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Preparation and Ammonia Sensing Properties of Ti;C,Tx—MgFe,O4 Composite Materials

CHU Xiangfeng', BAI Yuying', ZHANG Yin!, LIANG Shiming?
(1. School of Chemistry and Chemical Engineering, Anhui University of Technology, Maanshan 243002, Anhui, China; 2. School of
Materials Science and Engineering, Linyi University, Linyi 276005, Shandong, China)

Abstract: The development of a high-property ammonia gas sensor is of great significance for human health and environmental
protection. Herein, MgFe,O4 nanomaterial was synthesized by a sol-gel method, and then a series of Ti;C,Ty—MgFe,0, composites
were prepared by an ethanol ultrasonic dispersion method. The structure and morphology of Ti;C,Ty—MgFe,O4 composites were
characterized by X-ray diffraction, scanning electron microscopy, X-ray photoelectron spectroscopy, and Fourier transform infrared
spectroscopy. The gas sensing performance of the sensors based on different ratios of Ti;C,Ty—MgFe,O4 composites was investigated.
The result shows that the gas response of 2.5% (in mass) Ti;C,T,~MgFe,04 composite (R,/R,=4.7) to 100 pL/L ammonia at 25 C is
3.6 times greater than that of pristine MgFe,04 nanomaterial (R,/R,=1.3). Meanwhile, this composite exhibits superior selectivity and
fast response/recovery durations (i.e., 10.8s/6.6 ).

Keywords: composite material; titanium carbide; ammonia; gas sensing properties
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MgFe,0, & —FhR i B & Ja ik, FIHA
BYEA R E . T S AS BRARSER
W2 B T AR AR VR A o R P S A s . R
i, MgFe,O4 #IE B & — 7 R 47 N 8L SRS
ORI, 75 i AU b 5 BT 72 3R - Nagarajan
A LOTR] i 5 25 FA R 45 T MgFeO I, 122418}
1A% 75 uL/L LEEFER(RSR=2.75, 27 C)FITAR
ZAU(RSR=2.93, 50 C)VH BRI N, SRSk
J& A 15 uL/L. Hankare 25/ SR IR IS % T %
i MgFe,Oy, £ 250 “CRHVA AW B A3k 3.0, [RI
XTHRE, R SWA R MmN, BEf, X
MgFe,0, &SRB AL BRI BR A = A
AR, TARIREE S5 . Gl iR S SR A
A BB R A AT AR S B SPERE . MXene
fe— R & R AR — SRR
B RIS 1 5 H A S A S 0 W B 1
e, Horh, TiCoTy & —Fh & ) MXene 28 — 4
MR, 15 SGE AL G 3 AR SO RE (B 7 b R 4R
T EEAEH . Hermawan 251 1R i # e [ 41235 (15
BB KT CuO KR/ Ti;CoTy EAMEL, 45 1%
Wi, 7£ 250 CiEEME 50 pL/L H 2R e B
(Ro/R=11.4) L L — CuO 9K Rk (R/R=2.3) it T
T 5 1% . Sun SR IR WigOs 90K 5
Ti;C T TR A, 58— WigOw 9K, 1%
HEMEHE 300 “CHF 20 plL/L PR B A 5 = i 5
(Ra/Rg=11.6), [FI IS i 87/ 52 B () 4 45 22 4.6 8/18.2 s
Liang 2 PHRIKBGEG LT SnO,y 99K F/TisCoTy
YPOKEEMEL, ZEAMERNT 50 uL/L = Z &
Bi(Ry/Rg=33.6) Ll B — SnO, (R/R¢=3.4) i il 10 5,
Bt TARIRE A 260 ‘CRAEE] T 140 C.

A AR e B ] £ T MgFe,04 40K 4
BE FERIH QSR 8RR % T — R TisCoTy
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(PR 40) TisCoTx-MgFe,04 &G M EHE S0 2
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R g o 97 /K B ()

1.1 MRSl

ZioRIE: FSKAEIREE[Mg(NOs),-6H,0, [E %
R ERAGRA R, Hrai]s JuUKRE R
[Fe(NOs); 9H,0, HZAERFFRXFAIRAF, 7
Wrafi]s FrERRR(CeHsO7 HoO,  EZ ML 2250
BRAR], #ral); wAs(NHF, EZERME R

FIAR AT, ofrdl); SHERHC], EZ4E R 2ER
FIAWRAT, 8rah); BRAEKER(THAIC,, HHRE
BHCERA R, rtrak); Jo/KOEE(CHsOH, HZ
L RAFIERAR, aira); 2EFKER
= ).
1.1.1 %% MgFe,O4 18] 30mL & -F/KF I
1.280 g Mg(NO3),-6H,0 5 4.040 g Fe(NO3);-9H,0,
PEHE 30 min {EEHRARETE, HEIZINA 2.880 g 7
BIR, ke, FHANEMR. KRG RERER
100 mL ({33, 78 120 CHAE T 10h. 25
N D8 d, fE 500 CHike 4 h, JHEEZR N
5°C/min. A H R =R, WHEELSIEIN MgFe,0,
LKL
1.1.2  #l#% Ti:CoTy  F 2.960 g NH,F 2298 A
20 mL HCl (JRE 50N 38%)H, $ii#E 30 min J5£F
WRSH5ER, FIRER A 0.500 g Ti;AIC,,
7 30 CHEIE/KE FHERE 40 h. ZIMS s REEFE 2
B, LA 4500 r/min FEEBELOMERZ IR, H
2 FIEWR pHAE R 7. BJGHTF=LE 50 CRIEIA
TIEFE T4 6h, 153 TisCyT M
1.1.3 4 Ti;C,Tx-MgFe,04 1] 0.003, 0.005,
0.010, 0.015 g B TisC, Ty B 250N 0.200 g
MgFe,0, ¥4, FFINAN 25 mL To/K 0, HEF 1 HE
12h JEE A AEE 2he B0 30 min, B 2005 FITTTE
MET 50 CTEENFEHIRIR 6 ho # ERE A
BLA BIBRC AR MM-1 [1.5% (&%, FIH)
Ti;CoTx-MgFe,04], Ff it MM-2 (2.5% TizCoTx—
MgFe,0,), ¥l MM-3 (5% Ti;C,Tx-MgFe,0,), #
f MM-4 (7.5% Ti;CoTy-MgFe;04)-
1.2 #RIRIE

K15 [ Bruker D8 Advance A X SF2ATHTX
(XRD) 7R i I A L (40 k V5, 40 mA). KA H
A HL - JSM-7800F 244 W 1~ R A AR %
RSN . K FH 35 [ 28R K /R BHE A F] Nicolet 6700
7 Fourier ZLAMGREACIAFE M L AMFT-IR)HE . K
FH 2% [E Thermo ESCALAB 250X1 %4 X 528t B 1 g
WEA(XPS) 7 BT i 3R B T 3R 4 . SR 2 22 5
IX#E AT ASAP2010C 2R LU 3R TH A1 FLAZ 23 A5 I 21X
W 7R LR A 1 Dl LR A .
1.3 THFEHESSEERENIR

¥ TisCoT-MgFe,04 E& MRV AT W15k rh i
BEYS) 5], HAIAIEC DA/ S b 9 HERE(Z) 0.2 mL), HF
FE TR VRS IR, IR TisCoTy-
MgFe,0, 5 & MR 5% FH B2 35 S IR 7E oA (1)
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FALERALEE |, PR e B gt ok, AT
TE& @2 b R ] Ti;CoT-MgFe,0 HA
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R=R./R, (1)
Forr: TisCoT-MgFe, 04 B & A RHE 2 T HIARE
BHACAE Rus TizCoTy-MgFe 04 HAMAEHEGH A
W )RR E FRBHAEAE Ree TI45 1Y TisCoT—MgFe 04
PRI RO SO R AR FE R 60% (1 2%
TR HEAT

2 EREH®

2.1 PHRIRIE

Kl 1 4 TisC, Ty, MgFe 04 FEE i MM-2 ] XRD
B M Ti;CoT ) XRD 1E ] UL, TisC,Ty (002)87 [
PIRFIEIERL T 20=6.62°4k, 1T TisAIC, [¥1(002) 5 TH
1 9.52°, MLIgR A # B Ti;AlC, (002) 4 [ {E4
2Pl TR RS R, B =g ARG AR
YE ZIREEH, B R SRR SR A B Rk R I %
Ti;AIC, &L 4N TG T 7 MgFe,0,
1) XRD #Err, FTA A7 55 W8 5 45 #E R Fr (JCPDS
73221 1)AHXE R . IEE S MM-2 ) XRD B0 L, 26
N 30.46°, 35.76°, 43.32°, 53.84°, 57.28°, 62.92°
(I 53 51 5 MgFe,04 £1(220), (311), (400), (422),
(511), (440)dnTAHXT N, FFAE 20 7 6.55° b M%< 2|
FHRLI TisCoTy (002) &h I AT S 0. Bt 4h, XL
MgFe,O4 FIFE it MM-2 1] XRD #E & B, 75 20=35.54°
b AT ST VSR FE G N, X SR T 4 SRR A BT
j<[17]0

1 TisC,Ty, MgFe,0, FIFE i MM-2 () XRD i
Fig. 1 XRD patterns of Ti;C,Ty, MgFe,04 and MM-2 sample
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B 2 fitzs o B 2a 7] L, MgFe 04 MR ERIR 25 14,

FEH R MAFLE B I GKBRL . 7 B 2b T n] DAL 5E
B A MXene —4EJZRIESRR 2L, B2 S HER K
FHRER YE O 457, 1% P 2 MR 45 1 R A 2
TisCo Ty IFRHETE SRR AE 2 — 11, [ 2¢ J9RE il MM-2
[*) SEM M8 J, WTLLFE 2IH1ER K MgFe 04 44K BRE
HERAAE TisCoTy RIJERGE M 2 b, IXFh 2 FLERAA 1
WSS AERR AL T BRI bR A, R TSR
W B AN 8

(a) MgFe;04

(b) TizC,Ty

(c) MM-2 sample

2 MgFe,04. TisC,T, AFEM MM-2 f) SEM 8 J
Fig. 2 SEM photos of MgFe,0,, Ti3C,Ty and MM-2 sample

FIF XPS 36 RE 5 MM-2 1326 T 76 2534790
My, g5 R anl 3a~K 3f frow, FEdh MM-2 8 F Ti,
Mg, Fe, O, C JU&, #—PiE% T MgFe,04
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Fig. 3 XPS spectra of MM-2 sample and O 1s spectra of MgFe,O,
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TisCoTy IAFLE 7E ] 3b Y, FF it MM-2 H 1302.6 eV
[y Mg 1s. B 3¢ /1 709.8 eV Fl 711.0 eV I3
HOHTUERD 723.9 eV AbIJIEST & T Fe 2ps, Al Fe
2p1n, 718.3eV ALMIIER 1 AN TEIE, Fe2p iEEH
T Fe TTERAFER MM-2 1 &or+3 1, & 3d 2 FE
il MM-2 [ C 1s 3%, 7T 284.4 eV fIUEXT B T C—C
. fEE 3e 1 Ti2p i, AT 4544, 455.6eV
F1458.1eV ALIIEIJE T Ti 2psn. (BAFTEMITEEA
[F], 454.4 eV [UEXT RN T Ti—C 8, Ti—C #1177
TER TiCoTx W Al J5E T )24 I ZI by 2% A6 Ik
P2 —. 455.6 eV F 458.1 eV AbHy 2 IS
C—Ti—O Ti 2ps, 1 Ti—O 2p3p, 463.7 eV AL
N Ti—O Ti 2pin, 460.7 eV Ab (1) 0 X} B T
Ti—C—Ti 2p12, Ti—O FEIAFELE W AT LLIE B TizCoTy
TE ) 4 B S Bt R op 5 4 AR, 1R 3F R 3g 4%
SRS MM-2 F1 MgFe,04 [ O 1s i, &l 3f ikt
i MM-2 fi7F 529.3, 529.6, 531.1 eV AbH 3 4%
SRR A MM-2 i 3 AR FEIMEE T 07, O
A 0O,, B 3g AT 5293, 530.2, 531.3 eV 4K
3 Mg Il MgFe,0,4 #1f 3 FIRFINAR T 07,
O 1 0, o XF ELREf MM-2 F1 MgFe,04 ] O 1s &
R (K 1), DARMET H— MgFe,04 ¥ MM-2
) Oy St Bll 29.11% T+ % 36.08%, K
MM-2 K Oy WFEMHTHA R T H R I MY
PR A

£ 1 #5 MM-2 F1 MgFe,0, 8 O 1s iZil &R LR

Table 1 XPS O 1s fitting comparison between MM-2
sample and MgFe,0,
Material Oxygen spice Peak area percentage/%
MM-2 sample o* 46.93
O 16.99
O, 36.08
MgFe,0, o 54.26
O 16.62
O, 29.11

FE il MM-2 Fl MgFe,04 [ FT-IR 15 2011 4 FioR,
3452.1 cm ' Al 1 625.7 e ' Ak BIMRIAC UG of S8 T ik
(IR R, Ui AR R A7 e R B K P, 570.8 cm ™!
A1 493.0 cm ™" AL IS IE 2y HIxH R T Mg—O BAN
Fe—O $EIHZEIRAI, XUl 7R MM-2 Al
MgFe,04 #18IH Mg, Fe, O TGEIAELE. 1T 624.8 cm ™'
AR )8 T Ti—C %), X EvkE Al JET
JZTEIR Ti;AIC, MZIhrb 3 oo 2%, H#E— P IE
T Ti;CyTy FIAFAE

K4 FE5 MM-2 F1 MgFe,0, [f] FT-IR i
Fig. 4 Fourier-transformed infrared (FT-IR) patterns of MM-2
sample and MgFe,O,

Xt MgFe,0,4 55 MM-2 (T T 4x H 3h L& T
FeAUAzor M, AR 5, FEG MM-2 BRSO
RMJETINA, H3 e ¥h o 8K 5 A i B
(P/po<0.6), Fih MM-2 [T REAR XS e 77 (1

(a) MgFe204

(b) MM-2 sample
K5 MgFe,O4 ZKAHBERITRE Sl MM-2 PR 00 P P P 458t 26
ANFLAR 70 A il 2
N, adsorption—desorption isotherms and pore size
distribution of MgFe,O, nanomaterials and MM-2 sample

Fig. 5
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N BTN, 78w B (0.8<p/pe<1.0), FEf MM-2 [
RAWIHEEZ . MgFe,04 FIFE S MM-2 [ EL 3
FRZ S BR B B S2 56 J FT 4590 ) 2 42.328 4 m/g
1 '50.639 0m®/g, LARARH T #— MgFe 04, TizC,Tx
AR T RESD MM-2 I LERTIAR, BRI LR AR &7
AL T 22 SN R PR 1, IR A T MM-2 175,
B REAR T B — MgFe,04 A TR TH I JE R 2 —124,
HFE i MM-2 Al MgFe,04 5 & M RHR FLAR Al T 5
AIEFES MM-2 f1 MgFe,04 KT 350455 ) &
17.13nm 5 17.40nm, #ih MM-2 fE7ENFLEE )
22 SRR

Kl 6 N MgFe 04 54 A H A TisCoTy-MgFe,04
HEMEHOSBrERE. B 6a AI L, MgFe,04 1£
200 ‘CHF X} 100 pL/L 22 Ma S5 2 f sy, T AN [E] B
B TisCoTx-MgFe,04 EE P BHE Z IR XT 100 pL/L
SRR RLIK B B B TiCo Ty I A R %
ik 7 MgFe,Oq i LAEIRE - £ 5 MM-1, £ MM-2,
FE i MM-3, B i MM-4 5 &8 RHE 2 i X% 100 /L

(a) Ammonia (100 uL/L) gas sensing response of MgFe,O,

and a series of Ti;C,Tx-MgFe,O4 composites

BN R 2.7, 47, 1.4F0 1.9, XERE Y
Ti;CoTx HETESECH 2.5%0), Ti;CoTx-MgFe,04
A PPRE S IEXT 100 pL/L 2SR A oK 3R
Fho M THC TR IE R T 2.5%0, ZE &Mk
XF T NH; A B AR B A, X n] BE2 F T Nt
Z 1 TizC T I, TisCoT—MgFe,04 & A RHER T K
AT THCO T IR, S AR I SR 1)
A R B R AR PO 375 A A7 i T

6b AFE T MM-2 FEAN A AR R X 100 uL/L
8 A F AL Bl 6b AT UL, FEEIE, B
MM-2 % 100 uL/L 2 N fe e FFH, &l B
PRSI N T . MgFe,04 FIFE i MM-2
FE 2R 100 pL/L AN [F) S0 B U0 BE X EE fn B 6¢
FT7 s MgFe,04 75 S i85 100 pL/L F P B 1 57 5% 25 »
ATLLIAH] 2.2, TFES MM-2 X 100 pl/L (%) A B
WA 1.0; FES MM-2 2R AF 100 pL/L %<
oo N f i T LR B 4.7, TIRIBESAE T MgFe,04
X} 100 pL/L 2SR A A 1.3, 1] WL TisCoTy N

(b) Response of MM-2 sample to 8 kinds of gases of 100 uL/L

under different operating temperature

‘ 5.0

ML /7

0 1 2 3 4
Response (R,/R,)
(c) Gas sensing properties comparison at 25 ‘C of
MgFe,04 and MM-2 sample

1 1 1 1 1 L L L 1 1 1 J-|
5 0 100 200 300400 500 600 700 800 9001 000 1100
t/s

(d) Response-recovery curve of MM-2 sample for different

concentrations of ammonia at 25 ‘C

Ko A UBIEREN 4,

Fig. 6 Results of gas response tests
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AN T MgFe,04 F Bk #ME . @I FE MM-2
X 100 uL/L Z S AT 100 pl/L X = 2m 5 G AE 11
S, MBI S MM-2 SBBUEFEPE(S) [S(100 pL/L 2/
S(100 pL/L —FZE)] A 1.9, i MgFe,04 Xf 100 pL/L
PIERAT 100 pL/L = F & (TMA) I S B A 5 < sk
N S(100 uL/L FER)/S(100 uL/L TMA)=1.3. Lt
B A MR BOE MR AR T MgFeOy, FF i
MM-2 PSS BOE RS B T — e R B ekt o i B
Vi S I TA] 2 VP AR ISR PR AR I — A B AR bR .
HE 6d 7T, FEA MM-2 %F 100.0, 50.0, 25.0,
5.0, 1.0, 0.5 pL/L S/ S/ SR E) 23 3102 139.5's/
256.5s, 94.85/87.8s, 97.45/6545s, 46.55/33.8s,
27.9s/7.8s, 10.8s/6.6s,

MR S UL R R T IR R 2 —
PRI, S0P il MM-2 7EAS AR 0 B (20%~90% ) b
100 pL/L S RS AT T RFFE « N 7 BT I,
TEAH N B AR (20%~40%) I 2614 5 RS MM-2
0SS0 SR, 5 R X T P 3 o T % 02 184 0 o
LXK E 60%, BEEHXTRERIEIN,
e MM-2 B2 B A B 2 R IE IS . X2 R
NH; ZKEMESE, SRR R, S
KATEEMZ, WM T NH; £
e T N 1B N RN ) A {5 o 7
FA v, AT DUIE o 0 B M2 BT 7K 3 256 5 O v ek 2D
AL K5 A S P B i O

Bl 7 AHXHEEE X R i MM-2 7E S IR 100 pL/L 20
S
Fig. 7 Influence of relative humidity on detection of 100 uL/L
ammonia at room temperature for MM-2 sample

23 SEHE

ZAE TiCoTe-MgFe,04 B A PRI I i i A
A BNLEE . B AR AR T IR T
Ti;CoT-MgFe,Oy EEMEHIERT,  Ti;CoT-MgFe 04

HEMEBLRTM BT S5WRMER EMAS T RE
SNAERCT Oy s TisCoTx-MgFe,04 A F BRI 1)
BRI/, 8K T TisCoT-MgFe,04 E &K
FIELREAE s 24 TisC,T—MgFe,04 B &M AN EE
RAGSHER, A0 TN ZE Ti;C,T-MgFe,04
SHEMERIZRT, HH5IR Ti;C,Tx-MgFe,04 &
AMEIRTN Oy KERRPL, X—HRMAERT
NO, N, Ml H,O, FFHBBH T —#oHT, S
TisCoT~MgFe 04 B -G8 BF 2 I 1 B IR FE R K,
TisC,T-MgFe,04 & & 1 K i v BH A2 % % BT,
TisCoTx-MgFe,04 E A MBI Z AU B K&
(A2 s 8 75 FE o

0, (gas)—0: (ads) 2)

0, (ads)+e —0;, (ads) (T<150 C) 3)

4NH;+30, —2N,+6H,0+3¢e" 4

4NH;+50, —4NO+6H,0+5¢" 5)
3 i

IR 75 o BOR A I 2014 T — RAIAR
B Ti;CoTx-MgFe,04 EAMEL, 8 RAE 54 &
B, TisCoTy-MgFe,04 HA KM LLERTH, A HFTS
AR B AN 1. BEJE X MgFe,04 5 AR LA
TisCoTx-MgFe 04 H A M ENEAT T BRI 71 .
WKW, 2.5% Ti;CoT-MgFe,04 E &M EHE =i
XF 100 puL/L S0 B(Ry/Rg=4.7) Eb B — MgFe,04
KA EHRL/R=1.3)50 3.6 %, FHRIH R IFHIS
HEFEPE[S(100 pL/L & <)/S(100 pL/L —H %£)=1.9].
WAL, 1% A MR E S SR AR W PR ] BAIE 3
0.5 uL/L, -T2 M B B W AP & R E R
fHQ.8uL/L). FFH, XK 0.5 uL/L ZAHE, MR-
PRI IEAY Y 10.8's AT 6.6's, Ui BRI iy mi bk 55
] 7E ST DU 57 1 5 i 3 I <A v R Uk B T
HABENE.
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