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FREAW). BRI UE S BIPDMS S F A 80 °C M4 Hh ik —
A2 h, S5 2] A A5 BT RO 4500 A

mE 2R R, HPFAE i iE i 51 & S PDMS It
Fr A HEARE 1, H v RO 4 AFITB 43 S DA AR R R
CHERE, BEEAHCMKFE DR, 54K mi(v=
196.26 UL)PFA%E 5PDMS IS i 4 I W 4, i
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[B]. {5 BAEFE 1 minft, QA=Q=50 uL/min, Qc=
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uL/min, Qc=20 pL/min. ¥ —E R Zn* 8 Co* 4 8 &
TWTHEMZKAL, vivrf, fENERA; K Mim
S BimiE T A R R VR B, &R s+
SEAAME/RE N3, TPl (1% 5 & H 5 1)
SPAN 8OME R IELZAHC. % L AHE 1 55 U1 18 s v )
VSR STV R . JRURHEPRA R RN — & I ],
ELOHLZEIS00 r/minf 3l T 2504325 10 minlit4E ™4y,
FEPI R A . B EEVE RS, R E T

Figure 1 (Color online) The fabrication procedure of dual “T” droplet microfluidic chip
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Figure 2 (Color online) Illustration of the synthesis of ZIFs in microfluidic system
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B3 (2 BOR ) ORE S H AYZRAE. (2) PDMSHTORFE 5 (b) “T BLEE Y SEMIE 115 (¢) Co-ZIF-8 TERL T RIS A H A
Figure 3 (Color online) Characterization of microfluidic chips. (a) The optical image of PDMS chip; (b) the SEM image of “T” shape channel; (c) the
synthesis of Co-ZIF-8 in dual “T” droplet microfluidic chip

R1 ZIFsHHRLA B
Table 1 The synthesis condition for different ZIFs

FERT S BPIA JZ i HIB 15 B4 16} 8] (min) PR (%) AR (kg/(m’ d))

; 50 mmol/L 150 mmol/L ; 2(6) 24 164
i 100 mmol/L 300 mmol/L ; 22 ‘1‘(6)(1)
%ﬁlzl-\?[im)z Zn(NOs), Mim

2 50 mmol/L 150 mmol/L ; ﬁ ?g
; 100 mmol/L 300 mmol/L ; Z; 25657
éf)%\i?m)z Co(NO3), Mim

i 50 mmol/L 150 mmol/L ! 0 -
10 5 0 -
i; 100 mmol/L 300 mmol/L ; g -
g,ﬁﬁf:l)f Zn(NO3),+Co(NO3), Mim

S 25 mmol/L (Zn)+25 mmol/L (Co) 150 mmol/L ; ;; f?
12 50 mmol/L (Zn)+50 mmol/L (Co) 300 mmol/L ; ;‘g 13640
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BR122,231F ARl C2/c ZIF-T7 &M (7 98 13 45 44
Zny(Bim) ) Y B BURRAE G — 35, UEPAARSCEG AT
JT A P 38 0 Y — B A SRR C2/c ZIF-T
(A 2500 i Yang S8 NP F20084F ¢ kR BR, J2
— i ELA - T IE 7 JE RUIR 45 A AR . 1 25T TAE
EZIEW, TESKMART, BAZAERZET R3
A=A PT ZIF-7 A0 238 Wi Ak b % S gt C2/c
ZIF-TE M2 Rz, RAEBRRBREST

ZIF-7T A B 5, (B R F2OKN A, S8UE
M7= LA 250 R F. SR C2/c ZIF-THZZIF-7
GEAL O BUR I —Fh e R, R R AR E Y R
[K 22 —. ZIF-8F1Co-ZIF-8FE i i XRD 1 K H AT i M
(6, X BE U B 5 ZIF-8 M B 5 44 A 25 K 40
RN B e e —8, HoBA AT Hoftb o H PR, IE B
FESTR 0 R o A T Y — B9 5 A 45 7 (A
4(b)). T ZnHICoTTE W1 SR &5 # — B, FRATTXS
Co-ZIF-8#F fh itk — L 4T T RAE. El4(c)ZZIFsH)
MR, BRI C2/c ZIF-T7 A FIZIF-8 K 1 {2 [ 1A 83
R, M Co-ZIF-8F it i /niR o, WEM ™) &4 Co
JLEK. AR, XFCo-ZIF-8iE1T T XPS/r#r LA IECoff
FERPELA A EE. anEl4(d) o, Co 2pl iy i B 15 ]
Co-ZIF-8H &7 Co. XfCo 2pHEAT 4yl Ab Bl vl 1534
FEME, Hrh 458 8782.0 eVEYIEIHE Tt
FIELAY 1Y Co-Ny, 780.5 eV Al Ay A 45 k) v S 4 Al
Bi {37 i Co-Ny (X<4), TMi786.3 eV HyIE 3= 3y [ 14 4h

B4 REREIXRDIER. (a) PARLC2/c ZIF-7 ¥HKL; (b) ZIF-8 FlICo-ZIF-8 #1k}; (c) ZIF-8 FlCo-ZIF-8 2% 1 H; (d) Co-ZIF-8 fitCo 2p XPSTIA

£k

Figure 4 (Color online) The XRD patterns of monoclinic C2/c ZIF-7 (a), ZIF-8 and Co-ZIF-8 (b), optical images of ZIF-8 and Co-ZIF-8 (c), Co 2p

fitting peak of Co-ZIF-8 (d)
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F14) IS 7 T 23R T AR 45 ) A K S AR L, 0 1 A
ASHEIU BRI UkE . RE S 3F04 HORE S LR 2 [ A WkE A,
. B B A S oy 0 v T R v, AR O ) A A A B
ZhaR . M N EE AT mindE N ZES minff, FHE K&
NI EE TR, PR S KRR S 2>BE AR L, FR fhd>
FE T 3), 156 BH B B I R[] 38 1 A SR % 3 AR
K. NF VR AR C2/e ZIF-TiH A TR, Bl B
FIR R I [R] B 3G i, BARbC2/c ZIB-THCR KGN, 5
(3] A SR s A 1) A8 A — B

P16 J2 AN [ e i AN AS []) Js 17 Bt i) 45 31 Z TR -8 1)
SEMW f. ZIF-8fA 5 ¥atC2/c ZIF-THI ML HEAH
oL, it 5 oy 0 e 3 A v R sz g R (4 38 fim, sz oz A
RAE R, [ AR ORIt B . 5 R Rt
C2/c ZIF-TARR B, S 1 minfif, ZIF-855UR: 5 i1
5], R B Z ALK, oS mER, NEkEL
Tl 2B A, W6 SN RGN 2S5 min, ZIF-8iZ#T 4 K
Sk VLS TSR 32, 6 %3 43 i AR 1 [ AR =
Wy, 3k R R KO BE AR 2 5 Ak AR i B R A 1)
ZIF-8E Ky msh, FEMEm AT mAL, &
B ¥y o) A N TR S AR U 220 [ B T S

B 5 REE BT SBRIC2/e ZIF-THISEMIEL (a) #Ef5h 1; (b) FES
2; (c) FERL 3;(d) FEAL 4

Figure 5 The SEM images of different monoclinic C2/c ZIF-7. (a)
Sample 1; (b) sample 2; (c) sample 3; (d) sample 4

B 6 REZMTEMZIF-8 ISEME F. (a) KEG 5; (b) BER 6; (c)
FEfL 7; (d) BEAL 8

Figure 6 The SEM images of different ZIF-8. (a) Sample 5; (b) sample
6; (c) sample 7; (d) sample 8

R, ZIP-8 (1) Uk A T HE FUAE — RS, 5 40 ik
F M E R AE—.

ZIF-6THEAS LI 1A B A5 LT A ] A it
WL ARG, BEBHZ A AR 1 X ZIF-6 71 T8 A i
PEVEFE. o ZIF-8 0] LATE I 258 Dk & e, TRl
WFFE N B R IR Cott 24 ZIF-8 ELA i 5 162 A Ak 2
PEFRC Wk, AR TAERARASEE, 64
Co-ZIF-8. &7/ [a] e B2 AN [m] Sz 1 B[] A5 )
Co-ZIF-8JSEMIE| F. JARE i 1 3R RE i 15 [ 44
AR A N HAR, #AEL S A 64 {100 ) 3w F1 124>
{110} 08, {HX PN EE S S SR A B8 R X ). A%

B 7 AR T A MCo-ZIF-8 RISEME A, (a) Fiih 13; (b) FEf
14; (c) HEfh 155 (d) #Eidh 16

Figure 7 The SEM images of different Co-ZIF-8. (a) Sample 13; (b)
sample 14; (c) sample 15; (d) sample 16
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Synthesis of zeolitic imidazolate frameworks in droplet
microfluidic system

Yun Zhao & Zhonghua Xiang"
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The zeolitic imidazolate frameworks (ZIFs) have been extensively investigated in adsorption, separation and catalysis for
their unique properties, e.g., high surface area, ordered pore structures, tailorable frameworks and high chemical and
thermal stability. Zn** and Co”* are mostly used metal cations in ZIFs synthesis, because they prefer to form tetrahedron
structures with imidazolates and their derived organic ligands. However the conventional preparation methods, which are
generally performed at solvothermal condition in the sealed vessel, are time consuming and inhomogeneous process at
micro-scale. As a result, the products are always different from batch to batch, which limits the scale-up of ZIFs by con-
ventional synthesis methods. Therefore, facile ways to avoid these problems occurred in ZIFs synthesis are still needed to
develop. The microfluidic system is of great advantages such as high surface to volume ratio, high mass and heat transfer
efficiency and continuous flow processing. The continuous droplet microfluidic system is effective in mixing for the dy-
namic micro-environment inside droplets, and it is also effective in reducing the clogging problems for the confined syn-
thesis of nanoparticles inside the microdroplets. Hence the droplet microfluidic system has been widely applied in nano-
materials synthesis. In this work, we design and fabricate a dual “T” type droplet microreactor to overcome the disad-
vantages of batch synthesis. The PDMS microchip was fabricated by a scaffold template assisting thermal curing process.
Various ZIFs, including monoclinic C2/c ZIF-7, ZIF-8 and Co doped ZIF-8, were first synthesized in this microfluidic
system to demonstrate a universal applicable synthesis method. The concentration of starting material and reaction time
were studied in the synthesis of all ZIFs in this work. The results indicated that the increasing of concentration and reten-
tion time led to the increasing particles’ size in all ZIFs, as well as the increasing of product yield. However, the
space-time yield was dramatically decreased while the retention time increased from 1 to 5 min, while the yield was just
slightly increased. It was because that the micro-synthesis process had been significantly intensified in 1 min for the high
mixing and diffusion efficiency in the microfluidic system. Moreover, the mixture solvent of methanol and ammonia
water strongly facilitated the formation of ZIFs as well. The high throughput microfluidic system showed an estimated
space-time yield of monoclinic C2/c ZIF-7 (461 kg/(cm3 d)), ZIF-8 (267 kg/(cm3 d)) and Co-ZIF-8 (160 kg/(cm3 d))ina
single microreactor, respectively. It paves the way to massively produce ZIFs without scale-up effect. All the ZIFs ob-
tained from microreactions had high crystallinity except ZIF-67. ZIF-7 synthesized in these conditions showed a typical
monoclinic C2/c ZIF-7 phase respect to the existence of water in the mixture solvents, which drove the structure from
porous phase into the dense phase of monoclinic C2/c ZIF-7. ZIF-8 and Co-ZIF-8 both exhibited sodalite structure re-
spect to the tetra coordination properties of Zn** and Co**. The small polyhedron ZIF-8 particles had grown into large
cubic particles with reaction time increased to 5 min. The Co doping exhibited strong effect on the particles’ morphology.
The Co-ZIF-8 prepared from low concentration reactants showed spherical octadecahedron morphology, where {110}
surfaces were the main surface. On the contrary, the high concentrated reactants resulted in cubic octadecahedron, where
the {100} were mainly occupied the surface. The reason could be that the pure Co was difficult to form ZIF-67 in this
condition; therefore the Co changes the formation of ZIF-8. Accordingly, this work provides a facile approach to mas-
sively produce diverse ZIFs with controllable morphology in microfluidic system.

zeolitic imidazolate frameworks, droplet microfluidic reactor, continuous flow synthesis, process intensification,
massive production
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