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Hierarchical In,S,/CdIn,S, Heterostructured Nanohybrids as Photocatalyst
for Coupling of Benzyl Amines under Visible Light

Liu, Ruxue” He, Xiaoyan” Niu, Litong” Lv, Bolin“ Yu, Fei”
Zhang, Zhe* Yang, Zhiwang**“
(“ College of Chemistry and Chemical Engineering, Northwest Normal University Key Laboratory of
Eco-Environment-Related Polymer Materials, Ministry of Education Gansu International Scientific and

Technological Cooperation Base of Water-Retention Chemical Functional Materials, Lanzhou 730070)
( Pingliang No. 7 Middle School, Gansu Pingliang 744000)

Abstract It is a more attractive strategy that the selective oxidation of amines to the corresponding imines driven by visible
light and photocatalyst. However, it is still necessary to look further into the mechanism of the transformation. In order to
advance a new green photocatalysts system under milder conditions, hierarchical In,S; nanotubes, which maintained the
mother skeleton of NH,-MIL-68(In), was prepared from NH,-MIL-68(In) and thiourea, and a cation exchange method was
used to synthesize hierarchical In,S;/CdIn,S, heterostructured composites. The structure, morphology and photoelectric
properties of the catalysts were characterized by X-ray diffraction (XRD), scanning electron microscope (SEM), transmission
electron microscopy (TEM), high-resolution transmission electron microscopy (HRTEM), ultraviolet-visible diffuse reflec-
tance spectroscopy (UV-vis DRS), fluorescence spectroscopy (PL) and electrochemical impedance spectra (EIS) analysis.
The results showed that the existence of heterojunction between In,S; and CdIn,S, could minimize the recombination rate of
photogenerated electron-hole pairs, which made the In,S;/CdIn,S, show superior catalytic activity. The results of the evalu-
ated experiments under visible light illumination showed that lots of synergy existed between the hierarchical structure, and
the heterostructure could help to enhance the efficiency of carriers transfer and separation, which resulting in a high photo-
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catalytic efficiency of In,S;/CdIn,S, nanohybrids for the oxidation coupling of benzyl amines to imines under visible light
irradiation. Interestingly, the further investigation concerned to the reaction condition revealed that the product could be de-
tected not only in air but also in N, conditions, which burst out of the restriction of the reported reaction conditions and made
the condition of the conversion become milder. The possible photocatalytic mechanism for the transformation was investi-
gated by a series of experiments which concerned to the catching of the active species. The results showed that the reason for
the occurring of the reaction was initiated by the presence of the nitrogen-centered radical cations and the carbon-centered
radicals which were induced by the photogenerated hole (h¥) in the photocatalyst. As for these situations, the conditions for
the conversion of benzyl amines to imines were milder than the reported ones ever. What’s more, from our experiments, the
catalysts can be recycled five times at least, which indicated good reusability of hierarchical In,S;/CdIn,S, nanohybrids.
Keywords NH,-MIL-68(In); hierarchical structure; visible-light photocatalysis; coupling of benzyl amines; heterostructure

1 5|8

(M, Garcia 25U E T MOF-5 ELA 25 S4B
PER LA, 1T 48 A HUE S (MOFs) L ALK . FLE
R LR RS 2, TG AL SR T B 5
EAI7 I HI5ETER . MOFs 4481 25 MR T4
BRI ST AL T L, TERP BB I 12 R RS Ao i
FEMME, JoREAIAL 2 5 1 2 ARG T — R 077
Wh. LA, DL MOF AR 4 BT AE AR 0T L
{FF EFER MOFs (045 95, (RS M s Lo 153 53
B M A FPRH RO RE 42 1S, T LT DA R85> MOFss 72
BRI PE R 2 4RI B, NI IR MOFs APEHE Y
P TP ) — R R MG, SE, B3 MOFs 27
R TS5 I 28R InyS; OB IR SERE B, % A>420
nm BT LR UG AT AR, & (855 . TG e
B SETE A AL SR A S 432

e AL AT V6 L T2 7Rt 04 B A6 TR, (L
FE A e AT e R R . 30 B AL, &
G T VSRR T4 BRI, 4R
BAAPURUON, JR SR 402, B LR 4 R
PSRN o ph SR E T2 SO B 4 B T
FUAT AR AT AR 2, 2 B ELAT 0 4 o
P ) 45 5 RO ALV BT R B TV 2 — I,
SR G R A LG MRS 5, 7T BA S AR M it
RSPV Phk, T LU A 0. R
BB SRSEIT M 2 L S R B2, T EL S
RAL 0 R AT B SRR O SRR, R
1 3D [ SR AR S R T LB IR R T 4K
YR, T3 — R R AL R BRI, i
S50 LT 4K 5 SR M 0 AL FRUTE D AL ST LA
e 1 S 09

P S 4 1 5 1 T e ORI 22 7 (h ) R R G
FE B A J1, SR P T L fiE AL B R S2BLA LR
RN S G R SRR R R )
oA ORI KRB, 3 — BRI T G a bR
SR IR Ay, [, RARARLFE B 4 1T WL AL
FORMEAE LA BB T IR0 B2, o,
S Y 4 T 0, D AR IS0 T G I 7 A A 27T
FEHHEA R RL B H AL, DEH V2 RS

654 http://sioc-journal.cn

© 2019 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

FF 2K B R 1) E AR BE I B A, G CAS@C:N,PY |
CuWO, P WS, NH,-MIL-125(Ti) 4%, At % B,
TEIXEL R R 2, 4R R J N A b AN T] 2D
). oS, 2% FR e (%) ST AR B s SR 7 1K 8 g 87 A
ZrbHELASEEL. i, Jiang Z5210L Zr 42 JEYE 9 MOF
RCHEAGT, A e IR, RS N RIS
HL (19340 J M SR i K =, [RI R F A  RA
IR F i, 2R i 1R R A AR B s LB 1 397 P e 2
SAAFEFINLER. SR, 124K 2R IR IR F R AT AR )
AL — Bt 7T, AR, fE# KR MOF #8 H
XA AR BT LA, HE— 2D R R R L B A A,
T SEELAK W AR C AR e A A A T ik e i
L IR e e D

B R Lou 25T L MOFs fiT2E ¥ 57 Jif 45 93 4l K 45 44
In,S3/CdIn, S, AYEHEMFIALIE R CO,, (EIERATHTH,
;S CdIn,S, M HE ERELIF A B TG A 28
FE AR N . A SC45 A T MOFs fiTAEm kL, 4y
WK LRI L T 25 OS5I 05, il 46 T g gk
HAEME InySy/CdIn,S,, H LAF AL, #F 5L 1K H
Ji& (] WG A A A AR SN, FEERH T AH S AL,

2 GRS
21 MR

K1 R &S SEM K. 1a, 1b 2
NH,-MIL-68(In)f’) SEM K, W] LLFE 2 H 502 K (1%
WHIBAE G, Stk LG, WA B HE B, 153
FIRE ISR CRRFE MOF HIAEZEZEH, (H 3 [ 5 & 90
KRG 1c, 1d). GRfE CACL Wl AL RS,
TR B A B, B ASR B MOF RIAREZE S5 H
KM EEDK (B 1le~1h). BEEBLE 60 C Tt
[ RE, P fAE S R 4K g5 e 2R, B
BOFAHTE1AR A 50 min B (B 14, 1), FEIREE IR &
SO AP ELE R P R Th TR

Kl 2 4 NH,-MIL-68(In). In,S; BLJ% In,Sy/CdIn,S,
) XRD K. K 2a &R FHAAFEFBIREL NH,-MIL-
68(In)[] XRD K, "JLLERI, HiiRII=HN 0.8 g B,
NH,-MIL-68(In) F4FHEIE L4 58 4V 2%, #iBH MOF &2
i se i, mH, BT In,S; 1 X ATk R

Acta Chim. Sinica 2019, 77, 653—660



1 F F ®R

RIE

P 5 2 1 SR A AR 1 — 20720 1B 26 2B K Tn,S;
55 InyS5/CdIn, S, I X S Bk RATHE, B2 AT #1260
1E 45°~55°11 X Sk RATIHTBOR B, 45 R 455 50k
TRIE A AP X B In,S5/CdIn,S, BV Il 4.

B o1 FES B E S NH-MIL-68(In) (a, b); InsSs (c, d);
IIleg/CdIl’le4-10 (e, f); In2S3/CdInzs4-30 (g, h), Il’le3/CdIIlzs4-50 (1,])
Figure 1 The SEM images of the samples: NH,-MIL-68(In) (a, b); In,S;
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Figure 2 The XRD patterns of the samples
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Table 1 Activity test experiment of different photocatalysts

Entry” Catalyst Con."/% Sel./%
1 In,S; 61 99
2 In,S3/CdIn,Ss-10 68 99
3 In,S5/CdIn,S4-30 79 99
4 In,S3/CdIn,S,4-50 65 99

© 2019 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

¢ Conditions: InS3/CdIn,S4-30 (5 mg), benzyl amine (0.1 mmol), light (>400
nm), time (6 h); > Calculated by GC analysis.
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Figure 5 Photoluminescence spectra (a) and EIS spectra of the samples
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Table 2 Photooxidation coupling of benzyl amine in different solvents

Entry” Solvent Conv.’/% Sele./%
1 Acetonitrile 79 99
2 Ethanol 70 99
3 Ethyl acetate 72 99
4 Toluene 83 93
5 Benzotrifluoride 75 99
6 Carbon tetrachloride 37 98
7 1,2-Dichloroethane 63 99

¢ Conditions: In,S3/CdIn,S4-30 (5 mg), benzyl amine (0.1 mmol), light (=400
nm), reaction time (6 h);b’c Calculated by GC analysis.
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3 IS5 CdlngS,-30 JfEALFIMEAL IR P HIAT A4
Table 3 Photooxidation coupling of various substituted benzyl amines
over In,S;/CdIn,S4-30

Entry” Substrate Product Conv."/% Sele./%
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N/

58 98
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cl cl cl
o T, e
F3C FsC CF3
1
1
0 @_/ @ ) 99 63
X X =
e () @
N/ NH; N7 Ny SN

o

¢ Conditions: In,S3/CdIn,S4-30 (5 mg), substrate (0.1 mmol), light (>400 nm),
reaction time (6 h); ** Calculated by GC analysis.

(KDIR(ZE 4, Entry 6), 2 kI 5EA0 22 28 1 0%
28%, LA hE %N —Fh R B R, 2 R
RGN LT (e A SR B R4 (K, S, 05 23 4,
Entry 7), 2 F AL 3E 32 5 31 90%, X — 45 St i
h' R EIE R, Bl KoS,0s Wik T e 5, HinT
WG A, TSR T I A . SR
2,2,6,6-PU H HERIE - 1-42 ] g1 2E(TEMPO) A HI & 3K
4 HE MR T AU AR 07 P B 35 0

Table 4 Active species trapping experiments of the photocatalytic cou-
pling of benzyl amine

Entry” Condition Conv."/% Sele./%
1 0, 78 99
2 Air 79 99
3 N, 73 99
44 Air 4 99
5¢ Air 6 98
6 KI 28 99
7 K;S8,05 90 99
8 TEMPO 8 92

© 2019 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

“ Conditions: InyS3/CdIn,S4-30 (5 mg), benzylamine (0.1 mmol), light (>400
nm), reaction time (6 h); *¢ Calculated by GC analysis; ¢ The reaction was
performed in dark; ¢ The reaction was performed without In,S;/CdIn,S,-30.
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F T PR ARIE A FH 1.
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Figure 8 Reusability of In,S;/CdIn,S4-30 for the photooxidation cou-
pling of benzyl amine (a); XRD patterns of In,S;/CdIn,S4-30 before and
after the catalytic reactions (b); FE-SEM image of In,S;/CdIn,S4-30 after
the reaction (c)
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