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Abstract

Current micro review describes the recent progress in the
energy-related MOF applications. The most outstanding
research papers and reviews, which report the application of
Metal-Organic Frameworks for gas storage, adsorption heat
transformation, solar cells, fuel cells, hydrogen evolution re-
action and supercapacitors are highlighted.
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Metal-Organic Frameworks (MOFs) — well-established
class of crystalline porous materials, constructed from
metal ions or clusters, which are interconnected by
organic ligand molecules based on a modular principle
and form 3D Frameworks with various topologies [1].
This results in the formation of the precisely defined
pore system, which differentiate MOFs from less or-
dered activated carbons, porous metal oxides and sil-
ica’s. Well-defined crystal structure of MOFs opens
unique functionalization possibilities, which in turns
further expand their application potential ranging from
catalysis, capture of the greenhouse gases and even
fabrication of electronic devices etc. [2**]. Among the
broad application field for MOFs, energy-related appli-
cations are connected with energy storage and trans-
formation (Figure 1) [3**—5]. Thus, the physical
adsorption of the supercritical gases in the pores of
MOFs was the first recognized application of materials
with record surface areas and pore volumes [6,7].

Further, improvement of the chemical and thermal sta-
bility of MOFs allowed to test them in adsorption-
driven heat pumps [8**]. Introducing the proton con-
ductivity allows to utilize MOFs in the fuel cells [9].
The use of redox-active metals provides improved
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charge transfer between the ligand and metal nodes
and therefore makes them prospective as active
materials for solar cells and water splitting. The
current micro review describes the recent progress in
above mentioned energy-related MOF applications,
achieved in the last 2 years.

Gas storage

Ultra-high porosity of MOFs, expressed in surface areas
and pore volumes prompt the community to compre-
hensive tests of newly synthesized materials for their
gravimetric and volumetric capacities in high-pressure
adsorption experiments with hydrogen and methane,
which are considered as most sustainable energy car-
riers. The main target gravimetric and volumetric ca-
pacities to be achieved for adsorptive storage of
hydrogen and methane are provided by US Department
of Energy [10,11]. Currently, a large number of
exhaustive review articles have been published on
these topics [6,12]. With excess storage capacity of
308 mgg71 of MOF at 110 bar and 298 K, DUT-49
(DUT states for Dresden University of Technology) is
unbeatable record holder in terms of gravimetric excess
methane storage capacity among all MOF materials
[13]. In case of cryogenic hydrogen storage at 77 K,
another Cu paddle-wheel based MOF NU-100 (NU —
Northwestern University) occupy the first podium
place with excess adsorption of 99.5 mgg71 at 56 bar
[14]. However, in order to achieve the optimal storage
and working capacities in the real system, the volu-
metric capacity and the slope of the adsorption
isotherm became critical characteristic properties. In
this term, an interplay of porosity and density of the
framework play a decisive role. Also a working capacity
is a crucial parameter for adsorbents to be used in gas
storage tanks. The best materials, which meets both
above mentioned characteristics, MOF-519 and MOF-
520 show a record of working capacity with 230 and
194 cm® cm ™ in the pressure range 5—80 bar [15]. It
should be mentioned that archetypical HKUST-1 ma-
terial shows working capacity of 200 cm® ecm ™ in the
same pressure range [7]. Very recently Yaghi and co-
workers reported MOF-905, a new benchmark mate-
rial, based on ith-d underlying net topology with
working capacity of 203 cm® em ™ [16]. Despite of
ultra-high gravimetric and volumetric capacities of
MOFs the real application in this field is still limited
mostly by two factors: a) expensive price of the MOF
materials; b) poor thermal conductivity of MOFs. The
letter can be improved by introducing sophisticated
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Potential applications of MOFs for energy storage and transformation.

heat management systems or using flexible Metal-
Organic Frameworks with intrinsic thermal manage-
ments [17**]. Recently BASE the global leader in
commercialization of MOFs, introduced a prototype
truck equipped with natural gas fuel systems containing
BASF MOF materials [18].

Adsorption heat transformations

Adjustable polarity of the inner surface of MOFs makes
them very attractive as adsorbents for sustainable
adsorption based heaters or coolers, so-called adsorption
heat pumps. Although such devices are already
commercialized and worked with zeolites and silica’s as
adsorbents, there is still a potential for efficiency
improvement in terms of the optimization of adsor-
bents. Thus, mesoporous silica’s have a moderate ca-
pacity in the working cycle, while microporous and
hydrophilic zeolites required high temperatures in
regeneration cycle, which is undesirable if waste heat
with moderate temperatures or even solar heat is used
for regeneration of adsorbent. The most prospective
materials should show S-shaped isotherm of adsorptive

fluid (usually water or alcohols) with intensive adsorp-
tion at moderate relative pressures. As a result, a couple
of stable MOFs [19*], which meet above mentioned
criteria, namely CAU-10-H (CAU — Christian-
Albrechts-Universitdt) [20], MOF-808 [21*], CPO-
27(Ni), aluminium fumarate [22] and MIL-160 (MIL
- Materials Institute Lavoisier) [23*] were extensively
tested for this kind of application. The results on
adsorption mechanisms, use of various working fluids,
evaluation of MOFs and performance analysis is sum-
marized in the review article by Kapteijn and co-workers
[8]. Besides working capacity, one of the most important
material properties for such type of application is cycle
stability. These properties are extensively tested by
Henninger and co-workers [24—26].

Fuel cells

Because of the limited resources of fossil fuels on one
hand, and constantly increasing energy demand on
another hand, fuel cells could be a reasonable alternative
for environmentally unfriendly internal combustion en-
gines. The application of MOFs for the improving
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efficiency and decreasing the cost of the fuel cells can be
considered in different aspects: a) MOFs for the hydrogen
evolution reaction (see chapter below); b) MOFs as
precursors for the oxygen reduction reactions; ¢) MOFs as
proton conductive polymers for membranes [9]. Recently
the group of Shimizu reports a novel water-stable Mg-
based framework with abbreviation PCMOF-10 with
proton conductivity exceeding 107 Sem™ ! at 70 °C and
relative humidity of 95% [27]. The hybrid composite
membrane composed of sulfated MOF-808 material and
Nafilon polymer shows improved long-range-order proton
conductivity through utilization of superacidic sites [28].
The most important criteria, which influence the proton
conductivity in MOFs, were summarized in the compre-
hensive review article by Kitagawa and co-workers [297*].
In the oxygen reduction reactions, MOFs appear as
effective precursor for the synthesis of metal-doped ni-
trogen-rich porous carbons, catalytic activity of which is
competing with highly effective and developed Pt-metal
based oxygen reduction catalysts [30]. Very recently
Dinca and co-authors reported Niz(HI'TP), (HITP = 2,
3, 6,7, 10, 11-hexaiminotriphenylene) as an intrinsically
conductive metal-organic framework with 40 Scmfl,
which shows high catalytic activity in the oxygen reduc-
tion reactions comparable with M-N-C materials (M — 3d
metal) [31%%].

Solar cells

In the last decade the photovoltaic is considered as a
prospective source of the green energy and alternative to
nuclear and charcoal plants. Although the silicon-based
solar panels are now widely commercialized, the search
for a more efficient charge separation is still ongoing.
Beside the organic perovskites with their record power
conversion efficiency (PCE), MOFs, based on the redox-
active metals are also considered for this type of
application. Following this idea, Vinogradov and co-
workers used Ti-based MOF MIL-125 (MIL — Mate-
rials Institute Lavoisier) as a composite with TiO, for
the construction of the solar cell. As a result, authors
succeed with increasing of PCE from 2.5% for pure TiO,
to 6.4% for the composite containing 3% of MIL-125 in
TiO; [32]. Another researcher team achieved 1.12% of
PCE for Co-MOF/TiO; composite [33]. Different
strategy to introduce the redox-center into the MOF-
based solar cell was introduced by Morris and co-
workers. RuDCBPY (RuDCBPY — ruthenium(II) bis-
(2,2'-bipyridine) (2,2'-bipyridine-5,5 -dicarboxylic acid))
containing UiO-67 (UiO — Universitetet 1 Oslo) type
MOFs were grown as thin films on TiO; as sensitizing
materials [34]. The test cells, prepared using these type
of materials show efficiency nearly 1%. Chang et al. show
an advantage of MOF micropores for crystallization
rendering of organic perovskite. Thus, using 5 v/v % of
nanocrystalline Zr-based MOF-525 in the MOF/perov-
skite composite increases the PCE from 10.3 = 0.3% for
pure perovskite to 12.0 £+ 0.5% for the composite

material [35%*]. The similar approach was very recently
introduced by Zhang and co-authors by loading the
MAPbBI; (MA — methylammonium) into the orientated
HKUST-1 (HKUST — Hong Kong University of Science
and Technology) thin film. The composites show the
comparable efficiency but improved moisture stability
[36]. Summarizing, MOFs cannot compete with organic
perovskites in the sense of PCE, but can improve an
efficiency of the latter in the form of composites.

Hydrogen evolution reaction

One of the disadvantages of the renewable energy sources
are fluctuations or discontinuity. Thus, in order to store
the electrical energy, produced by solar plants, additional
battery systems are required. In such case, considerable
part of produced energy is losing during charging/
discharging cycles. Therefore, the storage of the energy in
the form of hydrogen, produced in the result of water
splitting is a reasonable alternative to solar panels. In this
fiecld MOFs have been used in the several approaches: a)
direct incorporation of the photosensitizer into the
framework; b) adsorption of the photosensitizer into the
pores of MOFs; ¢) the use of MOFs as precursors for the
synthesis of the composite materials for electrodes.
Following the first approach, Zhang and co-workers syn-
thesized the Gd-based MOF with dye-like ligand
showing prominent photocatalytic activity for hydrogen
production under UV—vis irradiation. The performance
of the materials could be even improved by a factor of 1.5
by depositing Ag as the co-catalyst [37]. Using the same
approach, Chen et al. incorporated well known photo-
sensitizer RuDCBPY and PtDCBPY into UiO-67, known
as a water stable MOF material [38]. The second
approach was followed by Hupp and co-workers. Incor-
poration of the NiS species into the pores of NU-1000
together with adsorbed rosa Bengal dye allows to
achieve the hydrogen evolution rate of 4.8 mmol gf1 h!
[39]. Embedding of 10 wt% CdS into the mesoporous
MIL-101(Cr) material results in the evolution rate of 75.5
mmol ngS_1 h~! [40]. Nasalevich et al. reported
photosensitizer complex with composition [Co IBrz(—
DOH);] (DOH  — N N*-propanediylbis(2,3-
butanedione 2-imine 3-oxime)), encapsulated into the
pores of MIL-125 and enhance the hydrogen evolution in
20 times in comparison with pure MOF material [41%%].
Some groups used MOFs as precursors for the synthesis of
materials for the electrodes. Wang et al. pyrolysed the
pillar-layered Ni-MOE Ni,(bdc)zted (bde — 14-
benzenedicarboxylic acid; ted — triethylene-diamine) in
NH; with the aim of obtaining Ni nanoparticles
embedded in a carbon matrix for hydrogen evolution re-
action (HER) [42]. The use of the material in the elec-
trolysis results in the production of hydrogen amount very
close to theoretical value and with that ranks the material
among the best noble metal free catalysts for hydrogen
evolution reactions. The similar strategy was used inde-
pendently by two different groups for obtaining in one
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case Co@N-C [43] and in another case Co@BCN [44]
materials as catalysts for HER. In both cases ZIF-67
(ZIF — Zeolitic Imidazolate Framework) was used as
precursor. The group of Zhang used MIL-101(Fe) ma-
terial as precursor for the magnetic nanoparticles for
highly efficient visible-light-driven hydrogen evolution
[45].

Supercapacitors

The importance of long- and short-term storage of
electrical energy boosted the battery and super-
capacitor technologies in the last years. Since MOFs
are substantially considered as insulators and there are
only few exceptions reported yet, there are only few
reports claiming the potential of MOFs for batteries
and supercapacitors. In most cases the MOFs are used
as precursors for the synthesis of corresponding metal
oxides, which cannot be considered as a direct MOF
application [46—52]. The exhaustive review article
precisely describes the application of MOFs and their
derivatives in batteries and supercaps [53]. At the
same time, there are several recent reports, in which
MOFs are directly involved in the supercapacitors.
The group of Liu successfully tested nickel-based,
pillared DABCO-MOFs (DMOFs) as electrode mate-
rials  [54]. Ni-DMOF-ADC (ADC - 9,10-
anthracenedicarboxylic acid electrode) showed spe-
cific capacitances of 552 and 438 F g_1 at current
densities of 1 and 20 A g~ ! with capacity retention of
98%. Co—LMOE used as an electrode material by
Wang et al., shows even maximum specific capacitance
of 2474 F gV at 1 A g7 in 1 M KOH. Very recently
Dinca and co-workers used conductive (Niz(HITP);)
MOFs as an active electrode material for super-
capacitor, reach a very high surface area normalized
capacitance of ~18 UF cm 2 and with that construc-
ted first electrochemical double layer capacitor based
on non-carbon active materials [55%*].

Conclusions

The growing number of publications on energy-related
applications of MOFs in the recent two years indicates a
great progress in this field. New materials with record
working capacity for methane storage were synthesized.
Advantage of flexible MOFs for increasing the working
capacity was highlighted. New chemically stable MOFs
for adsorption heat transformations were tested. The
advantages of MOF composites for solar cells and
hydrogen evolution reaction were pointed out. Finally,
the design and synthesis of conductive MOFs made a
breakthrough in the emergent application fields like fuel
cells and supercapacitors.

Acknowledgements
This work is supported by German Federal Ministry of Science and Edu-
cation (BMBF Project No 05K160D3).

Metal-organic frameworks for energy-related applications Bon 47

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

* of special interest
** of outstanding interest

1. Furukawa H, Cordova KE, O’Keeffe M, Yaghi OM: The chemistry
and applications of metal-organic frameworks. Science 2013:
341

2. Li B, Wen H-M, Cui Y, Zhou W, Qian G, Chen B: Emerging
multifunctional metal—-organic framework materials. Adv.
Mater. 2016, 28:8819—-8860.

3. Uliman AM, Brown JW, Foster ME, Leonard F, Leong K, Stavila V,
Allendorf MD: Transforming MOFs for energy applications
using the Guest@MOF concept. Inorg. Chem. 2016, 55:
7233-7249.

4. Ma S, Meng L: Energy-related applications of functional
porous metal—organic frameworks. Pure Appl. Chem. 2010,
83:167.

5. LiS-L, Xu Q: Metal-organic frameworks as platforms for clean
energy. Energy Environ. Sci. 2013, 6:1656—1683.

6. Murray LJ, Dinca M, Long JR: Hydrogen storage in metal-
organic frameworks. Chem. Soc. Rev. 2009, 38:1294—1314.

7. PengY, Krungleviciute V, Eryazici |, Hupp JT, Farha OK,
Yildirim T: Methane storage in metal-organic frameworks:
current records, surprise findings, and challenges. J. Am.
Chem. Soc. 2013, 135:11887—11894.

8. de Lange MF, Verouden KJFM, Vlugt TJH, Gascon J, Kapteijn F:
Adsorption-driven heat pumps: the potential of metal-organic
frameworks. Chem. Rev. 2015, 115:12205-12250.

9. RenY, Chia GH, Gao Z: Metal—-organic frameworks in fuel cell
technologies. Nano Today 2013, 8:577—-597.

10. Lee S-J, Bae Y-S: Can metal-organic frameworks attain new
DOE targets for on-board methane storage by increasing
methane heat of adsorption? J. Phys. Chem. C 2014, 118:
19833-19841.

11. Fu J, Tian Y, Wu J: Seeking metal—-organic frameworks for
methane storage in natural gas vehicles. Adsorption 2015, 21:
499-507.

12. He Y, Zhou W, Qian G, Chen B: Methane storage in metal-
organic frameworks. Chem. Soc. Rev. 2014, 43:5657—-5678.

13. Stoeck U, Krause S, Bon V, Senkovska |, Kaskel S: A highly
porous metal-organic framework, constructed from a
cuboctahedral super-molecular building block, with excep-
tionally high methane uptake. Chem. Commun. 2012, 48:
10841-10843.

14. Farha OK, Ozglr Yazaydon A, Eryazici |, Malliakas CD,
Hauser BG, Kanatzidis MG, Nguyen ST, Snurr RQ, Hupp JT: De
novo synthesis of a metal—organic framework material
featuring ultrahigh surface area and gas storage capacities.
Nat. Chem. 2010, 2:944—-948.

15. Gandara F, Furukawa H, Lee S, Yaghi OM: High methane
storage capacity in aluminum metal-organic frameworks.
J. Am. Chem. Soc. 2014, 136:5271-5274.

16. Jiang J, Furukawa H, Zhang Y-B, Yaghi OM: High methane
storage working capacity in metal-organic frameworks
with acrylate links. J. Am. Chem. Soc. 2016, 138:
10244-10251.

17. Mason JA, Oktawiec J, Taylor MK, Hudson MR, Rodriguez J,
** Bachman JE, Gonzalez MI, Cervellino A, Guagliardi A,
Brown CM, Llewellyn PL, Masciocchi N, Long JR: Methane
storage in flexible metal-organic frameworks with intrinsic
thermal management. Nature 2015, 527:357-361.

18. BASF metal organic frameworks (MOFs): innovative fuel
systems for natural gas vehicles (NGVs). Chem. Soc. Rev.
2014, 43:6173-6174.

www.sciencedirect.com

Current Opinion in Green and Sustainable Chemistry 2017, 4:44—-49


http://refhub.elsevier.com/S2452-2236(16)30065-7/sref1
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref1
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref1
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref2
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref2
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref2
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref3
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref3
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref3
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref3
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref4
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref4
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref4
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref5
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref5
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref6
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref6
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref7
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref7
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref7
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref7
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref8
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref8
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref8
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref9
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref9
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref10
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref10
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref10
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref10
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref11
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref11
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref11
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref12
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref12
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref13
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref13
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref13
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref13
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref13
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref14
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref14
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref14
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref14
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref14
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref14
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref15
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref15
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref15
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref16
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref16
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref16
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref16
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref17
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref17
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref17
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref17
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref17
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref18
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref18
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref18
www.sciencedirect.com/science/journal/24522236

48

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

* *

30.

31.

* *

32.

33.

34.

35.

* *

36.

Novel materials for energy production and storage

Burtch NC, Jasuja H, Walton KS: Water stability and adsorption
in metal-organic frameworks. Chem. Rev. 2014, 114:
10575—-10612.

de Lange MF, Zeng T, Vlugt TJH, Gascon J, Kapteijn F: Manu-
facture of dense CAU-10-H coatings for application in
adsorption driven heat pumps: optimization and character-
ization. CrystEngComm 2015, 17:5911-5920.

Furukawa H, Gandara F, Zhang Y-B, Jiang J, Queen WL,
Hudson MR, Yaghi OM: Water adsorption in porous metal—
organic frameworks and related materials. J. Am. Chem. Soc.
2014, 136:4369—-4381.

Elsayed E, Al-Dadah R, Mahmoud S, Elsayed A, Anderson PA:
Aluminium fumarate and CPO-27(Ni) MOFs: characterization
and thermodynamic analysis for adsorption heat pump ap-

plications. Appl. Therm. Eng. 2016, 99:802—812.

Cadiau A, Lee JS, Damasceno Borges D, Fabry P, Devic T,
Wharmby MT, Martineau C, Foucher D, Taulelle F, Jun C-H,
Hwang YK, Stock N, De Lange MF, Kapteijn F, Gascon J,
Maurin G, Chang J-S, Serre C: Design of hydrophilic metal
organic framework water adsorbents for heat reallocation.
Adv. Mater 2015, 27:4775-4780.

Frohlich D, Pantatosaki E, Kolokathis PD, Markey K, Reinsch H,
Baumgartner M, van der Veen MA, De Vos DE, Stock N,
Papadopoulos GK, Henninger SK, Janiak C: Water adsorption
behaviour of CAU-10-H: a thorough investigation of its
structure-property relationships. J. Mater. Chem. A 2016, 4:
11859-118609.

Jeremias F, Frohlich D, Janiak C, Henninger SK: Water and
methanol adsorption on MOFs for cycling heat trans-
formation processes. New J. Chem. 2014, 38:1846—1852.

Frohlich D, Henninger SK, Janiak C: Multicycle water vapour
stability of microporous breathing MOF aluminium
isophthalate CAU-10-H. Dalton Trans. 2014, 43:
15300—-15304.

Ramaswamy P, Wong NE, Gelfand BS, Shimizu GKH: A water
stable magnesium MOF that conducts protons over 102s
cm™. J. Am. Chem. Soc. 2015, 137:7640—7643.

Patel HA, Mansor N, Gadipelli S, Brett DJL, Guo Z: Superacidity
in nafion/MOF hybrid membranes retains water at low hu-
midity to enhance proton conduction for fuel cells. ACS Appl.
Mater. Interfaces 2016, 45:30687—-30691.

Yamada T, Sadakiyo M, Shigematsu A, Kitagawa H: Proton-
conductive metal organic frameworks electrolytes for fuel
cell. Bull. Chem. Soc. Jpn. 2016, 89:1-10.

Song Z, Cheng N, Lushington A, Sun X: Recent progress on
MOF-derived nanomaterials as advanced electrocatalysts in
fuel cells. Catalysts 2016, 6. 116/111-116/119.

Miner EM, Fukushima T, Sheberla D, Sun L, Surendranath Y,
Dinca M: Electrochemical oxygen reduction catalysed by
Niz(hexaiminotriphenylene),. Nat. Commun. 2016, 7:10942.

Vinogradov AV, Zaake-Hertling H, Hey-Hawkins E, Agafonov AV,
Seisenbaeva GA, Kessler VG, Vinogradov VV: The first depleted
heterojunction TiO,-MOF-based solar cell. Chem. Commun.
2014, 50:10210-10213.

Lee DY, Lim I, Shin CY, Patil SA, Lee W, Shrestha NK, Lee JK,
Han S-H: Facile interfacial charge transfer across hole doped
cobalt-based MOFs/TiO, nano-hybrids making MOFs light
harvesting active layers in solar cells. J. Mater. Chem. A 2015,
3:22669-22676.

Maza WA, Haring AJ, Ahrenholtz SR, Epley CC, Lin SY,

Morris AJ: Ruthenium(ll)-polypyridyl zirconium(IV) metal-
organic frameworks as a new class of sensitized solar cells.
Chem. Sci. 2016, 7:719-727.

Chang T-H, Kung C-W, Chen H-W, Huang T-Y, Kao S-Y, Lu H-C,
Lee M-H, Boopathi KM, Chu C-W, Ho K-C: Planar hetero-
junction perovskite solar cells incorporating metal-organic
framework nanocrystals. Adv. Mater 2015, 27:7229-7235.

Chen Z, Gu Z-G, Fu W-Q, Wang F, Zhang J: A confined fabri-
cation of perovskite quantum dots in oriented MOF thin film.
ACS Appl. Mater. Interfaces 2016, 8:28737—-28742.

37.

38.

39.

40.

41.

* %

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Sun X, Yu Q, Zhang F, Wei J, Yang P: A dye-like ligand-based
metal-organic framework for efficient photocatalytic
hydrogen production from aqueous solution. Catal. Sci.
Technol. 2016, 6:3840—3844.

Hou C-C, Li T-T, Cao S, Chen Y, Fu W-F: Incorporation of a
[Ru(dcbpy)(bpy).]** photosensitizer and a Pt(dcbpy)Cl,
catalyst into metal-organic frameworks for photocatalytic
hydrogen evolution from aqueous solution. J. Mater. Chem. A
2015, 3:10386—10394.

Peters AW, Li Z, Farha OK, Hupp JT: Toward inexpensive
photocatalytic hydrogen evolution: a nickel sulfide catalyst
supported on a high-stability metal-organic framework. ACS
Appl. Mater. Interfaces 2016, 8:20675—20681.

He J, Yan Z, Wang J, Xie J, Jiang L, Shi Y, Yuan F, Yu F, Sun Y:
Significantly enhanced photocatalytic hydrogen evolution
under visible light over CdS embedded on metal-organic
frameworks. Chem. Commun. 2013, 49:6761—-6763.

Nasalevich MA, Becker R, Ramos-Fernandez EV, Castellanos S,
Veber SL, Fedin MV, Kapteijn F, Reek JNH, van der Vlugt JI,
Gascon J: Co@NH2-MIL-125(Ti): cobaloxime-derived metal-
organic framework-based composite for light-driven Hz pro-
duction. Energy Environ. Sci. 2015, 8:364—-375.

Wang T, Zhou Q, Wang X, Zheng J, Li X: MOF-derived surface
modified Ni nanoparticles as an efficient catalyst for the
hydrogen evolution reaction. J. Mater. Chem. A 2015, 3:
16435—-16439.

Zheng F, Xia H, Xu S, Wang R, Zhang Y: Facile synthesis of
MOF-derived ultrafine Co nanocrystals embedded in a
nitrogen-doped carbon matrix for the hydrogen evolution
reaction. RSC Adv. 2016, 6:71767-71772.

Zhang H, Ma Z, Duan J, Liu H, Liu G, Wang T, Chang K, Li M, Shi L,
Meng X, Wu K, Ye J: Active sites implanted carbon cages in
core-shell architecture: highly active and durable electro-
catalyst for hydrogen evolution reaction. ACS Nano 2016, 10:
684—-694.

Xu J-Y, Zhai X-P, Gao L-F, Chen P, Zhao M, Yang H-B, Cao D-F,
Wang Q, Zhang H-L: In situ preparation of a MOF-derived
magnetic carbonaceous catalyst for visible-light-driven
hydrogen evolution. RSC Adv. 2016, 6:2011-2018.

Bao W, Mondal AK, Xu J, Wang C, Su D, Wang G: 3D hybrid—
porous carbon derived from carbonization of metal organic
frameworks for high performance supercapacitors. J. Power
Sources 2016, 325:286—-291.

Chen Y, Zheng L, Fu Y, Zhou R, Song Y, Chen S: MOF-derived
Fe304/carbon octahedral nanostructures with enhanced per-
formance as anode materials for lithium-ion batteries. RSC
Adv. 2016, 6:85917—-85923.

Fang G, Zhou J, Liang C, Pan A, Zhang C, Tang Y, Tan X, Liu J,
Liang S: MOFs nanosheets derived porous metal oxide-
coated three-dimensional substrates for lithium-ion battery
applications. Nano Energy 2016, 26:57—65.

Tang J, Salunkhe RR, Zhang H, Malgras V, Ahamad T,

Alshehri SM, Kobayashi N, Tominaka S, Ide Y, Kim JH,
Yamauchi Y: Bimetallic metal-organic frameworks for
controlled catalytic graphitization of nanoporous carbons. Sci.
Rep. 2016, 6:30295.

Yi H, Wang H, Jing Y, Peng T, Wang X: Asymmetric super-
capacitors based on carbon nanotubes @NiO ultrathin
nanosheets core-shell composites and MOF-derived porous
carbon polyhedrons with super-long cycle life. J. Power
Sources 2015, 285:281—-290.

Zeng W, Wang L, Shi H, Zhang G, Zhang K, Zhang H, Gong F,
Wang T, Duan H: Metal-organic-framework-derived ZnO@C@
NiCo,04 core-shell structures as an advanced electrode for
high-performance supercapacitors. J. Mater. Chem. A 2016, 4:
8233-8241.

Zhang Y-Z, Cheng T, Wang Y, Lai W-Y, Pang H, Huang W:

A simple approach to boost capacitance: flexible super-
capacitors based on manganese Oxides@MOFs via chemi-
cally induced in situ self-transformation. Adv. Mater. 2016, 28:
5242-5248.

Current Opinion in Green and Sustainable Chemistry 2017, 4:44-49

www.sciencedirect.com


http://refhub.elsevier.com/S2452-2236(16)30065-7/sref19
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref19
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref19
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref20
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref20
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref20
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref20
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref21
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref21
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref21
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref21
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref22
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref22
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref22
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref22
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref23
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref23
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref23
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref23
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref23
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref23
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref24
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref24
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref24
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref24
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref24
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref24
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref25
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref25
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref25
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref26
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref26
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref26
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref26
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref27
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref27
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref27
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref27
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref27
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref28
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref28
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref28
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref28
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref29
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref29
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref29
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref30
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref30
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref30
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref31
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref31
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref31
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref31
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref31
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref31
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref32
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref32
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref32
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref32
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref32
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref33
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref33
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref33
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref33
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref33
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref33
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref34
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref34
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref34
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref34
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref35
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref35
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref35
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref35
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref36
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref36
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref36
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref37
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref37
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref37
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref37
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref38
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref38
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref38
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref38
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref38
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref38
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref38
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref39
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref39
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref39
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref39
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref40
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref40
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref40
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref40
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref41
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref41
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref41
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref41
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref41
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref41
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref41
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref42
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref42
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref42
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref42
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref43
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref43
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref43
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref43
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref44
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref44
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref44
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref44
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref44
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref45
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref45
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref45
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref45
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref46
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref46
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref46
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref46
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref47
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref47
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref47
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref47
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref47
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref47
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref48
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref48
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref48
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref48
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref49
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref49
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref49
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref49
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref49
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref50
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref50
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref50
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref50
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref50
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref51
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref51
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref51
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref51
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref51
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref51
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref51
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref52
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref52
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref52
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref52
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref52
www.sciencedirect.com/science/journal/24522236

Metal-organic frameworks for energy-related applications Bon 49

53. Wang L, Han Y, Feng X, Zhou J, Qi P, Wang B: Metal— design, synthesis and stability study. Nano Energy 2016, 26:
organic frameworks for energy storage: batteries and 66-73.
supercapacitors. Coord. Chem. Rev. 2016, 307(Part 2): )
361-381. 55. Sheberla D, Bachman JC, Elias JS, Sun C-J, Shao-Horn Y,
** Dinca M: Conductive MOF electrodes for stable super-
54. Qu C, Jiao Y, Zhao B, Chen D, Zou R, Walton KS, Liu M: Nickel- capacitors with high areal capacitance. Nat. Mater. 2017, 16:
based pillared MOFs for high-performance supercapacitors: 220-224.

www.sciencedirect.com Current Opinion in Green and Sustainable Chemistry 2017, 4:44—49


http://refhub.elsevier.com/S2452-2236(16)30065-7/sref53
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref53
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref53
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref53
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref54
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref54
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref54
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref54
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref55
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref55
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref55
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref55
http://refhub.elsevier.com/S2452-2236(16)30065-7/sref55
www.sciencedirect.com/science/journal/24522236

	Metal-organic frameworks for energy-related applications
	Gas storage
	Adsorption heat transformations
	Fuel cells
	Solar cells
	Hydrogen evolution reaction
	Supercapacitors
	Conclusions
	Acknowledgements
	References and recommended reading


