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Efficient and inexpensive hydrogen storage is an essential prerequisite for the utilization of hydrogen, one of the new and
clean energy sources for 21" century. In this review, several storage techniques are briefly reviewed and compared. Especially,
adsorption/storage via physisorption at low temperature, by using nanoporous adsorbents, is reviewed and evaluated for further
developments. The adsorption over a porous material at low temperature is currently investigated deeply to fulfill the storage
target. In this review, several characteristics needed for the high hydrogen adsorption capacity are introduced. It may be sum-
marized that following characteristics are necessary for high storage capacity over porous materials: i) high surface area and
micropore volume, ii) narrow pore size, iii) strong electrostatic field, and iv) coordinatively unsaturated sites, etc. Moreover,
typical results demonstrating high storage capacity over nanoporous materials are summarized. Storage capacity up to 7.5 wt%
at liquid nitrogen temperature and 80 atm is reported. Competitive adsorbents that are suitable for hydrogen storage may be
developed via intensive and continuous studies on design, synthesis, manufacturing and modification of nanoporous materials.
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Figure 1. Various hydrogen storage technologies[10].
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Figure 2. Classification of porous materials and nanoporous materi-
als[12].

160 km7H4] F8o] 7hsh gz o] F )
A7k e =11 4 &7l ek Ae] FdAR] H3EE 700
719l 6 wi%eo] % A LEgt 30 kgm'e] F9] A% AwE
Zh= Zou} QPAe] EAIZF B4 EAlSk R Q1T WR] A oA 9]

ARgo] oL krIAo] A E ojof gtk Bgh ARE- Al 94E 2jo]”
At An FAARA ]k Alo] FA7E F st

F\:l
¢

-

4) FashE Fulo) A ) e e O fas
F8to] 5% 574 81E(metal hydrides)S A/ 5= Qi) ol#fst =
Aol welo] ol Fat Fhel A, AYH B4 4
ASHEE sk RASIA FAE FEUL T4 AT F5E
o ARETS e AHo] QAT Sao] MR B W
2 <19l vlEshh W A9, A4S A AL A2
A28 A FAZ ol BAY, AR EY) R Frw Q)
S AR o ol meol BRSTH: BAY 5ol o /)&

= Agsh=d ddlEel Ha itk t3EA] 5522 Mg, Ca, Ti,
Zr, Pd, ZrMm,Nipe, LaNis, ZrVa, FeTi, Mg,Cu, Mg:Ni, TiV,, MgAl,
Li, B, Na, Al 50] 9108 4t 345 22 Ajole] $14el 494
FE 2 OIEY AVE 2 THY HiEE U5 = A
5) §]J51—‘j g o] 2.3} z—]xl— HJ-A
9] 4 AAE WEs ol 7
24} figlo] Ztd Ao Folsbl Mad 5 olekw AlZza
2 a0 Aol gl FEE :
ohUEh 111 wt% 2] 4 % ot
3 snl Qlohe b o S A
A SRres TAR 01%0}7] H 3x=
A UFE =2 oy &2 2

ol AHE7 ol 34 24,
3. LIMISH 7HR

Figure 20 A& z= E49] MRl 2771 gl vk
IUPAC &57oll wh2® wjAl] AlA|, Wz ASA 9 A Al3Ae] Al

T 271 22 2 nm 7|9k 2~50 nm 2! 50 nm 233 E2E 2n]
5P‘3‘r[12 YAl EAlE v vE 3719 AleE s 24S Eehy
uA) AL} Wz AeA7E LA tfF2A0 Y AlF Az = Al
SoholE[13]9} gFr AT olE BAA|[14] 2wz AEFH15)
o] Uk

ol 3t theAlTAlE %

2 Aoe A9 Al =8 ¢

H



wAEA FEA % 4 2 W A 101

2
1.8 4 NaX *
_ Y Nay|
2 1.6
2 14 CdXy /*®CdY
S 12
2 121 CdA,
] 14
B
@< (0.8 4
$ NaCsRHO il
= 0.6 4
3 0.4-/
0.2 4
s CARHO
0 . . .
0 200 400 600 800

BET surface area (nmf/g)

Figure 3. Correlation between hydrogen adsorption at -196 C and BET
surface area for a series of zeolite materials. The comrelation coefficient
is also indicated[26].
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Figure 4. Hydrogen adsorption versus BET surface area at -196 ‘C and
1 bar for carbon (diamond), silica and alumina (triangle)[27].
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Table 1. Sorption Data for Metal-Organic Frameworks Measured Gravi-
metrically at -196 C

Material Ny (mg/g) At (mz/g) H’ (mg/g) H, per fu?
IRMOF-1 965 3362 13.2 5.0
IRMOF-8 421 1466 15.0 6.9
IRMOF-11 548 1911 16.2 9.3
IRMOF-18 431 1501 8.9 42
MOF-177 1300 4526 12.5 7.1

“Calculated assuming a monolayer coverage of close-packed nitrogen
with a cross-sectional area of 16.2 A’/molecule.
At 1 atm, fu. (ZnsOLx formula unit).
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Figure 5. Saturation H, uptake plotted against Langmuir surface
area[29].
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Figure 6. The correlation of the hydrogen adsorption capacity and the
specific surface area of mesoporous carbon materials at -196 C and
0.11 MPa[30].
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1 bar for silica and alumina[27].
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figure[43].
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Figure 15. Change in Viz(0) and 7)(x) of A-type zeolites as a function
of the radius of exchangeable alkali cation (temperature, 300 C; pres-
sure, 1300 psi; loading time, 15 min)[46].

4 APsae, A ow YeAgAl st §3 Ael
154981 QoI 23 A9l =905 Hold ol

32 bt
ooy

, o

F3tk ool o7 wikHE A STO)|EE o]gsto] 112300 T)ell

Al =29 encapsulation 77} AH- o]FolFHom BE K o]Lo]
ol wEE AETolETL 7P w2 A 8FS HIATH45,46]. ©]
© ol Fiell et dojul= 7 78 A AR AR S
A AdEk =, o] WHo] SUehAE My 7|7 ZAdte]

A 2 W A% 105

———a

o NaX(1.05:1)

-3
\

A
NaX(1.4:1)

MOLECULE/g

/ __d__.__-——""'r'_ﬂ Na¥(2.4:1)
g' -~ "
r -’./
. " I 1 " 1 . 1 L 1 " 1
0 10 20 a0 40 50 60

PRESSURE [kPa]

Figure 16. Isotherms of hydrogen adsorption at -196 C on faujasites
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Figure 17. Effect of Al concentration of various zeolites on hydrogen
adsorption capacities at 760 torr{47].
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Figure 18. TPD profiles of (a) VSB-1 and (b) VSB-5. Inset (c) shows
the TPD trace of VSB-1 magnified by 50 times as compared to (a)
[49].
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Figure 19. High-pressure hydrogen isotherms at 25 C for pure IRMOF-
1 (square), PYAC and IRMOF-1 physical mixture (1:9 weight ratio; fil-
led diamond) and for a bridged sample of Pt/AC-bridges- IRMOF-1:
first adsorption (circle), desorption (filled triangle), and second adsorp-
tion(diamond)[62].
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Table 2. Volumetric Measurement Values Obtained at -196 ‘C on Zeolites and Zeotype Materials

BET area (mz/ Q)

Materials Framework type (IZA code) Pressure (bar) H, uptake (mass%)
VSB-1 0.79 0.11 183
aerogel 0.92 0.32 533
NaY (Si/Al=2.4) FAU 0.57 0.37
zeolite L LTL 1.00 0.53 344
H-Y (Si/Al=2.7) FAU 0.95 0.56
VSB-5 0.79 0.57 500
MCM-41¢ 1.00 0.58 1017
ferrierite FER 1.00 0.58 344
H-MOR (Si/Al=7.0) MOR 0.66 0.60
(Mg,Na,K).ETS.10 0.92 0.67 324
H-ZSM-5 (Si/Al=40) MFI 0.92 0.71 418
H-ZSM5 (Si/All=16) MFI 0.66 0.72
silicalite MFI 0.92 0.73 474
NaX (Si/Al=1.4) FAU 0.55 0.79
(Na,K)-ETS-10 0.92 0.80 337
H-SAPO-34 CHA 0.92 1.09 547
H-chabazite (Si/Al=2.125) CHA 0.92 1.10 490
NaX (Si/Al=1.05) FAU 0.61 1.22
NaA LTA 1.05 1.24
H-SSZ-13 CHA 0.92 1.28 638

“Values for aerogel and MCM-41 are reported for comparison.
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Table 3. Summary of Hydrogen Adsomption in MOFs at -196 C

5}%_/\

puA

Material® dimferf:r/sf[‘lﬁ?d[ A] Accijzic'zilzn[vlﬁ%“me Ap pareinrf rSan‘r,facf area®  Pore volume 4y, uptake [wt%]  Conditions
g mcm g
Zn40(bdc)s, IRMOF-1 7.8/152 0.59 3362 1.19 132 1 atm
ZnsO(ndc)s, IRMOF-8 8.4/18.0 0.66 1466 0.52 1.50 1 atm
ZnsO(hpdc)s, IRMOF-11 6/12.4 0.40 1911 0.68 1.62 1 atm
Zn;O(tmbdc)s;, IRMOF-18 5.4/13.8 0.42 1501 0.53 0.89 1 atm
Zn40(btb),, MOF-177 9.6/11.8 0.63 4526 1.61 1.25 1 atm
Al(OH)(bdc), MIL-53(Al) 8.4 0.29 1590,1020 0.59 3.8 16 bar
Cr(OH)(bdc), MIL-53(Cr) 8.5 0.29 1500,1026' 0.56 32 16 bar
Cr;0F(btc),, MIL-100(Cr) 6.6/25/29 na.” 2800 1.0 33 25 bar
Cr;0F(bdc)s;, MIL-101b(Cr) 8.6/29/34 na. 5300 1.85 6.1 60 bar
Mn(HCO,), 3/4.7 0.10 297 - 0.9 1 atm
Ni(cyclam)(bpydc) 6.1/7.6 0.18 817 0.37 1.1 1 atm
Zny(bdc)x(dabeo) 7.8/9.5 0.45 145010 - 2.0 1 atm
Nia(bpy)s(NOs)s (M) 2.4/4.0 0.05 - 0.181% 0.8 1 atm
Nia(bpy)s(NOs)s (E) 2.1/4.2 0.05 - 0.149"" 0.7 1 atm
Nis(bte)a(3-pic)s(pd)s 8.5/10.7 0.30 - 0.63 2.1 14 bar
Cuy(pzde)(pyz),CPL-1 3.4/5.0 0.04 0.2 1 atm
Cux(bptc), MOF-505 6.7/10.1 0.37 1646 0.63 248 1 atm
Sca(bdc); 55 n.a. 72110 0.33 1.5 0.8 bar
Mgs(ndc)s ~3.5 n.a. 190" n.a. 0.48 1.17 bar
Cr;OF(ntc)1.s, MIL-102(Cr) ~4 n.a. 100 n.a. 0.9 10 bar
ALO(OH)(btc)s, MIL-96(Al) ~3/6 na. - na. 1.7 10 bar
Zn-BTC, MOF-5 12 na. 22961 n.a. 47 50 bar
Cus(BTC), 3.5/9 na. 115410 n.a. 3.6 50 bar
Zn-BTB, MOF-177 11/17 n.a. 5640 n.a. 7.5 60 bar

® non available

1 Acronyms: bdc = benzene-1,4-dicarboxylate, ndc = naphthalene-2,6-dicarboxylate hpdc = 4,5,9,10-tetrahydropyrene-2,7-dicarboxylate, tmbdc =
2,3,5,6-tetramethylbenzene-1,4-dicarboxylate, btb = benzene-1,3,5-tribenzoate, cyclam = 1,4,8,11-tetraazacyclotetradecane, bpydc = 2,2’-bipyridyl-5,
5’-dicarboxylate, dabco = 1,4-diazabicyclo[2.2.2]octane, bpy = 4,4’-bipyridine, btc = benzene-1,3,5-tricarboxylate, 3-pic = 3-picoline, pd = 1,2-pro-

panediol

b]
c]

respectively.

a
fe]
] BET surface area from N, at -196 C.

le) BET surface area from CO, at 195 K.
h]

1 Methanol used as adsorbate.

Calculations were performed using the Cerius2 software package. Crystallographic data for the evacuated frameworks was used where available.
Free and fixed diameters correspond to the largest spheres that can pass through the apertures and fit in the largest pores of the frameworks,

Calculated using a probe radius of 1.45 D, which corresponds to the kinetic diameter of Ho.
Calculated from Noadsorption data collected at -196 ‘C using the Langmuir model except where indicated.

Calculated from N, adsorption data collected at -196 C using the Dubinin-Radushkevich method except where indicated.

Ul Calculated from O, adsorption data collected at -196 ‘C using the BET model.
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