536 55 1031 VR | AR R = S Vol.36 No.10
20204£10 A CHINESE JOURNAL OF INORGANIC CHEMISTRY 1805-1821

(\M\j\ S

G @
W\%\j‘

ML FZEHECE-AINEREEEAYARHRE

FRFHSE? RpRd'? EZES
(REARFEAZM SIS LM LR T ELEEZEE, LT 100044)
(jbm}% KFFRBE LR IARFRE, LT 100044)

W SE-— AP AMOFs)JE: i 58 B 1/ A 22 U KA BILC M o e (7 SEEATR K T T2 BB 22 AL AR S A . MOF's BPRHEAT AL
B | LR TR RS R S5 By A D REZ AR AL S R A, (PG A B 20 R A 25 75 T AT LA P A 1 FH A (B
FIHATA 1L, 7E MOFs A3 i) JUR W7 325 v, HIUBAG 27 (IR TG V88 70 sl 2 a5 700 FR0 195 00 I T A S I 30 A7 149 S 1o )4
N — R LR RS R T BB R ARG . ALR B T ITAFR R 5 R MOFs K A 5 W i LY I
FEA I AU AL 205 5 B MOFs SO 5 A L A — 438 T 5 T BRAR Bk . H TR TS R ], MU A~ S — T2
P BRI A 15 58 A ARAS 2 7 MOFs S H A S 44t 1l e

KER: BIE-AHER; LEY; ILEE; ZREAL
FESHES: 0621.2; 0641.4 CERFRINES: A XE4HS: 1001-4861(2020)10-1805-17
DOI: 10.11862/CJ1C.2020.212

Preparation of Metal-Organic Frameworks and Their Composites
Using Mechanochemical Methods

CHEN Dan-Dan'* YI Xiao-Hong? WANG Chong-Chen™*"'?

('Beijing Key Laboratory of Functional Materials for Building Structure and Environment Remediation,
Beijing University of Civil Engineering and Architecture, Beijing 100044, China)
(*School of Environment and Energy Engineering, Beijing University of Civil Engineering and Architecture, Beijing 100044, China)

Abstract: Metal - organic frameworks (MOFs) are porous crystalline materials build up of metal ions/clusters and
multidentate organic ligands via coordination bonding interactions. Due to their unique characteristics like high
porosity, high specific surface area, adjustable pore size, easy modification structure and diversified functions,
MOFs were widely used in many fields including but not limited to gas adsorption/separation and catalysis. Up to
now, among several common preparation methods of MOFs and their composites, mechanochemistry (reactions
performed by grinding solid reactants in the absence of solvents or very small amounts of solvents) as clean, green
and efficient synthesis method has attracted increasing attentions. This review aims to provide a general and easily
understood overview of the mechanochemical synthesis for MOFs and their composites, in which the typical
progresses of mechanochemical synthsis of MOFs and MOFs composites in recent years are summeried. At present,
the research trends have affirmed that the mechanochemical method is a practical and environmentally friendly way

to achieve the low-cost and high-throughput production of MOFs and their composites.
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Fig.1 Timeline of the most common synthetic approaches for the synthesis of MOFs!
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Fig.2 Schematic diagram of shaker mills (a)

nd planetary mills (b)*; (¢) Structure diagram of twin screw extruder!
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il £ #9 MIL-100(Fe)-KG M 7K 5 3 Hh i 5k 25 B 3
L5 (7F 180 min N EBRACE L) 98%).

[61]

B3 e T ENL S L AL 05 i (a) ZIF-8-KG . (b) CuBTC-KG Fl(c) MIL-100(Fe)-KG!*”
Fig.3 Schematic representation of mechanochemical synthesis of (a) ZIF-8-KG, (b) CuBTC-KG and

(c) MIL-100(Fe)-KG using kitchen grinder'®!
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Table 1 Typical cases of MOFs prepared via mechanochemical method

MOF Method / Content Ref.
[Cu(INA),] NG, MOF was prepared by solvent free grinding [41]
[Cu(INA),], HKUST-1, etc. NG, reactivity of mechanical chemistry without solvent was studied [65]
HKUST-1 NG, study on the morphology and reactivity of MOF prepared by grinding [57]
HKUST-1, MOF-14 LAG , mechanochemical synthesis to obtain MOFs with high surface areas [20]
MFeLAG LAG, an iron carboxylate MOF and its evaluation in diesel fuel desulfurization [66]
Ln-MIL-78 NG, luminescent properties of mechanochemically synthesized lanthanide containing MIL-78 [67]
yttrium based MIL-78 NG, the first time a metal hydride has been used for the preparation of a MOF [68]
MOF-5 LAG, first successful mechanosynthesis of IRMOFs based on pre-designed oxo-zinc precursors [56,69]
MOF-505 LAG, the copper MOF-505 synthesized is used to separate CO, [70]
Ni-MOF NG and LAG, ultrafast synthesis of Ni-MOF in 1 min, and LAG increased the yield [71]
Cu-MOFs(2D) NG and LAG, mechanochemical synthesis can be utilized to afford highly-crystalline-2D MOF's [72]
Cu-NMOFs NG, synthesized Cu-NMOFs delivered and released ibuprofen [73]
Zn-MOF-74 LAG, in situ monitoring and mechanism of the mechanochemical formation of MOF-74 [55]
CuCl,(Dace) LAG, a 1D coordination network for uptake of small molecules [74]
ZIF-8 NG, adsorption properties of synthetic samples [75]
[Zn,(iso),(pcih),], LAG and ILAG, the selective adsorption properties of the products obtained [76]
IRMOF-X (X=CL Br, I) LAG, isoreticular MOF's and comparative study of their potential for nitrobenzene sensing [77]
MIL-100(Fe) NG, mechanical synthesis of MIL-100(Fe) with high-yield and its catalytic performance [78]
Cu,(bdc),(bpy) NG, used as a catalyst for cross coupling between aromatic amines and phenylboric acid [79]
MIL-88B LAG, as an adsorbent to purify arsenic-containing wastewater [80]
Zn,(5-aip),(bpy) NG, product can effectively capture CH, from the mixture with nitrogen [81]
Ph(I-MOF NG and LAG, photoluminescence of synthetic materials was studied [82]
rare-earth(ll) MOFs LAG, homo- and hetero-rare-earth(Il) MOFs was prepared by grinding for 20 min [33]

Notes: INA=isonicotinic acid; dace=trans-1,4-diaminocyclohexane; iso=isophthalic acid; pcih=4-pyridinecarbaldehyde isonicotinoyl hydra-

zine; bde=terephthalic acid; bpy=4,4-pyridine; 5-aip=5-aminoisophtlaic acid.
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K4 FHIBLBAL A 25 7 MOFs #48Ha) Cu(INA),*", (b) $2.5E MIL-78"/F(c) #f 5 MIL-78'"
Fig4 Mechanochemical synthesis of MOFs (a) Cu(INA),*", (b) yttrium base MIL-78! and (c) lanthanide MIL-78!¢"!
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&5 (a) HKUST-1 1 MOF-14 B HLAAL 22 &

NiZn- ,NiMg- . NiCo- , CoZn- , CoMg- , CoCu-#1 MgCa-
MOF-74, 1% TAEJE 16 UCIE s AIUB A 27k ) 4 75 TR
A 4RI MOFs bk

FHN, Yan 552K ] LAG ¥E U AR 15 HA HEHE 25
F4 B9 (pillared structure)Zn-FDC-MOF £#4 B (FDC=9-
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PXRD [ % W (1&] 6b), ZnO I FDB L 1: 1 HL Al (¥ 14
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A BT R AR AR AL R, () Ui0-66 Fl UiO-66-NH, £ i F (4185

Fig.5

(a) Mechanochemical synthesis diagram of HKUST-1 and MOF-142%; (b) Structural changes during

synthesis of MOF-525 and PCN-223"%%; (¢) Ui0-66 and Ui0-66-NH, synthesis flowcharts®®!

El 6  (a) IRE SR MOF-74* LI Ak 2% & BR B KL (b) TEEF LAG KON =9 S LHT 3R Y (ZnO F1 FDC)RY PXRD &,

(c) A [O10]F1[001 [ J5 [A] W Zn-FDC MOF Z5441%"
Fig.6

(a) Mechanochemical synthesis diagram of mixed metal MOF-74%; (b) PXRD patterns for the products of neat

grinding and LAG reactivity as well as their precursors (ZnO and FDC); (¢c) Zn-FDC MOF structure viewed from

[010] and [001] directions®”
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fiF U 12 B FE T (basal-) . —- B (second-)Fl1 =By (third-)
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fiff AT iE— 25 X HEAT T B0 E (] 6¢)0 5 — FhBESE
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1 145 m?- g, 58 1 fe RARAH 240,

2009 4, Fabian SR IE T LUE AL RERNE SR
(Fum) y JERLZE AN [R] W A B A2 A8 N BB ) 45 1
ZFPECA R AW (E Ta). /K BT S 15 21— 4k i
SRA WY mAE B O BEAEAE T TS A ) =
Y B E FUHE QR 25 4 31X 10 BH T WAV 77 6 MOF's
S EA S E . B R/NAT NG Rk 4,
4" TR IE (bipy) B S 201, 2- 3 (4-FHk IE 5E)- 2.4 (bpe)
o #y A £ R MOFs(pillared MOFs) (& 7b), LA
DMF i | 2, Il 5 TR Ik VAR 5 B 00 A 2 0 T
FW 20 min H145 T MOF-2 FI MOF-3(/& 7¢), 785 &%
T BB AR T 5, XRD SR FEHE Y MOFs 254
TRIFFANAR (B 7d 01 Te), fE DL BHALAR AL 22 5 B 44
BHEAE R A i fa e vk .

7 LAGHLIAL & B4 F MOFs: (a) ZnO F15 2 A9 LAG JN; (b)MIEATE# 5 MOFs; (c) FIIH LAG 4 8 MOF-2
F1MOF-3; (d) MOF-2 () PXRD [&l; (e) MOF-3 (1) PXRD &]1?
Fig.7 Mechanochemical synthesis of various MOFs by LAG: (a) LAG reactivity of ZnO and fum; (b) Construction of pillared
MOFs; (c) Synthesis of MOF-2 and MOF-3 using LAG; (d) PXRD patterns for MOF-2; (e) PXRD patterns for MOF-31%
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T HEHE R Zin,(ta),(dabeo) (K] 8) . i i MUEEAS [R] 1) 1 F
ERXTEERTE B S0, e LA P R R A Sk S T
JnF (] 40 KNO, 5, NH,NOL)JE B T 7 #6 Rk 19 2 1L
Z M B Rk 25 (140 Na,SO, 5% (NH,),S0,) Y
B USINFIN 7= A2 T 1% MOF (#8475
TEARFEEAE o SRR AR (NMR) FIZL A G IE 52
TERBE BN T3 T MOF 451448461



1812 Jc ML 1k

N $364

K8 BT AR BT & i Zn-MOF 75 B &
Fig.8 Schematic diagram of ion-liquid assisted grinding
synthesis of Zn-MOF®

DATE A 5% 26 B, 500 (%) BFF S 12 0 R B fof 481k
B 5 2-H LK (HMelm) | 2- 2, DK (HEm) & A=
SR ZIFs BERE, SR, Friseic 2522006 ILAG ¥~
JRE ZIFs Bk . DL ZnO 4@ I, LAk 2-F 3k
WK e 1 2- 2, BEBR e S A5 MLECAR & B T 3R 91 Z1Fs 4
ol BB W A S T AR AL R Y4 = T ZnO I
RS TR 1) S L 36 4 , s il T S 28 7= ) ) R F
P o TR AT T3S S B AN [ 40 8 o A4 Ak 5]
% feft A W) 7 52 7 0 T B RS IR D 25 A8 1 ZIF . 4

K9 (a) FENLBAL A5 %, S [ - WA )
TR N AR 7R T (b) ANTRIBIR R B ] 18
A s A

Fig.9 Topological structure diagram of mechanochemical
methods with (a) different ionic liquid additives

and (b) different grinding times'*
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Table 2 Typical cases of MOFs composites prepared via mechanochemical method

MOFs composite Method / Content Ref.
PQD@MOF NG, fabricating a colour-tunable ink using the composite [93]
MNPs@MOF ILAG, encapsulation structures (MNPs@MOF) for the hydrogenation of olefins [94]
enzymes@MOF LAG, biological enzyme was encapsulated in MOF matrix to improve enzyme activity [95]
Fe-MOF-Pd LAG, the material was applied to photofenton degradation of phenol [96]
Cu-BTC@GO NG, Cu-BTC@GO with enhanced water stability and toluene adsorption capacity [97]
Ui0-67-bpy-Cu LAG, the composites with good crystallinity and high porosity were prepared [98]
(Ni-NPs)@MgH, NG, preparation of hydrogen storage catalyst by ball grinding Ni-MOF-74 and MgH, [99]
2-C;N,/Ui0-66 NG, as-prepared photocatalyst was used for photocatalytic reduction of Cr(Vl) in water [100]
BUC-21/Bi,,04,Br,, NG, material can photocatalytic reduction Cr(V)) from water under white light irradiation [101]
BUC-21@TNs NG, material has dual functions of Cr(Vl) photoreduction and Cr(ll) adsorption and removal [102]
BUC-21/g-C;N, NG, photocatalytic Cr(Vl) reduction activity was enhanced under simulated sunlight [103]
MIL-100(Fe)/g-C;N, NG, photocatalytic reduction of Cr(Vl) and photofenton degradation of sodium diclofenac [14]
MIL-100(Fe)/PANI NG, photocatalytic reduction of Cr(Vl) and degradation of tetracycline [104]
HKUST-1:PV/AC NG, effect of ball grinding energy on hydrogen adsorption performance of synthetic samples [105]
MOF/Graphite NG, chemical sensors were prepared to detect low concentrations of NH;, H,S and NO [106]
N-G/MOF LAG, electrochemical properties of the material were characterized [107]
Cu-BTC@GS LAG, a highly sensitive electrochemical sensing platform was developed [108]
(GO)/In-MOFs NG, material is used to remove the organic dye Congo red from water [109]
UiO-HCSs/UHMWPE NG, a promising approach to improve the interfacial adhesion between additives and polymer matrix [110]
Fe/Al-SBA-15 NG, product catalyzed N-alkylation of aniline and benzyl alcohol [111]

Notes: PQD=perovskite quantum dots; MNPs=metal nanoparticles; GO=graphene oxide; TNs=titanate nanotubes; GS=ball-mill-exfoliated

graphene; HCSs=hydrothermal carbon spheres; UHMWPE=ultra-high molecular weight polyethylene; Al-SBA-15=mesoporous aluminosilicate.
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A 4 FA A AR Bl P B B R 1 AR D BB AR IR AR . A
FHIZ T 15 ) 4 0 A% SR A R 4G AN X 439 i NH,
H,S HINO(107°4% 51]).,
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(b) Cu-BTC@GS #444E 1 B A& B 25 e

Fig.10

(a) Schematic diagram of program of integrating MOF based materials into chemical resistance devices

f106],

(b) Schematic diagram of Cu-BTC@GS material synthesis and sensing!'®®!
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Fig.11 Schematic diagram of synthesis and stability of Cu-BTC@GOs composite material®”
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ﬁ% PMOV(PMOV:H4PMO11VO4(]’ 1; H5PM01()V204()’ 2; HEEK&%EE%E E/‘Jlﬁ%%?%?ﬁ *%jﬁ( o ﬁ%
H,PMo,V,0,,, 3) 5 2 78 ZIF (L E o, HsaoR S — W AE FH B K Y I ATFLITR 19 rho-Z1F A Sk &

K12 (A) PA@ZIF-8 HLIK & MU 4l (B) HLAM A7 SR MK MNPs A5 i ZIF-8 BIHLIRE; (C) PA/ZnO (a)
PA@ZIF-8 (b) .PI@ZIF-8 (c)Fll Ru@ZIF-8 (d)fiY TEM 4% (D) 2 Rt} xof s b i) e 3 o 0o
Fig.12  (A) Mechanical synthesis flow chart of PA@ZIF-8; (B) Mechanochemical strategy for encapsulating MNPs into ZIF-8;
(C) TEM images of Pd/ZnO (a), PA@ZIF-8 (b), Pt@ZIF-8 (c) and Ru@ZIF-8 (d); (D) Selective hydrogenation of olefins'**!

k,.: apparent rate constant; pNPG: 4-nitrophenyl-B8-D-glucopyranoside

13 (a) POMCrho-ZIF & A& WKL A0 A TR B L B 2540 7 2 B2 (b) 3 3 PR 25 b W it (o 4 )
MOF Fh £33 (A= 9 2 A #RHIALIAL 255 s B IE; (¢) BGL@Ui0-66-NH, Il BGL@ZIF-8 L) [
Ui0-66 F1 ZIF-8 #1111 PXRD [&l; (d) BGL@UiO-66-NH, it A H 17% 113

112]

Fig.13  (a) POMCrho-ZIF complex synthesis flow chart and structure diagram™?; (b) Synthesis of biocomposites by embedding
glycosidase into MOF by two-step method; (¢) PXRD patterns of BGL@QUiO-66-NH, (two-step approach) and

BGL@ZIF-8 and simulations of Ui0-66 and ZIF-8; (d) Biological activity of BGL@UiO-66-NH,"”



1816 Jc ML 1k

N $364

JoT > 26 [ e RARFR AR Sy F 1 1], T E %
B2, HLIAL 27 1 4 B9 POMCMOF #48} 2—Fh A 3%
() Z AL, & nT LAE SR s — RGP fiE
L E AR

BR 2 b, Wei S0 HLAR Ak 27 35 20 2 AR v
T AW AL R B, s B R R Y MOF B 48N AT
VE VM1 3, 30 0T 48 e B A e B 1 A M RS
PE o % TAEA AP AL 27 5 W4 — 2 5 i ( B i M
TP AF(BGL) L AL B-1 UM T Ml AN i S Ak St 1
% 5| ZIF-8 , Ui0-66-NH, 5{ Zn-MOF-74 H1 ([&] 13b).
i 3 % TUA A SR AT PXRD EAFE , & PLAEBF I i
R A 51 AT S MOF & 44 19 T2 1 (B 13¢).
L5 K I | — T S R A AT S A Y
BGL@Ui0-66-NH, 2E Y1 14 [ 452 (] 13d), A B
A2 3 1 4 04 A A AL R0 AR B8 T i T g 1 R
Pk A AR JC AR s . IR RIS B A
A0 8 PR A0 F B 2 T 45 525 W0 i AR s M T —
DR o WF 5T AR UE A Ui0-66-NH, 45 F% 5 1% [
() MOF 1] 47" BGL S5 [ilf AN 52 % 45 1) A ) 2% 14 1) 5
M) o AN AN, 38 AT — 2P B AR Y Y R
FI AL F5 K Pl G S A Fh 2544 19 MOFs, A& A 4

BTl Ak R R AL T8 A9 B . LA, Sun R
FAAE 7 224 FLALE il £ fFL MOF /9 5 15 i o 44
T A2 IR G5 R 1 ZIF-8/AS(SBA-15), Tl
2 B S LT AL B 2R 2L EZ A AR R4y
TR AR A ELAA RS AR D o [ kS TR AR
1 it 11 AR PRI A7 RS T I S 4 s

Yi SE R G BRS04 o-C N, 90K L2
T4 B - A2 BUC-21 KT, HI45 T —Fh i
R E AR, TR R E SR AN . %A
BT R T B BRBE Al S0 R [E) 9620 min) , FF
AT R S L 18] 5 R 4 A R T i &5 . BUC-
21/g-CN, Z A M BT DAL BRI 39, 0F A
A R FR R AR e . RS, Y1 SR
BRES L2 T RUE M E A LML Uio-66@g-C,N,
(T FR BGaUy) (&1 14A), 3 1k 494 FpL 45 035 5l % T
M5 B BR B (20 min) AN 2 58 MOF [ 2544 | ik
AE B g-C,N, B 12 HL & i 7E Ui0-66 (1) % i (K] 14B).
TEFDGIRETT , A BGaUy 5 441X Cr(VDiE i i1
oA PERE Y & T A B} ¢-C N, FI Ui0-66, Hrfr,
BG60U40 £ 45 A1 BHE 40 min N H A 99% Ay ik J5 4L
R R B R CoVDAE RGP (8] 14C). ZJE1EH

14 (A) Ui0-66@g-CN, & & HE Y & M AR K] (B) 3RS i £ B9 Ui0-66 (a.c)Fll Ui0-66@ g-C,N, (b d)AYHLEE A
(C) ANRDGHEAT DG T RS M8 ECREL (D) A ARG RS 8 r pLBT e

Fig.14

(A) Synthesis process of UiO-66@g-C,;N, composites; (B) Electron microscope images of UiO-66 (a, ¢) and

Ui0-66@g-C,N, (b, d) composites; (C) Photocatalytic Cr(V) reduction over the samples under white light

irradiation; (D) Simplified diagram of photocatalytic Cr(Vl) reduction mechanism of g-C,N,/Ui0-66!"""
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Fig.15 (a) Possible mechanism of photocatalytic removal of pollutants over MIL-100@g-C,N,""*; (b) TEM images of pure
BUC-21 and BUC-21/TNTs; (¢) Photocatalytic Cr(Vl) reduction efficiencies; (d) Total Cr removal efficiencies of

different photocatalysts; (e) Proposed possible reaction mechanism of photocatalysis and adsorption with

BUC-21/TNTs!"™
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Fig.16

(a) Schematic diagram of synthesis and mechanism of BUC-21/Bi,,0,,Br,""; (b) Photocatalytic Cr(V) reduction

performance; (c) Variation of tetracycline concentration over various photocatalysts; (d) Possible mechanism

diagram of Z-type heterojunction of MIL-100(Fe)/PANI simultaneously removing Cr(Vl) and tetracycline

[104]

17  (a) Ui0-67 .Ui0-67-bpy-Cu®Fl(b) CoBTC-MOF" I HLAR Ak 2k A s 2
Fig.17 Mechanochemical synthesis diagram of (a) Ui0-67, UiO-67-bpy-Cu®® and (b) CoBTC-MOF"'*!

(E 17b).
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