PE XPS Sk, HF
VSR Z) il £ Ti,C T, MOBFE 494 Ti ) 2p XPS
SCIE AT L4y 4 A& (AnfE 3(b) FTR), WA 43 51
S 455.1, 456.4, 461.1, 465.6 €V, FIXT I 455 fiE
Sy 9 JE T Ti—C, C—Ti—(OH),, C—Ti—F,
Fl TiO,; LiF /HCL %5 W 20 i 25 TisCo T, b R
i Ti 2p XPS G nl LIS~ 4 N (An1A 3(f)
B, WAL 352 455.5, 458.6, 461.1, 462.5 eV,
A A5 A g B8 T C—Ti—(OH),, TiO,,
C—Ti—O, Ml C—Ti—F, 2021, 1 Fh 2] i 50 1 5
1 TisCo T, Hr C 1Y 1s s HER XPS Y aniEl 3(c)
1 3(g) B, HE 3% % Ti,C,T, MR
i C 1Y 1s XPS Jeiknl Lharhy 2 Mg (WLIE 3(c)),
282.7 eV Fll 284.8 eV W45 A RE BB T C—Ti
Fl C—C; LiF /HCL W 20 ik il % TizC, T, A2
5 C B 1s XPS JGiEnT Lok 4 M (E 3(g)),
281.6, 284.6, 286.4 Fl1 288.3 eV L5 A REST BV JE
F C-Ti, C-C, C—0 1 O—C=0R1-2, jF %]
MFIFI ) Ti;CyT, B9 O 1s @R XPSHEign
&l 3(d) A1 3(h) s, HF %8 20 il % TisCo T,
PPEZEFH O 1s XPS AT LIS 2 Mg (B 3(d)),
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0
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ZEGHE/ eV

3 HF 20l % TigCoT, 1
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ZiahE/ eV

(a) XPS i El; (b) Ti 2p Jail%; (¢) C 1s Gk AI (d) O 1s )Gk LiF/HCL i i 2] il il

# Ti3CoT, MBI (e) XPS GRERE: (f) Ti 2p Yei%; (g) C 1s JEik Al (h) O 1s YGik
Fig. 3. (a) XPS spectra of TizC,T, prepared by HF solution etching; (b) Ti 2p spectrum; (¢) C 1s spectrum and (d) O 1s spectrum;
(e) XPS spectra of TizCyT, prepared by LiF /HCI solution etching; (f) Ti 2p spectrum; (g) C 1s spectrum; (h) O 1s spectrum.

530.4 eV Ml 532.4 eV Iy &5 & e o 4 0 8 T
Ti —O, Ml Ti —O,F; LiF/HCL ¥ W %I 1 ] %%
TizCoT, FEEHH O 1s XPS YT LISrHh 2 4
I (P 3(h)), 529.8 Fl 531.6 eV HYLEARE 3R
T TiO, fl Ti—OH.

TiyC, T, #EH O FIF JCEEES Ti f1C L&
FHIE, O F1 F ST AN & S22k rldE Ti 1 C It
R R I . HE 3% W 20 85 19 TisCoT, M4
B C—Ti—F, SRR BIA 47.43%, 1 LiF /
HCL 3% ¥ 2 il 45 19 Ti,C,T, AR C—Ti—F,
X B TRIAR LR 6.41%. 5 HF A L, LiF/
HCI ¥ Wi % 1Y Ti;Co T, #KH Ti 89 2p XPS i
H C—Ti—F,, % A s T FRIT o 79 B 461 B I8 AR
Ak, R 220 s 4% Ty Co T, AR C—Ti—
(OH),, % N7 14y e 1o AR L 48] o A7 76 BH &8 22 51, R
LiF /HCl i i 45 i) TiyC, T, A C—Ti—(OH),
X I F) U T AR HE 9 R 57.90%, i HF % W %

Ti,CoT, B C—Ti—(OH), % )i W i A2 L 451
36.15%. WA, XPS 45 &M T i LiF/HCI
VWL 25 1) Ti3C, T, MRER T AFTEA K —OH
F—O EheH, HILRE—F BREE W iz N+
Hi HF %125 09 Ti;Co T, AL

3.2 Ti,C,T, SEUFENK S 54

FEZEMR T, i A ZI A 5 1) TisC, T, 3
RGBS ERE AN ] 4 7R . & 4(a) A HF
Vi U 2 b ) 45 1 Ti5Co T, FE AL B s %o A [) o
JiE NH By i 15 4, HAE 2R T X NH; By sl ks
DURR AT LAIA S 10 ppm, MR EE R 2.7%. Kl 4(b)
LiF /HCL % W Z il i 25 1) TizCy T, B ARG R
XA AL B NH fyma A5 5, =3~ X NH; (95
A T BR AT LA 3] 1 ppm, Wil BEN 2.2%. [A]
B, LiF /HCL W i 75 19 TigCoT, #BEXF 10 ppm
(1 ppm = 0.0001%) ¥JE NH; AR EE (5.1%) i
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14 (a) 500 ppm 16 F (b) 500 ppm
12+ 14}
L 100 12+
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X x 10}
~ 8 ~
bl ®ogl
B gl 50 ppm £
= = 6 F
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2 2t
0 , , , , . 0 . . , , , , ,
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Hf1a] /s 4] /s
16 | (c) P 6 (d) e s
wul — WIBURHNZ 14l — BRI R
12 + 12 +
X X
~ L ~ 10}
w10 i
E! 0.5764 g2 st 2.414
= — - X102 = _— = = x10-2
61 B L o065 or B 1 o062
C(ppm)©-657 ) n C(ppm)379 )
4 L
0 100 200 300 400 500 0 100 200 300 400 500
NH#K % /ppm NH3# % /ppm

4 FEIRT, (a) HF W, (b) LiF/HCUA W %) bl ) 4 TigCoT, kT 1 8 2% X A ] ¥ BE NH,; 9 Wi B BE 5 (c) HF 3,
(d) LiF /HCY ¥ W Z) il ] 5 89 TigCo'T, J A1 S 2 1 Wi 107 2 I NH, 4 B2 78 AL B BT 2 /R 45 TR 2
Fig. 4. Response of Ti3C,T, based gas sensor prepared by etching: (a) HF solution and (b) LiF/HCI solution to NH; with different

concentrations at room temperature; Langmuir isotherm of the responsivity of TisC,T, based gas sensor prepared by the etching of

(c) HF solution and (d) LiF /HCI solution.

T HF szl &) Ti,CoT, AR (2.7%). K 4(c)
F14(d) 20500 HE 8 LiF /HC %% 20 ol 45
(1) TigCoT,, FE AL IRAR 1 Ml 07 5 Bl NH e 5 A%
TR BIBURSRER, T iR SR G E
PR MBI ) B R SRR T LA, IR
AR AR AERLR b, WEA T TigCo T, I ML K
5 NH; SO i EZHLEEN TisCoT, #KHS NH,
KA. 3% 2 ZK 4(c) A1 4(d) Frxd R ) B
BURSIRL ZRL Hob, o RZE R X NH; Kl
- BRI R (% /ppm) BTN . b A I BT
WR FER/N ST RA S | B RS FNEE
MR A O, b IEMOR, WAL RS R . 45
FHH, LiF /HCL W45 19 TisCo T, S URME SR
LA AR S L R R R ) R

WA 2 b ) 45 1Y Ti,Co T, FE AL s T
2D N 25 SR U 5(a) A1 5(b) TR, 24 NH,
W A 10 ppm, B E K 5 A JE IR, 6 Fh 2 ik
FITH Y TigCoT, SRR AT e - 52 1h £ 15
N, BAT RAFHEEE .

F2 8 4(c) FE 4(d) BHBURSERER 2B

Table 2. Figs. 4(c) and 4(d) Langmuir isotherm
coefficients.
257 LiF /HC1 HF
TARREZ il =il
a 38.94405 14.41327
b 0.06246 0.3099

SRR RS R T R R R A S BEOR R Y
FHEEIR. N T BRI EE, AR, A
TigCy T, I IARMLEAE KT 10 ppm NH, A1 R
1177 039 30 d MRS E ESE SR, AniEl 5(c) .
A LiF /HCL ¥ 45 19 TiyC, T, FA ML IR R
SETESE R, TEES 30 RN BEAREAREIES 1 KA 74%.
1M HE % 20 R A5 0 BB 55 30 KX NH; Y
i) o7 A B 56 1 K1Y 32.8%. 43 #Tikh, i F
TisCy T, ML A5 SR ML FH S B 1) 6 1] 3 55 AR
FIH LiF /HC ¥ 20 ) 25 (9 TipCoT, A48 2 1k
WRBEAEAUKR G, R B8 1 2 RS54, 5 HF
VR T 45 1Y TizCoT, W i 22 181 R I 1 T AU B AR &6
FIAE L, TigCyT, MORHR H F35E P 7 5 T 5 e A7
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= a5l —e— HF % E [ LiF/HC1Zih
. 4 L
2.0
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1.0} rj_j
0.5 L— . . . . . . 0
0 5 10 15 20 25 30 NH; Acetone  Ethanol CO,
F¥/d QLS EES
K5 iR, (a) HF % %0 okl 4 F0 (b) LiF /HCL 8 20 it ) 45 (9 TipCoT, 6 AL A8 % 10 ppm NH; BT & 1 () EiR

T, b 220 ol ) 20 el ) 45 ) T4,Co T, SRR R 10 ppm NH; BYRAE M (d) ST, PR 20 70 200 e 1 4% 19 T1,C, T, F04K

A 8t T A [ A 1 W i

Fig. 5. At room temperature, (a) Ti;C,T, based gas sensor prepared by etching HF solution and (b) TizC,T, based gas sensor pre-
pared by etching LiF/HCI solution was repeatable to 10 ppm NHj. (¢) at room temperature, the stability of TizC,T, based gas
sensor prepared by two etching agents for 10 ppm NHs; (d) response of TisC,T, based gas sensor etched by two etching agents to

different gases at room temperature.
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6 %14:5}?% WT‘EK IEJ j‘ﬁ?ﬁﬁﬁ‘é TigCQTIJ: E"J%_:E‘Z(Z PE‘[IE'I/ET*% *U\ éé% (3) TigCQ(OH)Q, (b) Ti30202 *H (C) Ti302F2 i

NHS; /)i f2 it & A4 00 T A TR AL ET (1 A = 0.1 nm)

Fig. 6. DFT simulation results of gas molecules adsorbed on different terminated functional groups TizC,T,. Side and top views of
the minimum energy configuration for NH; on (a) TizCy(OH),, (b) TisCy0, and (c) TigCoF, (1 A = 0.1 nm).
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Fig. 7. Sensing mechanism of NH; by Ti;C,T, based gas

Sensor.
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Abstract

Since the discovery of graphene materials, two-dimensional materials have been widely recognized and
gradually applied. Two-dimensional transition metal carbides (MXenes) have better mechanical, magnetic and
electrical properties than traditional two-dimensional materials. In this work, Ti;C,T, samples are prepared by
etching TizAlC, with different etching agents for the solutions of HF and LiF /HCI. The effects of etching agents
on the structure and gas sensing properties of TisC,T, materials are studied by scanning electron microscopy
(SEM), X-ray photoelectron spectroscopy (XPS), and gas sensing properties analysis. The material structure
analysis shows that both HF and LiF/HCI etching agents have good etching effect on TizC,T, material. The
results of gas sensing properties show that the gas sensing properties of TizC,T, prepared by LiF/HCI etching
agent is better than by HF etching agent, and the wide range, high sensitivity and high stability of NHj
detection can be achieved at room temperature. The analysis shows that the high sensing performance of
Ti3C,T, prepared by LiF/HCI solution etching is mainly due to the high proportion of —O and —OH
functional groups on the surface of TizC,T,. The experimental studies can lay a theoretical foundation for

studying the gas sensing and practical application of Tiz;C,T, based sensor.
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