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ABSTRACT

The continuous depletion of petroleum reserves with consequent carbon emission is a great area of concern and draws
our attention towards the use of a cleaner fuel for transportation. Out of many alter native renewabl e ener gy sources, use
of hydrogen seems to be the most preferred choice because of its high energy content as compared to gasoline and
comparatively cleaner combustion products, which may save the earth from further pollution. However one of the major
challenges in use of hydrogen as transportation fuel is the storage of this highly flammable gas, whereas stationary
hydrogen storage has not been a big problem. Metal Organic Frameworks can serve as potential hydrogen storage and
carriersfor mobile applications.
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INTRODUCTION

The article summarizes different research actiwiteading to the development of metal organic fraorks for use as
mobile carriers of hydrogen- a future generatioal.fiDifferent strategies leading to better yielthbdlity of metal

organic frameworks, high porosity and surface am@hanced hydrogen interaction and storage, pasthetyc

modifications and computational studies for impiekesign of MOFs with special emphasis on theirbgdn storage
capacity, carried out by various prominent reseaups in the last one decade have been presefitedfuture

prospects for the synthesis of MOF complexes tadesl as hydrogen storage materials for mobile egipins, through
green synthetic pathways have also been discussed.

Established hydrogen storage techniques:

Some of the established technologies for hydrogerage include compressed hydrogen gas in higtspresydrogen
cylinders, liquid hydrogen in a specially desigregogenic tank, underground hydrogen storage apelipe hydrogen
similar to natural gas network, carbon nanotubesabon nanofibres to name a few. These techsimake use of
physical hydrogen storage where hydrogen gas isdtwy compression or liquefaction under pressline. liquefaction
of hydrogen involves a great energy loss and tan&troe perfectly insulated to avoid boil off. THeemical hydrogen
storage makes use of Metal hydrides such as LjAN4AIH,;, MgH, etc. However the use of complex metal hydrides as
hydrogen carriers has limitations of poor hydrogapacity, slow adsoprtion and release of gas agd bost. Most
metal hydrides involve strong bonding with hydroger thus require high temperature for the reled$sdrogen. The
cheaper hydrogen production in high yield by enzyenaction from starch and water under mild comxlit has been
reported by Percival Zhang [1The method involves the use of starch or cellufosm biomass with a high energy
density of 14.8 mass% as hydrogen car@rmpounds named Liquid Organic Hydrogen Carrier HIG), where
hydrogen in a cyclic fashion can be charged anchdigied with considerable amount, have been prdposiee used as
fuels which may replace the hydrocarbon fuels f&ldrogen has been produced by catalytic decompasitf formic
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acid in an aqueous solution at a temperature rahd&-220 C using a catalyst preferably ruthenium by G. Laory
and co-workers [3], which they claim to be a suiaimethod for providing hydrogen for a motor, faell or chemical
synthesis. Imidazolium ionic liquids with Pd/C of hano particle catalyst can be used for on boardduygh storage,
which can hold up to 30gtof hydrogen at atmospheric pressure as claimed. [upont and co-workers [4]. The
carbon materials are known to be adsorbents foesghlse hydrogen and carbon dioxide which mainlpatels upon
micro pores in activated carbons. Thus pore stradtuthese materials needs to be governed, wlainhbe carried out
either by the process of activation or templatiigmplating has the advantage of providing large emof
homogeneous pores [9D.C Elias and co-workers reported that Graphenegtamic layer of Graphite can react with
atomic hydrogen reversibly to form Graphane andas# hydrogen after heating to 460[6]. R. T. Yang and co-
workers have reported that Graphene has a chasdictgroperty to dissociate hydrogen, which le&alsncrease in
storage capacity. The group carried out their hgemoisotope scrambling experiments at differentpemature and
pressure conditions to determine the potentialiegigbns of Graphene in hydrogenation and dehydratien catalysis
[7]. Dillion and co-workers have provided the experinaémvidence for storage of hydrogen in carbon n#rex at
room temperature [8]. Since then attempts have beade towards hydrogen storage in various nanotainels
nanostructures as summarized by George E. Froudaliss review [9]. Chen, P. and co- workers hakeven that
carbon nanotubes doped with alkali metals exhibiighh hydrogen uptake and have reported
hydrogen adsorption of 20 wt. % and 14 wt. % Hyiliin and potassium doped carbon nanotubes resplgctbetween
1 atmosphere and 200-400 temperature for Li doped and near room tempezafar potassium doped carbon
nanotubes [10]. Later on Ralph T. Yang adoptedstiiee procedure and measured hydrogen uptake iorcaamotubes
as carried out by Chen, P. and co-workers and uded that the high hydrogen uptake was due to oveist
contamination and actual adsorption by alkali dopadbon nanotubes was merely 2 wt % with dry hydmofd. 1]. The
results reported by one group could not be repredusy another group due to sensitive experimematliitions and
measurement procedures, which lead to controvegarding efficient storage of hydrogen in carbonatabes. Rao
and co-workers investigated the hydrogen storagsimgie and multi- walled nanotubes as well asnaligbundles of
multi-walled nanotubes and found that maximum agatsom of 3.7 wt % was obtained with densely aligjteindles of
acid treated multi-walled nano tubes [12]. They éharerified the hydrogen storage capacities of matethrough
electrochemical studies and have claimed that tesirlts were reproducible.

M etal organic frameworks and hydrogen storage:

Hydrogen a cleaner fuel can play an important ml@ollution control once the challenges for safel @conomical
onboard hydrogen storage are overcome. This caachieved by the synthesis of materials suitablecfarging and
discharging large quantities of hydrogen at appat@irate under normal temperature and pressuditaors, which can
attain the goal set by the US Department of EnéDfyE website-energy.gov). Metal Organic Framewaé&sm to be
the best possible option to serve the purposeegsdhn be tailored to meet the requirement of nediyidrogen storage
and carrier, because of their unique properties, ldxceptionally large surface area, tunable stracipore dimensions
and reversible uptake and release of hydrogen. M©ORstitute a class of inorganic-organic hybrid eniats with highly
porous crystalline structure consisting of metalsior their clusters, coordinated to organic ligatawform one, two or
three dimensional crystal structures [13]. Themaures can be manipulated by introducing multipletals with
different coordination properties and appropriatice of organic ligands with suitable functionabt for efficient
uptake and storage of hydrogen for mobile appliceti These materials have an added advantageng bgnthesized
by simple hydrothermal or solvothermal methods Irich highly porous structure can be achieved byestlevacuation
without destabilizing the framework. The name “MOWKas first introduced by Yaghi group. The storyhgidrogen
storage by an MOF started in 2003 when Yaghi andiadkers claimed the first hydrogen storage by M®te be 4.5
wt. % at 78 K and 1.0 wt. % under conditions ofmotemperature and 20 bar pressure [14]. Jeong Yergand co-
workers have carried out low temperature gas smrpsinalysis on three dimensional micro porous M@k two
dimensional layered complexes and studied the glomeacteristics based on the argon adsorption-pigsorisotherms
at 87K and concluded that all micro porous metghaoic frameworks have a relatively high hydrogepaciy [15].
Yaghi and co-workers while analyzing the behaweioMOFs towards low pressure hydrogen adsorptiocointrast with
their structures, have found that catenated nadgedisplay remarkable capacities for hydrogen gu&m on a molar
basis whereas functionalization does not have nmftdrence on adsorption. The hydrogen adsorptionkmaenhanced
by providing larger charge gradient on the metatl@xunits and by reducing the pore dimensions Qustidg link
metrices [16]. Space and co-workers while studyirgrole of polarization interactions in hydrogéorage by a metal-
organic framework, have demonstrated through teinte Carlo Simulations, that highly ionic framewavith narrow
pores lead to strong hydrogen interactions ancelasgirogen uptake by an MOF [17]. Li and co-workesse reported
hydrogen spillover which involves atomic hydrogeatsarption, to be an appropriate method to enhameéydrogen
storage capacity of the covalent—-organic framewankdt MOFs at room temperature [18]. A three dinmmai MOF
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Cw (BTC), HKUST-1 , [BTC=benzenel,3,5 tricarboxylate] in nigield and in less reaction time has been synthdsi
by Zong-Qun Li and co-workers by using ultrasomiethod under ambient temperature and pressuretmorl[19].
The method has been claimed to be an efficienteavitonmentally friendly. Bo Xiao and co-workénstheir review
have presented the development of nano porous +Horgfahic framework materials used for physical logdn storage
[20]. According to them good MOF materials are agbd by judicious choice of metal cations and tkeunter ions,
organic ligands and pH values. The solvent usedniyt helps to dissolve reactants, but also plag@eas a structure
directing agent. To get good quality product inhhigield temperature, pressure and reaction timevarg crucial.
Carbon nanostructures have been considered teebadbt desired candidates for the storage of hydrogversibly, but
physisorption of H on pure carbon nanostructures does not fulfill ¢hiteria prescribed by the U.S. Department of
Energy (DOE), probably due to low hydrogen adsorpgnergy and weak,FH, interaction. B. Kuchta and co-workers
have described the influence of various factorshsaes adsorption energy, pore dimensiong;Hkl interaction,
chemically substituting carbon by an atom like oo Li* ion and quantum effects on the hydrogen adsor|gti@acity
of the nano porous structures with the help of @r&anonical Monte Carlo Simulations and have shakat
chemically substituting boron atoms in place ofbcar atoms enhances adsorption capacity of the iakaf2d]. The
extent of gas adsorption on metal-organic framewsukKace depends on temperature and pressure ajatheThe
adsorption increases generally with decrease ipéeature and increasing pressure. Furthermoretegrisathe surface
area, more is the adsorption of hydrogen. Anothnecial factor is high enthalpy of hydrogen adsamptiTheoretically
22-25 kJ/mol energy interactions are sufficiemtddsorption and quick de-sorption. MOFs with exgabmetal sites are
the best suited for adsorption, which can be aeidwy the proper choice of ligands whose geometidgesot allow the
metal to be fully coordinated. The removal of vibéasolvent molecules bound to metal, post synthetbdifications by
metallation of MOFs or super critical carbon dicxidrying of MOFs synthesized by solvothermal teghas can
enhance their hydrogen storage capacity. The stnt@rally dried MOFs exhibit exceptionally high rface area and
much enhanced hydrogen storage capacity as comfmaMOFs dried by the thermal evaporation of thkvent [22].
Hongwei Yangnd co-workers have carried out the mechano-ct@mjmthesis of a micro porous MOF LBTC) »,
[BTC=Benzenel, 3, 5-tricrboxylate] also known as W&T-1 from trimesic acid and various copper sai3].[ The
water of hydration if present in the reactants iowed the crystalline nature of BTC), Adding a little solvent prior
to grinding further improved crytallinity and leéalincreased specific surface area and hydrogeagagaapacity. They
have claimed the mechano-chemical synthesis touaeyafast method for the quantitative preparatdiCu; (BTC),. A
rapid, inexpensive and environmentally friendlylvethermal method for the synthesis of isoreticutaetal-organic
framework, IRMOF-8 has been reported by Samuel #efl@vaand co-workers [24]. They have claimed the produict
this rapid synthesis route to have greater surfaea, higher hydrogen storage capacity and largee polume
compared to those prepared by the traditional $sbrmal convection oven synthesi®. Liand co-workers have
studied the stability and hydrogen storage propeii metal-decorated benzene complexes and hpwged that most
metals from first to third period of the periodabte can be strongly adsorbed on the surface afdmenexcept Be, Na,
Mg, K & Zn and found that Ca was the most suitabktal for hydrogen storage. Metals like Al, Ga &rsition metals
from Ti to Cu are not suitable for hydrogen storf2fe]. According to them two Ca atoms prefer toidmated on the
benzene surface and each Ca can adsorb up toydrwden molecules, thus yielding a hydrogen uptk@.2 wt. %.
Their whole work is based on first- principles cédtions. Narae Jin and co-workers have synthedi@edultra micro
porous MOFs based on pyrimidyl- 5-carboxylate ugdadpalt 1l chloride and Iron Ill perchlorate andveaeported their
selective gas sorption properties [26]. One of tisbimws the selective sorption of &gainst N at 77 K and C@against
CH, at 195 K and for other the selective sorption lbesn observed only at 77 K and sorption is alnradiscriminate at
195 K. The difference is believed to originate fréime different pore structures of both. Husseindeh#&bid and co-
workers have synthesized Zirconium metal—orgar@méworks (Zr-MOFs) with or without ammonium hydmbias an
additive [27]. They have found that BET surfaceaarpore volume and crystal size of Zr-MOF was reduafter
addition of ammonium hydroxide whereas crystallgtricture and thermal stability were maintained.illigvh A.
Goddard and co-workers have calculated hydrogeakepby Li, Na, K metalated metal-organic framewoak298K
using Grand Canonical Monte Carlo Simulations aadehreported MOF 200-Li and MOF 200-Na to attainEDZD15
target of 5.5 wt. % at 298K [28]. Dewei Rao andwmmrkers have proposed Li-doped iso-reticular IRM®For
hydrogen storage, having hydrogen uptake of 4.91%veand 36.6g/L at 243 K and 100 bar pressure beseitheir
Grand Canonical Monte Carlo Simulations, whichxpexted to achieve 2017 DOE target [29]. Atanu Baahd co-
workers have reported gas storage in a partially fluoridatehighly stable 3-D porous MOF
{[Zn 4O(bfbpdc}(bpy) s(H20)].(3BDMF)(H,0),}  using  2,2'-bis-triflouromethyl-biphenyl-4,4’-dichoxylic  acid
[Hobfbpdc] [30]. Lalonde and co-workers have repotteisynthesis and hydrogen storage propertiesoM®Fs with
Zwitter ion structure formed from negatively chaitgén, (CO,)s nodes and N- heterocyclic azolium group in thedink
with the aim to increase the hydrogen- framewotkriaction and enhanced hydrogen adsorption dueséoctarboxylic
acid sites [31]. A nitrogen rich MOF, NTU-105, hagiBET surface area of 3543/ having exceptionally high +and
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CGO, uptake capacity, due to favourable interactionvben the nitrogen rich triazole units and gas mdés; as proved
by experimental measurements and molecular siroakthas been reported by Xiao. Jun Wang and coesild2].
Light porous material with high stability requiréar onboard hydrogen storage can be achieved mgugjht weight
alkali & alkaline earth metals. Among the light mistAl draws special attention. Various Al-MOFs, V83, MIL-96,
MIL-100, MIL-110 have been synthesized and studigd-erey and his group [334annuela Gaab and co-workers
have reported that synthesis of an AI-MOF namedBiées A520 can be carried out in a water basederatith 90%
yield and the method is both economical & environtally compatible [34]. The properties such as auafarea,
crystallinity of the material obtained by water bdsynthesis are the same as those synthesizeBbybBsed method.
While synthesizing HKUST-1 and MOF-5 by the proaediknown in literature, Bin Mu has reported thasirey the
temperature, longer reaction time, use of N,N- diryleformamide (DMF) in place of N,N- diethyl fornrmade (DEF)
produces MOF with lesser surface area. Whereasolu$eesh anhydrous DEF, minimum exposure to moéstand
controlled temperature for solvent evacuation offetter yield, porosity and surface area of thelped [35]. Recently
Hiroshi Kitagawa and co-workers have reported tagiacity and speed of hydrogen storage gets enth@mekstorage
capacity becomes double when Pd nano crystals arered with MOF HKUST-1 [(Copper (II) 1, 3, 5 bengeetri
carboxylate)] [36]. To improve the binding energf loydrogen with metal-organic framework Yaghi grobps
synthesized MOF-649 and MOF-650 using polarizekelir?, 6-azulenedicarboxylate which results in pplare walls
and enhanced hydrogen interaction with the framewdiOF-650 adsorbs 14.8 mg' @f hydrogen at 77 k and 1 bar
[37]. Mario Wriedt and co-workerare in the process of designing frameworks wittepavhich can selectively adsorb
hydrogen [38]. The team has synthesized two microroys zwitterionic metal-organic frameworks
{{M(bdcbpy)(OH,),].4H,O}n with M = Mn, Ni, designing the anionic Viologerderivative, 1,1-bis(3,5-
dicarboxybenzyl)-4,4’-bipyridinium dibromide dehyde solvate (kbdcbpyBs.2H,0O) and its self assembly with metal
Il acetate in an aqueous medium. Both contain tbimeensional hydrogen bonded supramolecular framkesweith one
dimensional channel pores, the pore surfaces raed lith charge gradients leading to adsorptiohyafrogen due to
polarization effects. Yaghi group has synthesizeédRd containing plurality of metal clusters havinge@r more metal
ions in each cluster and plurality of ligands wétifficient number of available sites for adsorptafrgases so that the
surface area of the MOFs is larger than 556@1#89]. Quite recently Yaghi group has synthesizedtivariate MOF-
177 derivatives incorporating different functiomgbups in the organic linker [40]. They have condeld that presence
of more than one functional group in the MOF resuiit enhanced gas adsorption by the MOF and araserin
volumetric hydrogen uptake takes place in all matiiate MOF-177 as compared to unfunctoinalized MOF .

RESULTSAND DISCUSSION

Though much of the work has been done and studigdrding uptake and storage of hydrogen by metsric
frameworks for mobile applications as automobilel foy different groups of researchers, but stiéréhexists a gap
between efficiency of those MOFs for hydrogen gjerand targets set by US Department of Energy (DO&nmitted
to provide a cleaner environment to the future gaticn, President Barack Obama has recently anmaouamew $ 1
billion Department Of Energy loan guarantee progmamaddition to the existing one for investmentémewable energy
sources and storage systems [41].

CONCLUSION

Complexation of organic linkers with a combinatioihmetal ions using green synthetic pathways inwngj\the use of
water as a solvent, organic solvent free synthesisowave assisted reaction conditions, ultrasegithesis of MOFs,
post synthetic modifications and super critical ,&dying of the material can serve the purpose fiiaioing a suitable
material for onboard storage of hydrogen, a cleghih transportation and to prevent further dantaghe environment
and consequent global warming caused by the usgdobcarbon based fuels.

REFERENCES

[1] Zhang, Y. H. P.Energy & Environmental Science, 2009, 2, 272.

[2] Teichmann, D., Arlt, W., Wsasserscheid, P.yRtann, REnergy & Environmental Science, 2011, 4, 2767.

[3] Patent: Laurenczy, G., Fellay, C., Dyson{JS.20100068131 Al, (2010).

[4] Stracke, M. P., Ebeling, G., Cataluna, R., buotp J. Energy Fuels, 2007, 21, 1695.

[5] Inagaki, M., Kang, F., Toyoda, M., Konno, Hd¥anced Materials Science and Engineering of Cari@inghua
University Press2014 .

28
Pelagia Research Library



Usha Raju and Anil Kumar Der Chemica Sinica, 2015, 6(9):25-29

[6] Elias, D. C., Nair, R. R., Mohiuddin, T. M.,dfozov, S. V., Blake, P., Halsall, M. P., Ferr#i,C., Boukhvalov, D.
W., Katsnelson, M. ., Geim, A. K., Novoselov, K. Science, 2009, 323, 610.

[7] Stuckert, N., Yang, R. T. 12 AIChE Annual Meeti@pnference Proceedings, Pittsburgh, PA; UniteteSt280ct.
- 2Nov. 2012.

[8] Dillion, A. C., Jones, K. M., Bekkedahl, T. AXiang, C. H., Bethune, D. S., Heben, M.Nature, 1997, 386, 377.
[9] Froudakis, G. EMaterials Today, 2011, 14, 324.

[10] Chen, P., Wu, X., Li, J., Tan, K. [Science, 1999, 285, 91.

[11] Yang, R. TCarbon, 2000, 38, 623.

[12] Gundiah, G., Govindaraj, A., Rajalakshmi, Nhathathreyan, K. S., Rao, C. N. Rurnal of Materials Chemistry,
2003, 13, 209.

[13] Kaskel, S. Porous Metal-Organic Framework&1p0-1249, in Handbook of Porous Sol{@a802), Wiley Online
Library.

[14] Rosi, N. L., Eckert, J., Eddaoudi, M., Vod&k, T., Kim, J., O'Keeffe, M., Yaghi, O. Mience, 2003, 300, 1127.
[15] Lee, J. Y., Li, J., Jagiello, Journal of Solid State Chemistry, 2005, 178, 2527.

[16] Rowsell, J. L. C., Yaghi, O. Mournal of the American Chemical Society, 2006, 128, 1304.

[17] Belof, J. L., Stern, A. C., Eddaoudi, M., 8paB. Journal of the American Chemical Society, 2007, 129, 15202.
[18] Li, Y., Yang, R. TAIChE Journal, 2008, 54, 269.

[19] Li, Z. Q., Qiu, L. G., Xu, T., Wu, Y., Wang, WWu, Z. Y., Jiang, XMaterials Letters, 2009, 63, 78.

[20] Xiao, B., Yuan, QParticuology, 2009, 7, 129.

[21] Kuchta, B., Firlej, L., Cepel, R., Pfeifer,, RVexler, CColloids and Surfaces A: Physicochemical and
Engineering Aspects, 2010, 357, 61.

[22] Xiang, Z., Cao, D., Shao, X., Wang, W., ZhadgWu, W.Chemical Engineering Science, 2010, 65, 3140.

[23] Yang, H., Orefuwa, S., Goudy, Microporous and Mesoporous Materials, 2011, 143, 37.

[24] Orefuwa, S. A., Yang, H., Goudy, A.Microporous and Mesoporous Materials, 2012, 153, 88.

[25] Li, P., Deng, S. H., Liu, G. H., Zhang, L., &hg, J., Yu, J. YJournal of Power Sources, 2012, 211, 27.

[26] Jin, N., Seo, J., Hong, K., Chun, Microporous and Mesoporous Materials, 2012, 150, 32.

[27] Abid, H. R., Pham, G. H., Ang, H. M., Tade, ®., Wang, SJournal of Colloid and Interface Science, 2012, 366,
120.

[28] Mendoza-Cortes, J. L., Han, S. S., GoddardAWlournal of Physical Chemistry A, 2012, 116, 1621.

[29] Meng, Z., Lu, R., Rao, D., Kan, E., Xiao, Ogng, K.International Journal of Hydrogen Energy, 2013, 38, 9811.
[30] Santra, A., Senkovska, I., Kaskel, S., Bharajg®. K.Inorganic Chemistry, 2013, 52, 7358.

[31] Lalonde, M. B., Getman, R. B, Lee, J. Y., Rdb, J. M., Sarjeant, A. A., Scheidt, K. A., Gaerg P. A., Embs, J.
P., Eckert, J., Farha, O. K., Snurr, R. Q., Hupg, Crystal Engineering Communications, 2013, 15, 9408.s

[32] Wang, X. J., Li, P. Z., Chen, Y., Zhang, @hang, H., Chan, X. X., Ganguly, R., Li, Y., Jiang, Zhao, Y.
Scientific Reports, 2013, 3, 1149.

[33] Ferey, G., Haouas, M., Loiseau, T., TauldieChemistry of Materials, 2014, 26, 299.

[34] Gaab, M., Trukhan, N., Maurer, S., Gummar&u,Muller, U.Microporous and Mesoporous Materials, 2012, 157,
131.

[35] Mu, Bin. Ph. D Thesis, Georgia InstituteT&chnology, Atlanta ,Georgia. United Stat@911.

[36] Li, G., Kobayashi, H., Taylor, J. M., Ikeda,,RKubota, Y., Kato, K., Takata, M., Yamamoto, TToh, S.,
Matsumura, S., Kitagawa, Mlature Materials, 2014, 13, 802.

[37] Barman, S., Khutia, A., Koitz, R., Blacque,, Gurukawa, H., lannuzzi, M., Yaghi, O. M., Jani&k, Hutter, J.,
Berke, H.Journal of Materials Chemistry A, 2014, 2, 18823.

[38] Aulakh, D., Varghese, J. R., Wriedt, Nhorganic Chemistry, 2015, 54, 1756.

[39] Patent: Yaghi, O. M., Kim, J., Ko, N., Ch&, B., Furukawa, HJS8841471B2, (2014).

[40] zhang, Y. B., Furukawa, H., Ko, N., Nie, VPark, H. J., Okajima, S., Cordova, K. E., Deng,Kim, J., Yaghi,
O. M. Journal of the American Chemical Society, 2015, 137, 2641.

[41] Chemical & Engineering News: Volume 93, Is@4e p. 5, News of the Week, Issue ddtagust 31, 2015.

29
Pelagia Research Library



