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CO,-TPD Xf Nu/TisC, #47 T FRAE, BT HAR A HESES I M PERE . 25538, Ni fi2E 0 10%19 NYTi:;C,
FEAEF] (2 10NVTIC, ) HARAEMTERE, H Ni )8R A 3TE Ti,C, Rifi b, EUIRSEIEW, R
T 9.6 mYg, BAR/IMYEIR Ni FHRAZE (43.59 nm) FRE R EUE (021% ), BEE Ni ki,
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JRBHETE 511 °CAEA ), PFEMIRIT. 7F Hy 77 2.0 MPa, 30 mL BNECAHVER] . RIVIEE 120 CRIZMT,
0.5000 g 10Ni/TisC, #fk 1.0000 g PEEREREREANE N 3.0 h, PEERERALSRFIAENEEREREE 90 100%F
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Preparation of Ni/TisC, (M Xene) catalyst and its catalytic performance
for selective hydrogenation of cinnamaldehyde
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Abstract: A series of Ni/Ti;C, catalysts with Ni loading (theoretical mass fraction of Ni, the same below) of
5%~20% were prepared by KBH,4 reduction method from multilayered Ti;C, (MXene) carrier, which was
obtained using hydrofluoric acid as etchant and Ti;AlC, as raw material, characterized by XRD, FTIR, SEM,
N, adsorption-desorption, NH3;-TPD, CO,-TPD and analyzed for their catalytic performance for selective
hydrogenation of cinnamaldehyde. The results showed that The Ni/Ti;C, catalyst with 10% Ni loading
(denoted as 10Ni/Ti;C,) exhibited the best performance, with a well-defined layer structure and its Ni metal
particles uniformly loaded on the surface of Ti;C,, a specific surface area of 9.6 mz/g, the smallest average
metallic Ni particle size (43.59 nm) and the highest dispersion (0.21%). The specific surface area and acid
site strength of Ni/Ti;C, increased gradually with the increment of Ni loading, but the types of acid sites on
the surface showed no much change. 10Ni/Ti;C, exhibited strong Lewis acid sites (NH; desorption peak at
approximately 511 °C) and good thermal stability. Under the conditions of H, pressure 2.0 MPa, 30 mL
isopropyl alcohol as solvent and reaction temperature 120 °C, 0.5000 g 10Ni/Ti;C, catalyzed 1.0000 g
cinnamaldehyde for selective hydrogenation for 3.0 h, the cinnamaldehyde conversion and phenylpropyl
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alcohol selectivity reached 100% and 99.29%, respectively. In four cycles, 10Ni/Ti;C, exhibited high catalytic
stability with 100% cinnamaldehyde conversion and 99.29%~92.07% hydrocinnamyl alcohol selectivity.

Key words. MXene; Ni/Ti;C,; catalysis; cinnamaldehyde; hydrocinnamyl alcohol; selective hydrogenation;

KBH, reduction
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Ti;AIC, (JF&43%0>99.5% ), 1 175k kBl

ABRAT; AR (HF, JiE0%540% ), 4r#ral,
BRI RFRE AL A BRA F 3 KBH,y, 43#r4l, 2y
S ERFI A PR A F) 3 NiClee6H,0, Z3Hrad, 7
De b T A BR A W5 meBE (eAral ), AR (5
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AF] 30 mL s 54 40% M SRR, 7E25 CT
BiFE 24 hy RJE, BO . BETKUEEMSH TiC,
BRI, HERE pH=6; B, B Ti;Co B IF WA
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75 3138 S A IR A AL ) 10N/ Tiy Co SR AEAE TC K 2 B rh
#Hs



© 2240 ¢

A% 4m 4 T FINE CHEMICALS

41 4%
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99.999%1 Ar ELHziE A S it , K B R 2 200,
300, 400 °CHEATREREBEFT 10 min, 2R OPUS 5/
I /MBI, 455 Kubelka-Munk pRECLH

K4 B R 7 FHR AL E W AT Hy fhf
W Bk, e e 70 2 T O 1 AR R A U . R
I 50 mg BEATE 30 mL/min FRFRAE0H 99.999%
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40 °C; ff TCD K#EL RIS, 4 20 Whkib

512 pL R4 10%59 Ho/Ar, S HEA TCD #:il
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Wk 22 AL TR BRF (9 7K o RN 2% I, SR I S I i e ik 21
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Ni/Ti;C, #EATAEfLRS M, ARG IR ER 4
W, BREMNH, SRR TR AR R
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8000 r/min FE .0 3 W, WERMEEREZN T
— KSR, BUHEAEF] 0.5000 g, 1.0000 g RIEERE A
30 mL SNEEIIA R N 28 tPAE R — 451 T iE AT R A
TS YR A e A T LN

2 HR5HE
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2.1.1 XRD & #f
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Ilf—l 1 T13A1C2 ( a )\ Ti3C2 ( b )\ 5N1/Tl3C2 ( C )\ 10N1/T13C2
(d). 15NV/Ti;C, (e) A1 20Ni/TisC, () [ XRD
1
Fig. 1 XRD patterns of TizAlC, (a), TizC, (b), SNi/Ti;C; (),
10Ni1/Ti3C; (d), 15N1/Ti3C; (e) and 5Ni/TizC, (f)

I 1 AT, AR 20=38.9°4b 58 7 504 X R T
Ti;AIC, AY(104) &1, 4 HF ZIphJ5, Ti;AIC, 7
20=38.9°AbFFAF VT 2%, [RIA(002)F1(004) iy 1 14 AF
B, I AR 20 7 5), LB Al Y Z2BR A Ti;C,
BITERE, AE 26=9.1°. 18.2°F1 60.8°4b 47T 5T 1% 43
FIXF R TisC, #9(002). (004)F1(110)4 T ; Ni/TisC,
HEALFITE 20=60.8° Kb RFAF WX I TisC, AY(110) 54 T ,
16 26=37.3°, 43.4°H1 62.9°4AbATEFIEXT N NiO )
(111). (200)F1(220)fn T, BEEAMEALFIFAY Ni %A
PSRRI, (H Ni/TisC, fi b H) h I 1A A 9 ot
Ni & J@AHC PTG, mTRE 2R h BT Ni (1
TAREIARS . BEE Ni/TisCo AL FI d Ni 17 2% 19
Hhn, NiO BRI JLTAE
2.1.2 FTIR 547

2 28 TisCy Fl Ni/Ti;C, AL FTIR §5 14

mE 2 AT, 573 em ' ARRAFAEIEIHE T O—Ti
—O M4EiRsh (b~e); 669 cm™' AbAYHFAEIE T )E
T Ti JiFZ A1 Ti—O A Ti;C, R I—OH K

ASTEIR N (a~e ); 1537 cm ' ARAYRFAE VI & T
O—H Wy digRzh!""; #eAh, 3500~3800 cm ™' AbH
A RFAE I T T8 T O—H A s A Hr A PR 301 Ni/Ti; C,
TN TisCo MW IS AR L

4000 3500 3000 2500 2000 1500 1000 500
PeE/em™?
K2 Ti;Ch(a).5Ni/TisCy( b ). 10Ni/Ti5Cy( ¢ ). 15Ni/Ti;C,
(d) F120Ni/Ti;C, (e) HJ FTIR 1%

Fig. 2 FTIR spectra of Ti;C, (a), SNi/Ti;C, (b), 1ONi/Ti;C,
(¢), 15Ni/Ti;C, (d) and 20Ni/Ti3C, (e)

2.1.3 SEM 5 #7

& 3a~f 4 Ti;AlC,. TiyC, Fl Ni/TisC, AL FI 1
SEM [ ; & 3g~j o Ni fidit 5%~20%M9 Ni/Ti;C,
I N R R AR S A

H I 3a~f A1, i HF M Ti;AIC, kR
X8 AL, RFRIE R Ti;ALC, S # B y — 4k
2R TisC, ( 3b). 5 Ti;AIC, ( 3a) MM, 7E
R TiCo b, S22 R BE, £)2 TihC, £
H LR MXene BT RERRIE A, et ] ML 5]
TR R, SRR R B AR AR Y R A R AR A R
Ti;C, RMATEF ZuniZ BieH, BAF T4E Ni
R AA R
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NE FHIRA%: 71.20 nm I, DREIRAZZE TiC, ZH., HE 3¢, SNI/TLC,
501 HEARR e Ni BokLA b, e gk ikZem L. &l
ol 3d WL, TONi/TisCy AL Ni B0k 7 2045 251,

S BERE A, ARG (ABEE Ni/Ti;C, AL
2% HfrNi G ARSI, 2232 T, C, %1 Ni 0B
W0r R, F4y Ni R A B HE S 7 3 7E 2k (A 3R 1 ol ik
10 AZ )2 TisCy Z 0], B AT 2R 235 14 R Rk
0 [ (El 3e. ), XFAIEELE Ni ok 5 80k 2 1]
40 50 60 7;5)2@/ mi;O 920 100 110 EI/‘J ;FH H 1/}5 FHE,[‘H‘E i’j sg 5
60 VB R 43.59 om H K 3g~j WA, SNi/Ti;C, . 10Ni/Ti;C, .
sok 15Ni/TisC,  20Ni/Ti5C, I 42 & Ni J50hL (1 -3k 428 43
w0l WK 71.20, 43.59. 85.01 F1196.97 nm, Ni/Ti;C, ff#
S B3 b Ni &8 ok £ 2o A 7R AR IR R, Ni gk
24 7 10%0, A Ni URLE 5] i 4O TiC, 2K
20 L, HRED, SRR RN BEE Ni e a it
10f —LHEm, BIERIGEChE, M AR Ni
0 TR
1020 30 ‘;‘;L “ /njf 60 70 80 % 10 NUTLC, 78 40 °CTF ik oh i H, i,
60~ FERE 8501 om JEHEAS B P36 M 4 8 Ni il
* F 1 EAEFINETE NiSa0E
< i Table 1 Metal Ni dispersion of the catalysts
f\g[ 30¢ AL Ho KRB R (umol/g)  Ni AMECE /%
20+ 5Ni/Ti;C, 1.79 0.10
10 10Ni/Ti;C, 3.40 0.21
" 15Ni/Ti;C, 0.74 0.04
40 60 80 100 120 140 20Ni/Ti;C, 0.67 0.03
R /mm
60773 T R4 96.97 nm
sl A3 HI R 1 4 T Uk S FRAR AL ) B4R AR, N
SO S0 F3RE 38 AT AR S ok R R AT SR, A
T FITHACR R R RE . I 1 TR, RS Ni
ft; 30 43 BCRE B K B /N 2 10N/ TisCo>5Ni/TisCo>
20+ 15Ni/Ti3C,>20Ni/Ti3C, o Ni/Ti;C, [ Ni By 71 2% 5 50
ol TN ZrEEE, SET AT LA M Ak R A PR A A A
6 l 1 SR A B T R AR E 1
60 80 100 120 140 160 180 LI Egi B E£ B, 10NI/TI;C, F ¥ ki &2 % /)
kifd/mm

Kl 3 Ti;AIC, (a), TisCy (b), 5Ni/TisC, (¢ ). 10Ni/Ti5C,
(d). 15Ni/Ti;C, (e). 20Ni/Ti;C, () Y SEM ;5
5Ni/TisC, (g ). 10Ni/Ti;C, (h), 15Ni/TisCy (i),
20NV/Ti;C, (j) M4 B kAR50 &
SEM images of Ti;AlC, (a), Ti;C, (b), SNi/Ti3C, (c),
10Ni/Ti5C, (d), 15Ni/Ti3C, (e) and 20Ni/Ti;C, (f); Metal

particle size distribution diagrams of 5Ni/Ti;C, (g),
10Ni/Ti3C; (h), 15Ni/Ti;C, (i), and 20Ni/Ti;C, (j)

Fig. 3

i A 3c~f I, Ni/TisCo AL 1Y TisC, BN S
I W IR, TEMES R Ni ok 2Bk, A AhfE
BTN, K& HEIFEEELE TiC, £

(43.59 nm), NiMAIRED, HEERS (0.21% ).
2.1.4 TEM %#1

%] 4“4 TisC, Fll 10Ni/TisC, i TEM 1 HRTEM [&] ,

HE 4 0T, TiC, REHEEH (K 4a), B
A i Ag T EEA 0.26 nm 1 A& A8 (Kl 4b), IH)E T
TisC, BY(110)40 T 5 1ONI/TisC,, T AR 1Y Ni 42 J& ks 5
A RMHRIL, MRS HELZZ TiC,
R (E 4c), HAMEBEER 0.24 F10.20 nm 1Y
mA% 280, HJE T NiO AY(111)FT Ni B(111) & i,
ZEREM, Ni (EAE (NIO) M4 RBEA (Ni)
5 Ti;Co 7E A& H 45 A R AT
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Kl 4 Ti;Co 9 TEM (a) & HRTEM (b) Kl; 10Ni/Ti;C,
f') TEM (¢ ) S HRTEM (d) &, $HE b s S8
[i]
Fig. 4 TEM (a) and HRTEM (b) images of Ti;C,; TEM (c)
and HRTEM (d) images of 10Ni/Ti;C,, the insets
are lattice stripe spacing

2.1.5 N, B -t B 547
[l 5 A TisCy M1 Ni/TisCo FY N W BRF- 158 B 45 i £
FFLAR A i 2

|2 —=— Ti,C,
—e— 5Ni/Ti,C,
251  —a— 10NU/TLC,
—v— 15N/Ti,C,
—e— 20Ni/Ti,C,

vV
vvvvvvvvvv

&/ (em®/g)

02 04 06 0.8 1.0
HIXFETT (plpo)

0.005 b —=— Ti,C, —v—15NV/T},C,
—e— 5Ni/Ti;C, —e—20Ni/Ti,C,
0.004 - —— 10NV/TL,C,

(=]

(=]
[=]
(=
w
f

LA/ [em¥/(gnm)]

0.001

0.002 M
e\

2 4 6 8 10
fL#Z/am
E'5  TisC, £ Ni/TisC, 1K) N, W B - Bt i 26 (2 ) & BIH
R LA 504 (b)

Fig. 5 N, adsorption-desorption isotherms (a) and pore
size distribution by BJH desorption (b) of Ti;C, and
Ni/Ti;C,

Hi &l 5 AT %, Ni/TisCo 7E p/po 4 0.8~1.0 Iy R I
5 TizCy AAIRI A IV BRI B 25 R A A Hs BY [l A (AR
P TUPAC HUAE B/ 2ebnife ), FRIIHAFTERRAEILAR Y
fl\?L[ls] ( Sa ); Ni/Ti3C2 ?Lﬁé%iﬁﬂll—? Ti3C2 *Eﬂﬂ

(El sb), Hodi i@ L FE 2~10 nm Z[H] 1
AL, BB Ni/Ti;Co 5 TisC, BIFLRZEAFIRL, T3kiG
P4 Ni J5 , LR A%  FEAE R Z BN L NVTC,
HONT R 2 X R L 2 R RN FL AR A 1 R
K, VLA HFLEE ) FZR TR AR Ti,C, A B

2% 2 N TisC, A1 Ni/TisC, B L5 FI I

F 2 TisC, Ml Ni/TisC, B4 F P R
Table 2 Texture properties of Ti;C, and Ni/Ti;C,

B R AR/ E{REN A T
(m*/g) (x107% cm’/g) fL4%&/nm

TisC, 4.7 1.83 12.17

5Ni/TisC, 8.8 3.46 13.56

10Ni/Ti;C, 9.6 3.63 11.84

15Ni/Ti;C, 10.9 3.99 11.28

20Ni/Ti5C, 11.1 4.39 11.78

2 %1, TiC, LR AN 4.7 mPg, fL
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Fig. 7 Pyridine adsorbed-desorbed FTIR spectra of 10Ni/Ti;C,
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