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Abstract: Due to the similar physical and chemical properties of hydrogen isotopes, the separation of
high-purity hydrogen isotopes has become one of the major problems in modern separation technology.
The realization of high-purity hydrogen isotope separation can provide a large amount of fuel for future
thermonuclear fusion reactors, which is expected to completely solve the energy crisis. Deuterium also has
important application value in neutron moderator, isotope labeling, nuclear magnetic resonance hydrogen
spectrum analysis, and pharmaceuticals. However, the current methods of industrial separation of hydrogen
isotopes, such as low-temperature distillation and Girdler-Sulfide process, have the problems of low
separation factor and high energy consumption. In recent years, researchers have found that the quantum
sieving effect of microporous materials can be used to separate hydrogen isotopes at low temperatures.
Among them, the metal-organic framework has the advantages of designable structure, adjustable pore size,
diverse functional groups, large specific surface area, and good stability. It has broad application prospects

in the separation of hydrogen isotopes by quantum sieving effect. In this paper, the principle of quantum
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sieving(QS) effect for hydrogen isotope separation in microporous materials is introduced, including
kinetic quantum sieving(KQS) effect and chemical affinity quantum sieving(CAQS) effect. The calculation
and experimental results of some metal-organic frameworks(MOFs) as microporous materials for hydrogen
isotope separation are reviewed. Researchers have experimentally screened many highly selective
materials, such as MOF-74 and its modified materials, MFU-41 and its modified materials, ZIF-type MOFs,
etc., at a low temperature of 20-50 K. Many metal-organic frameworks(MOFs) materials achieve hydrogen
isotope separation through kinetic quantum sieving effect. By introducing active metal sites, some MOFs
exhibit excellent selectivity and adsorption capacity above liquid nitrogen temperature, reducing the low
temperature limit on the separation of hydrogen isotopes by microporous materials. A small number of
metal-organic frameworks(MOFs) can achieve the synergy of the two effects through modification, and it
greatly improves the separation ability. With the accumulation of experimental data and the progress of
measurement technology, researchers believe that temperature, pressure and pore size are the main factors
affecting the dynamic quantum sieving effect of metal-organic frameworks(MOFs) materials. Temperature,
the type and density of binding sites have an important influence on the chemical affinity quantum sieving
effect. Modified metal-organic frameworks(MOFs) have obtained high selectivity factors, and researchers
are also continuing to find materials with better separation effects. Up to now, due to the bottleneck of
ultra-low temperature and the limitation of experimental technology of real hydrogen isotope mixture, the
related experimental research has just begun. More content on the separation of hydrogen isotopes by
quantum sieving effect needs further in-depth and systematic research.

Key words: hydrogen isotope separation; quantum sieving; microporous materials; metal-organic frame-
works
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Fig. 6 Structural model of MOF-74-IM(a); the selectivity and D, adsorption capacity of MOF-74-IM change with temperature(b)!**!
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Fig. 7 Structure diagram of Cu( I )-MFU-4l(a); amplification of the site of Cu( I )(b); TDS spectra of MFU-41/ Cu( I )-MFU-41

after exposure to pure D, at 30 K and 1 kPa(c); D, adsorption isotherms at 77 K(d)!*?)
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Fig. 10  Structure of a Hofmann-type MOF, Co(pyz)[M(CN),], based on the Co(pyz)[Pd(CN),] structure(a);
D,/H, selectivity and D, adsorption capacity of reported MOFs(b)!®!
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WL TFHE M 454 37 15 #9 MOFs, AT DL 3 CAQS
MO A AR, M HEREENL EEET
KQS LI, 3 28 4 8 N AL HL AT 53 11 43 5 ik

FLPE W AR DL B A . B A a2 4
GO VR B B W, (RS A ST A
WX FLBR = A R . SRR M gE b, 38 i X &5
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Table I Performance parameters of MOFs materials for hydrogen isotope separation
BALBHEL TL/A e MEREK AT g OHER
(1: HRASMAK) (mmol-g™")
CuBOTf 2.0%2.0, 8.7x8.7 10~100 40 5.8 KQS <4 [48]
M’MOF-1 5.6 x12 500~10° 71,87 1.09, 1.11 KQS [5]
3.88,
MFU-4 1o 1000 60 75 KQS <4 [50]
ZIF-7 3.0 3129 19.5~70 KQS [49]
ZIF-8 3.4 3129 19.5~70 KQS [49]
ZIF-67 3.0x3.0 20~77 2.02~1.66 CAQS. KQS [64]
Ni-MOF-74 11 R 77 5 CAQS <4 [26]
Fe-MOF-74 11 EESUESiN 77 2.5 CAQS <4 [26]
Co-MOF-74 11 BRI 77 32 CAQS <4 [26]
CPO-27-Co

(Co-MOF-74) 10 3000 60 11.8 CAQS [58]
MOF-74-IM-10 11 1000 77 26 CAQS. KQS 2.84 [53]
Cu( I)-MFU-41 9.1 1 000 90, 100 7.1,11.1 CAQS [27]
130 2.65 CAQS 1.08 [62]

Co(pyz)[M(CN),] 4.0x3.9 1000 25 21.7 CAQS 10.5 [66]
HKUST-1 8.7 x11.0 1 000 20 17 CAQS. KQS 4753 [67]
SIFSIX-3-Zn 3.9 1000 20 50 CAQS [43]
SIFSIX-1-Cu 7.1 1000 20 7.1 CAQS [43]
SIFSIX-3-Cu 3.6 1000 20 1.9 CAQS [43]
FCTF-1-400 5.4 1000 20 12.8 CAQS [43]
STAM-1 6.2 1000 20 9.9 CAQS [43]
KAUST-7 2.7 1000 20 9.8 CAQS [43]
Cu-PYC 6.5 1000 20 22 CAQS [43]
Cu( I)Cu(Il)-BTC 6.2 1000 30 37.9 CAQS. KQS 43.97 [67]
UTSA-16, CAU-10-H 4 77 1.33 CAQS. KQS 41.64 [64]
Ni,CL,BBTA 11 1000 71,87 45,4 CAQS 21 [70]




542

Btk Sty ek

B | A5 e 1 ERR B BB .
3 RESRE

FEE F5 0 A AR VR £ 2 B R RCRL A R
14 2t - O 500 43 15 A A 2 Hh T RO, JF R AT
T TS DL AN S 56 ok 5 G L U 5 R AT L X
S 22 fL AR B0 40 e AL & BF A RN R )
BRI TR S

lFL A R o B TR A 2R A 1 0Nz, H R
FL 35 3 3 2 B O RN AR 27 5 R O REUR
TBE | BEREI 25 4 5 3R T 2 P T T O AR
RIEEEAE ., 7£20~50 K WIKIERE T, iF
Z MOFs 4 B}E 1 2h ) 2 2 0 808 523 T &[]
P2 40 B, T 2 51 AT P 42 R A7 8, 84> MOFs
FE AR DL R T L R B A
I, A HB 4> MOFs 0] LA a3 2l P 52 30 90 R sk n
MERRIAE R, KRR T 4r B fg )1 . /4 MOFs B
A R TR BRI B AR A, (RRE R A i 2 AR
i, S IE A KB Y Tl A R, TR SR X A R A
A M 4 T L 5 25 0 AT % I o R A T AR A
o 5 A T OO (A R A AR AR B B Bt [l
e HL AR R 4y 85 3 B P A 7 25 [ MOFs #4
A HLR AT 1 B SRR Ik LA R R v R ) R

KA K& HA KQS RN 5 CAQS &L P R 1
FH 9 MOFs #4 kL, A B2 & 4 85 &\ 07 2 Mg
TF 6 PR 4 JE A7 SR 0 e, BT RN A R
M 4 & A7 55 (1 MOFs w4 BF, 38 5 0 16 1% P 4 )& fo
SR SE R A B, BTt BT S G AL 2 R RN R E R
If b 2% 7 BT 19 MOFs, LU £k & 6] fi7 2 4% 85 1
& o 7551 ATEE 4 8 7 A ad B rh, B AR TS T
AV A5 B4 7 BE ), 2ok 22 04 3% P 4 JE 07 4RI RE BHL A
KQS 8 B (1 & A&, I8l i il g AR 38 k. S E 4
UE L R A T R, B I e Ak B A A .
50 S A Ak T R A JE o AR, DLRE IR
MOFs 4 BHW & BUSA . 7 0 5 ) —HE MR 5=
() MOFs Ji7 , A ok ] Xof JH: 52 SRR A A AE 7, — J7 Tl
AR B ROR, 55— 5 T AR R IE Y A1 L R E 1, [F)
T 24 4 7 AR

H BI04 B 5 0 34 5% B8 A0 Al 1 A0 55 LU TR &
S, ALK MOFs I8z 1 Aokt ) Can S0 0,33
HLFEARL) , 38 i AL AR 4 R, il B D
PS> 8 LS8 Tl & Rl R IR A AR RE T o

SR UG, MOFs A e &L 36 40 8 1 B

) I AR FH R, R R A R T 0 A0 RE A
AL A R A 07 308 B BSR4 4] 7 THI I 75 S AR R

S % Lk

[1] Wang Y, Xu J, Kong L, et al. Raman-deuterium isotope
probing to study metabolic activities of single bacterial
cells in human intestinal microbiota[J]. Microbial
Biotechnol, 2020, 13(2): 572-583.

[2] Nivesse A L, Baglan N, Montavon G, et al. New insights
into the accessibility of native cellulose to environmental
contaminants toward tritium behavior prediction[J]. J
Hazard Mater, 2021, 420: 126619.

[3] Gant T G. Using deuterium in drug discovery: leaving the
label in the drug[J]. J Med Chem, 2014, 57(9): 3595-3611.

[4] Friedman 1. Deuterium content of natural waters and other
substances[J]. Geochim Cosmochim Acta, 1953, 4(1-2):
89-103.

[5] Chen B, Zhao X, Putkham A, et al. Surface interactions and
quantum kinetic molecular sieving for H, and D, adsorption
on a mixed metal-organic framework material[J]. J Am
Chem Soc, 2008, 130(20): 6411-6423.

[6] KimJY,OhH, Moon H R. Hydrogen isotope separation in
confined nanospaces: carbons, zeolites, metal-organic
frameworks, and covalent organic frameworks[J]. Adv
Mater, 2019, 31(20): 1805293.

[7] Glugla M, Murdoch D K, Antipenkov A, et al. ITER fuel
cycle R&D: consequences for the design[J]. Fusion Eng
Des, 2006, 81(1-7): 733-744.

[8] Lu G, Jiang G, Shen C. An experimental investigation for
hydrogen and deuterium separation by thermal cycling
absorption process[J]. Fusion Technol, 1995, 28(3P1): 672-
675.

[9] Rae H. Separation of hydrogen isotopes[C]. American
Chemical Society, Washington, 1978.

[10] Hodor I. A novel procedure of hydrogen isotope separation
based on chemical exchange and a selective permeable
membrane[J]. Sep Sci Technol, 2008, 43(4): 695-709.

(117 B e AL 2638 M 55 IRIRRS 1 43 25 HyHD[)) Ak
S k24,2008,30(2):108-111.

[12] Kinoshita M, Matsuda Y, Naruse Y, et al. Computer
analysis on steady state separation characteristics of
hydrogen isotope separation system by cryogenic
distillation[J]. J Nucl Sci Technol, 1981, 18(7): 525-539.

[13] Greenway S D, Fox E B, Ekechukwu A A. Proton
exchange membrane(PEM) electrolyzer operation under
anode liquid and cathode vapor feed configurations[J]. Int J
Hydrog Energy, 2009, 34(16): 6603-6608.

[14] 2B L2 TR, 55 oG AL S Rt A
[ 437 3% 5 i P R A9 [ 0] 44 R ,2008,31(11):842-845.


https://doi.org/10.1111/1751-7915.13519
https://doi.org/10.1111/1751-7915.13519
https://doi.org/10.1016/j.jhazmat.2021.126619
https://doi.org/10.1016/j.jhazmat.2021.126619
https://doi.org/10.1021/jm4007998
https://doi.org/10.1016/0016-7037(53)90066-0
https://doi.org/10.1021/ja710144k
https://doi.org/10.1021/ja710144k
https://doi.org/10.1002/adma.201805293
https://doi.org/10.1002/adma.201805293
https://doi.org/10.1016/j.fusengdes.2005.07.038
https://doi.org/10.1016/j.fusengdes.2005.07.038
https://doi.org/10.13182/FST95-A30481
https://doi.org/10.1080/01496390701870721
https://doi.org/10.1080/18811248.1981.9733286
https://doi.org/10.1016/j.ijhydene.2009.06.048
https://doi.org/10.1016/j.ijhydene.2009.06.048

2563 X WS4 &R A HLHE SR bR 5 0 500 43 2 AU IR 7 R 543
[15] Vasyanina T V, Alekseev I A, Bondarenko S D, et al. [30] FRSEEE a5 E 2 4H Ni/Co-MOFs@38 A4 1) il £ K e

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Heavy water purification from tritium by CECE process[J].
Fusion Eng Des, 2008, 83(10-12): 1451-1454.

I/ INER SR S I B, 5 AU s e AR LR 4 s Th i
NI TR 2R ,2008,21(1):40-45.

FA L S AR A A A AR A R GG o B IS
RN Ak SR E4,2021,43(3):193-204.

5 B AR B g 2 B2 b o T KON 9 B BT 5 (DAL
AUIHAERE,2021.

Goumans T P M, Kistner J. Deuterium enrichment of
interstellar methanol explained by atom tunneling[J]. J
Phys Chem A, 2011, 115(39): 10767-10774.
Yasuda S, Matsushima H, Harada K, et al. Efficient
hydrogen isotope separation by tunneling effect using
graphene-based  heterogeneous  electrocatalysts  in
electrochemical hydrogen isotope pumping[J]. ACS Nano,
2022, 16(9): 14362-14369.

Beenakker J J M, Borman V D, Krylov S Y. Molecular
transport in subnanometer pores: zero-point energy,
reduced dimensionality and quantum sieving[J]. Chem
Phys Lett, 1995, 232(4): 379-382.

Chu X Z, Zhou Y P, Zhang Y Z, et al. Adsorption of
hydrogen isotopes on micro- and mesoporous adsorbents
with orderly structure[J]. J Phys Chem B, 2006, 110(45):
22596-22600.

Zhao X, Villar-Rodil S, Fletcher A J, et al. Kinetic isotope
effect for H, and D, quantum molecular sieving in
adsorption/desorption on porous carbon materials[J]. J Phys
Chem B, 2006, 110(20): 9947-9955.

AR AL B A HUHE SRR IR (2 3R 307 2 4k 0
RV AIFFE[D].40 1 [ TR BB 5T e, 2017,

Wang Q, Challa S, Sholl D, et al. Quantum sieving in
carbon nanotubes and zeolites[J]. Phys Rev Lett, 1999,
82(5): 956-959.

FitzGerald S A, Pierce C J, Rowsell J L C, et al. Highly
selective quantum sieving of D, from H, by a metal-organic
framework as determined by gas manometry and infrared
spectroscopy[J]. J Am Chem Soc, 2013, 135(25): 9458-
9464.

Weinrauch I, Savchenko I, Denysenko D, et al. Capture of
heavy hydrogen isotopes in a metal-organic framework
with active Cu( I ) sites[J]. Nat Commun, 2017, 8: 14496.
FitzGerald S A, Mukasa D, Rigdon K H, et al. Hydrogen
isotope separation within the metal-organic framework
Cu( I )-MFU-41[J]. J Phys Chem C, 2019, 123(50): 30427-
30433.

Cao D, Ren J, Gong Y, et al. Quantum sieving of H,/D, in
MOFs: a study on the correlation between the separation

performance, pore size and temperature[J]. J Mater Chem

A, 2020, 8(13): 6319-6327.

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

ARG R Hy/D, 43 B PR MF 58 (D] AL 5t AL 5tk TR
2% 2021.

T & .48 -APE 2R Co-gallate Fil Ni-4PyC 7E &
[F) A2 2R 43 B9 P o PR 5Y 5 2B B0 TE (D] AL s AL 5
ITRA,2021.

A8 3% ZIF-67 545 PR 2 BOHAR AL R HyD, 43 8
PEREDFSE[D]ALAT AL RUf TR 7,2017.

LA iz T HR L IE R IR 19 42 )8 (N1,Co)-A HLE 2RI &

P B0 I FRAE B R SR 2 R Hy/D, 43 8 PR RE A BT
D] AL A AL A T K2,2022.

XIEEBE. R F) ZIF-67@ZEAA (1% [ 2 AH AR 1 95 F
Xof & TE A 2R 1 43 8 M BE WF 9 [D]AL 5t AL st Ak TR,
2019.

T AR LA A4 B A 56 MOF MBMSUR 3 B kg
W £ e i det B (D] AL AT A UL TR ,2020.

E BB SAPO 43-F i 6 . UPE B X/ Ny 1 4 B
RERTFE[D] KA MR oOR,2021.

W SRR (I E0RE MnClL@MOFs@y-ALO; il 4 K H:
XF Hy/D, 1943 BB UFFE D] AL 5t db 5tk TR ,2016.

B /D = A AT B TR 0 R Y ) 2 B H X SR 2 R
H,/D, 1 43 5 /43 B1 14 BB F 5% [D].AL 5t Ak 504k TR 2%,
2018.

ik 2 % .Cr(VH)@MOF-74(ND@y-ALO, & & Mk il 4%
Zkiix‘;aﬁﬂ{miﬁ H,/D, 73 B PERE RIS D] AL st AL a4k
ToR2#,2018.

Oh H, Kalidindi S B, Um Y, et al. A cryogenically flexible
covalent organic framework for efficient hydrogen isotope
separation by quantum sieving[J]. Angew Chem Int Ed,
2013, 52(50): 13219-13222.

Xiong R, Zhang L, Li P, et al. Highly effective hydrogen
isotope separation through dihydrogen bond on Cu( I )-
exchanged zeolites well above
temperature[J]. Chem Eng J, 2020, 391: 123485.
Bezverkhyy I, Boyer V, Cabaud C, et al. High efficiency of

liquid  nitrogen

Na- and Ca-exchanged chabazites in D,/H, separation by
quantum sieving[J]. ACS Appl Mater Interfaces, 2022,
14(47): 52738-52744.

Han G, Gong Y, Huang H, et al. Screening of metal-
organic frameworks for highly effective hydrogen isotope
separation by quantum sieving[J]. ACS Appl Mater
Interfaces, 2018, 10(38): 32128-32132.

Ren J, Chang M, Zeng W, et al. Computer-aided discovery
of MOFs with calixarene-analogous microenvironment for
exceptional SF4 capture[J]. Chem Mater, 2021, 33(13):
5108-5114.

Rosseinsky M. Recent developments in metal-organic
framework chemistry: design, discovery, permanent
porosity and flexibility[J]. Microporous Mesoporous Mater,

2004, 73(1-2): 15-30.


https://doi.org/10.1016/j.fusengdes.2008.07.027
https://doi.org/10.1021/jp206048f
https://doi.org/10.1021/jp206048f
https://doi.org/10.1021/acsnano.2c04655
https://doi.org/10.1016/0009-2614(94)01372-3
https://doi.org/10.1016/0009-2614(94)01372-3
https://doi.org/10.1021/jp064745o
https://doi.org/10.1021/jp060748p
https://doi.org/10.1021/jp060748p
https://doi.org/10.1103/PhysRevLett.82.956
https://doi.org/10.1021/ja402103u
https://doi.org/10.1038/ncomms14496
https://doi.org/10.1021/acs.jpcc.9b09332
https://doi.org/10.1039/C9TA14254A
https://doi.org/10.1039/C9TA14254A
https://doi.org/10.1002/anie.201307443
https://doi.org/10.1016/j.cej.2019.123485
https://doi.org/10.1021/acsami.2c12927
https://doi.org/10.1021/acsami.8b10201
https://doi.org/10.1021/acsami.8b10201
https://doi.org/10.1021/acs.chemmater.1c01139

544

Btk Sty ek

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

Kitagawa S, Uemura K. Dynamic porous properties of
coordination polymers inspired by hydrogen bonds[J].
Chem Soc Rev, 2005, 34(2): 109-119.

Mondelo-Martell M, Huarte-Larrafiaga F. Diffusion of H,
and D, confined in single-walled carbon nanotubes:
quantum dynamics and confinement effects[J]. J Phys
Chem A, 2016, 120(33): 6501-6512.

Noguchi D, Tanaka H, Kondo A, et al. Quantum sieving
effect of three-dimensional Cu-based organic framework
for H, and D,[J]. ] Am Chem Soc, 2008, 130(20): 6367-
6372.

Oh H, Park K S, Kalidindi S B, et al. Quantum cryo-sieving
for hydrogen isotope separation in microporous
frameworks: an experimental study on the correlation
between effective quantum sieving and pore size[J]. J
Mater Chem A, 2013, 1(10): 3244-3248.

Teufel J, Oh H, Hirscher M, et al. MFU-4-A metal-organic
framework for highly effective H,/D, separation[J]. Adv
Mater, 2013, 25(4): 635-639.

Savchenko I, Mavrandonakis A, Heine T, et al. Hydrogen
isotope separation in metal-organic frameworks: kinetic or
chemical affinity quantum-sieving?[J].
Mesoporous Mater, 2015, 216: 133-137.

Microporous

Ping E, Ji H, Zhang L, et al. Kinetic and chemical affinity
quantum sieving effects of ZIF-67 for H, and D, and gas
chromatographic separation of hydrogen isotopes on
columns packed with ZIF-67@NH,-y-Al,05[J]. ACS Appl
Energy Mater, 2021, 4(10): 10857-10866.

Kim J Y, Balderas-Xicohténcatl R, Zhang L, et al.
Exploiting diffusion barrier and chemical affinity of metal-
organic frameworks for efficient hydrogen isotope
separation[J]. J Am Chem Soc, 2017, 139(42): 15135-
15141.

Garberoglio G. Quantum sieving in organic frameworks[J].
Chem Phys Lett, 2009, 467(4-6): 270-275.

Anil Kumar A V, Jobic H, Bhatia S K. Quantum effects on
adsorption and diffusion of hydrogen and deuterium in
microporous materials[J]. J Phys Chem B, 2006, 110(33):
16666-16671.

Nguyen T X, Jobic H, Bhatia S K. Microscopic observation
of kinetic molecular sieving of hydrogen isotopes in a
nanoporous material[J]. Phys Rev Lett, 2010, 105(8):
085901.

Oh H, Hirscher M. Quantum sieving for separation of
hydrogen isotopes using MOFs[J]. Eur J Inorg Chem, 2016,
2016(27): 4278-4289.

Oh H, Savchenko I, Mavrandonakis A, et al. Highly
effective hydrogen isotope separation in nanoporous metal-
frameworks sites:  direct

organic with open metal

measurement and theoretical analysis[J]. ACS Nano, 2014,

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

8(1): 761-770.

Dietzel P D C, Besikiotis V, Blom R. Application of metal-
organic frameworks with coordinatively unsaturated metal
sites in storage and separation of methane and carbon
dioxide[J]. J Mater Chem, 2009, 19(39): 7362.

Britt D, Furukawa H, Wang B, et al. Highly efficient
separation of carbon dioxide by a metal-organic framework
replete with open metal sites[J]. Proc Natl Acad Sci USA,
2009, 106(49): 20637-20640.

Bloch E D, Murray L J, Queen W L, et al. Selective
binding of O, over N, in a redox-active metal-organic
framework with open iron(Il') coordination sites[J]. J Am
Chem Soc, 2011, 133(37): 14814-14822.

Yan X, Song Y, Wang D, et al. Direct observation of highly
effective hydrogen isotope separation at active metal sites
by in situ DRIFT spectroscopy[J]. Chem Commun, 2023,
59(26): 3922-3925.

FitzGerald S A, Burkholder B, Friedman M, et al. Metal-
specific interactions of H, adsorbed within isostructural
metal-organic frameworks[J]. J Am Chem Soc, 2011,
133(50): 20310-20318.

Ping E, Kong L, Liu M, et al. H,/D, separation in gas
chromatography through a MOF-on-MOF strategy using y-
AIOOH@AI(OH)(1, 4-NDC)@ZIF-67 as the stationary
phase via additive effects of chemical affinity quantum
sieving and kinetic sieving[J]. Dalton Trans, 2023, 52(2):
376-383.

Jung M, Park J, Muhammad R, et al. Elucidation of
diffusivity of hydrogen isotopes in flexible MOFs by quasi-
elastic neutron scattering[J]. Adv Mater, 2021, 33(20):
2007412.

Ha J, Jung M, Park J, et al. Thermodynamic separation of
hydrogen isotopes using Hofmann-type metal-organic
frameworks with high-density open metal sites[J]. ACS
Appl Mater Interfaces, 2022, 14(27): 30946-30951.

Hu X, Ding F, Xiong R, et al. Highly effective H,/D,
separation within the stable Cu( I )Cu(II)-BTC: the effect
of Cu(l) structure on quantum sieving[J]. ACS Appl
Mater Interfaces, 2023, 15(3): 3941-3952.

Cao D, Huang H, Lan Y, et al. Ultrahigh effective H,/D,
separation in an ultramicroporous metal-organic framework
material through quantum sieving[J]. J Mater Chem A,
2018, 6(41): 19954-19959.

Wang F, Bi Z, Ding L, et al. Large-scale computational
screening of metal-organic frameworks for D,/H,
separation[J]. Chin J Chem Eng, 2023, 54: 323-330.

Li X, Wang X, Li M, et al. Highly selective adsorption of
D, from hydrogen isotopes mixture in a robust metal
bistriazolate framework with open metal sites[J]. Int J

Hydrog Energy, 2020, 45(41): 21547-21554.


https://doi.org/10.1039/b313997m
https://doi.org/10.1021/acs.jpca.6b00467
https://doi.org/10.1021/acs.jpca.6b00467
https://doi.org/10.1021/ja077469f
https://doi.org/10.1039/c3ta01544k
https://doi.org/10.1039/c3ta01544k
https://doi.org/10.1002/adma.201203383
https://doi.org/10.1002/adma.201203383
https://doi.org/10.1016/j.micromeso.2015.03.017
https://doi.org/10.1016/j.micromeso.2015.03.017
https://doi.org/10.1021/acsaem.1c01827
https://doi.org/10.1021/acsaem.1c01827
https://doi.org/10.1021/jacs.7b07925
https://doi.org/10.1016/j.cplett.2008.11.065
https://doi.org/10.1021/jp063034n
https://doi.org/10.1103/PhysRevLett.105.085901
https://doi.org/10.1002/ejic.201600253
https://doi.org/10.1021/nn405420t
https://doi.org/10.1039/b911242a
https://doi.org/10.1073/pnas.0909718106
https://doi.org/10.1021/ja205976v
https://doi.org/10.1021/ja205976v
https://doi.org/10.1039/D3CC00522D
https://doi.org/10.1021/ja2071384
https://doi.org/10.1039/D2DT03635E
https://doi.org/10.1002/adma.202007412
https://doi.org/10.1021/acsami.2c07829
https://doi.org/10.1021/acsami.2c07829
https://doi.org/10.1021/acsami.2c18221
https://doi.org/10.1021/acsami.2c18221
https://doi.org/10.1039/C8TA05707A
https://doi.org/10.1016/j.cjche.2022.04.003
https://doi.org/10.1016/j.ijhydene.2020.05.096
https://doi.org/10.1016/j.ijhydene.2020.05.096

	1 微孔材料的量子筛效应
	2 MOFs材料分离氢同位素
	2.1 MOFs材料分离氢同位素机理探究
	2.2 高选择性MOFs材料分离氢同位素
	2.2.1 MOF-74系列
	2.2.2 MFU-4l系列
	2.2.3 ZIF型MOFs
	2.2.4 其他MOFs材料
	2.2.5 MOFs的筛选研究


	3 总结与展望
	参考文献

