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Estimated Global Investment in New Power Capacity, by Type
(Renewables, Fossil Fuels and Nuclear Power), 2018

Hydropower -
33 16 bitiion usp >50 MW
Nuclear billion USD 3.9%
power
7.9%
95 288
billion USD billion USD
Renewables
Fossil fuels Lexé:luding
ropower
228% >sé0 MpW)
65.4-,

2925 (565551 g Slatud (595 ¢ damd GBS gu) (6551 s LSS, b e 3 Sl (5 I W ko Y- JSUS

VTV VA Jlw j5 (s

gl plo & Cuns pdy w08 iyl Gpae Glise wusl oad 0dly LS TV S5 53 &5 joboplen
Gollao [A o V] ol Bl o358l ao s VA Dgus &y duopd & dgds I (VA=Y VA) atsdS )8 oo (b (55
20 VAL ol (5551 Bpae 5o (69Me V¥ Jlo b 29 00 st s3] bl (il Lo s)l5S
L8] (F=) JSCa) 05 anlgs el oy o5 (5550 oo | (B pme (550 ol 31 o> Yo 292 o8l il
B 5 Sl g slasyglis o cnl sl Jlo 55 G larime 5 cblis 4 Logsyo slaaiais aSloslj|
sly 3l 590 (ool 9 (o3LaBl lapunslSe S (o0 )8 (cw)p 9 S35 290 S psbd B> oy
i Ll g () Jb 3 Coputy plinios (655l Glapius cly ol o)l 0358 mje5 jl cole
4 Jl nlpln cosl ply o8 glacss il abej p> Jgh 420 0 il ioe ) ST by o Cal 2l
dgiome ety (SIS glajls Ll (ials alS ey Blual ay (g )3 s & Wlgiee oy o5 slags
88 S (550 ) b posiygsie g dBgens iale Jiso0 5l lisebol g 0a] )3 oilBl g lgm 5 0 gl 8
o]



DOI: 10.30503/nripress.2020.344 G-I lacszlz b » igynee @il xS g Jiline puSlaS Dil> oole cSle

1970 26,664.17 TWH

Natural Gas _9,6]4.88 Twh 1970

M Otherrenewables  0.12%

Hydropower . 1,174.56 TWh Solar 0%
Wind 0%
Nuclear | 78.41 TWh M Nuclear 0.36%
‘ M Hydropower 5.45%
Other renewables | 25.69 TWh B Gas o
M Coal 30.09%
W
Solier |0 vt M Ol 47.02%
Wind 0TWh
0TWh 5,000 TWh 10,000 TWh 15,000 TWh 20,000 TWh 25,000 TWh
2018 54,219.68 TWh
oil
Coal 43,869.48 TWh
Natural Gas 38,488.57 TWh
2018
Hydropower - 4,193 TWh M Other renewables  1.02%
Solar 0.95%
Nuctear [JJ] 2.701.43 7wn il i
M Nudl 419
Other renewablesf 1,269.95 Twh N i
W Hydropower 6.84%
sOlGrI 625.81 TWh W Gas 23.87%
M Coal 27.21%
W'mdl 584.63 TWh L el 33.62%
0TWh 10,000 TWh 20,000 TWh 30,000 TWh 40,000 TWh 50,000 TWh

JA] @3%o Yo VA 9 98V gladlus 3 5551 Sl Bpman 5> (5591 cilliseo galio pioaw g o ~F'—) IS5

World energy consumption by energy source (1990-2040)

gggdrillion British thermal units 2015
history | projection petroleum
| and other
200 liquids
/ natural gas
150 coal
renewables
100
50
nuclear
0 r

1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 2040
Jaolee quadrillion Btu ualy (wlw! 5) (A=Y £+) 5551 cilisee gabie (wlw! o Sl (5591 B yuo —£-) SIS
4] (Js3 1.055%108

e FHB Jbo (g)l8 Lo p 4 pdpn008 (glag)5ld Cumw &y (and SS9 I (651 sloptinn yuS

Jbo U (S5 o 2 sboolgp jleas) pdy datows (65l wite ol 2 Sl (5138 ake po K59, )00 L
IS @Lo sl 0o )3 YV pluS ya (0L 5 (suidiyod (5550 VoV Jlo jo .ol onds 00l yLis 0-Y IS5 0 VoY
B8 Jlo L (b ogasy (6)5ld 95 (pl (Egeme)d o pd AF) W )5 il ) plinaed glag) il ejes )
GBS g v 5 005iCun ) Gygody wb) () (555 Voo Jlo jo .Llodly olaidl dgs a1y (gloais];8 ppw

el iy Jo 3 Y8 4 g0 olaisl s 4 1) Sle )l aloyw I P JB wtw (@l



DOI: 10.30503/nripress.2020.344 Sl slooszlr a4l 2 035,02 ilee s Cu Sl GuSlaS il s3le Sl

(IS Aoy a8 B o lis B9y cpl il opoy YoV Jlo 0 aod ¥ 5l S a4y g 0 eSS alddS ad

[V] il o 0an] )3 pluions sla g5yl e jd e (slagygld laicas |y (ool g (s3udysd (555

Investment in renewable energy, by technology

Global investment in renewable energy technologies, measured in USD per year. Note investment
figures exclude large-scale hydropower schemes.
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Summary of hydrogen and fuel cells uptake targets.

Fuel cell cars Refuelling stations
Country 2020 2025 2030 2020 2025 2030
Japan 40000 200000 800000 160 320 900
Germany 100% ZEV® by 2040 400 —
China 30007 50000 1m 100 1000 —
Us 0 3.3m — 100° — —
South Korea 10000 100000 630000 100 210 520
UK 100% ZEV® by 2040 30 150 —

“ Zero emission vehicle. ® Shanghai only. ¢ California only.
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Summary of the support offered in various countries for hydrogen and fuel cells in 2017.

Country Fuel cell vehicles Refuelling

Japan $147m $61m

Germany $4000 per vehicle $466m

China $1700 per kW (up to $57 000 per vehicle) $1.1m per unit

us Up to $13 000 per vehicle 30% of cost (up to $30000)

South Korea

(California $100m up to 2023)

$5.4m (up to $31000 per vehicle)

UK $33m (60% of cost for refuelling)
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Fe- o Cr-MIL101 (gl U1 slod o igpied (oo Glo cudyb (158l & e Li-crown ethers
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VY] 0 kol 5 4yl MOF b 5 drasgs Hz o (339 au0y3 5 588 60 (55 )Y Jgin

Material SgeT Vp Perystal  EXcess volumetric
(m?%g) (cm®/g) (g/cm?) hydrogen
adsorption
capacity (g/L)
Cr-MIL-101 2589 115 0.57 2.68
Crw@Cr-MIL-101 2285 0.94 0.65 4.26
LiCrw@Cr-MIL-101 2159 0.89 0.69 D35
Fe-MIL-100 1350 0.83 0.75 3.10
Crw@Fe-MIL-100 822 0.44 1.01 381
LiCrw@Fe-MIL-100 742 0.39 112 517
Ni-MOF-74 1286 0.48 0.87 571
Crw@Ni-MOF-74 638 0.27 121 517
LiCrw@Ni-MOF-74 595 0.23 1:23 4.09
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Ho sl el 5 Sty S 3 ol MOF-5 4 ) Yl o sl b (50555 5 (- Jp2)
Db o l38l (ol lise 4 H2 (sla 550 Gl cud )b MWCENTS 4 Pt Loy

LIAIMOF-5 4y 5 il S 5 bawgi (359 58 J5 Cdalg/ e (49031 & bgsyo gl —Y-Y Jouo

Sample BET SSA Micropore Pore volume
(m%g) area(m%g? (cm®g)P

MWCNT 147 23 0.62
Pt-MWCNT 124 6 0.63
MOF-5 1758 1491 0.82
MOEF-5_¢g 757 654 0.45
Pt-MOFMC 1692 1332 0.84
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Theoretical calculation of Sc

and Ti decorated MOF-5 20
MOF-5 through density functional - - - 581 - bar [58]
theory (DFT)
Zn(NOg3),_6H,0 (1.19¢9, 4
mmol) and 1,4-
PUACIIR benzenedicarboxylic acid (0.34 1021 0.39 _ 1.8 _ 100 [59]
MOF-8 . . bar
g, 2 mmol) were dissolved in 40
ml of DMF
1,3,5-Tris(4-carboxyphenyl)
benzene (HsBTB) (0.2 g, 0.46
mmol)
Pt/AC/M 100
OF-177 and Zn(NOs),,6H,0 (0.8 g,2.68 3100 1.58 _ 1.5 _ bar [60]
mmol) were
dissolved in 80 mL of N,N-
diethylformamide (DEF)
chromium(lll) nitrate
nonahydrate (1.6 g, 4 mmol)
Licrw@ and terepgtgggcgaud (bdc, 2 100
Cr_l'\éll”'_ 4 mmol) were added to 19.2 mL 2159 089 367 049 o par [07
of deionized water followed by
suspension in a 0.73 M solution
of 18Crown6
dissolving
0.478 g (2.41 mmol) of 2,5-
dihydroxybenzene-1,4-
. dicarboxylic
LiCrw@ . .
acid (dobdc, Aldrich) and 2.378 20 100
Fe-ll\(;IOIL— g (81.77 mmol) of nickel nitrate 742 0-39 141035 bar bar [62]
hexahydrate (Aldrich) in 200
mL of N,N-dimethylformamide.
followed by suspension in a
0.73 M solution of 18Crown6
LiCrw@ .
. Purchased then suspended in a 20 100
NI_';/I4OF_ 0.73 M solution of 18Crown6 595 023 109 0.22 bar bar [62]
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dissolving (238.4 mg, 0.87
mmol) 3,3'-dioxido-1,1'-
biphenyl-4,4'-dicarboxylate and

LiCrw@ Ni(NO3)2.6H,0
Ni- (168.7 mg, 0.58 mmol) in 20 ml 10 100
IRMOF- of 1:1:1 1810 071 16 04 bar bar [63]
74 dimethylformamide:terc-
buthanol:water. followed by
suspension in a 0.73 M solution
of 18Crown6
dissolving (238.4 mg, 0.87
mmol) 3,30-dioxido-1,10-
Co/Ni biphenyl-4,40-dicarboxylate
(168.7 mg, (H2DOPDC) and 10 100
IRMOF 0.58 mmol) Co(NO3),.6H,0in 1013 0.78 36 03 bar bar [64]
74
20 ml of
diethylformamide:ethanol:water
(1:1:1 volumetric ratio)
Li-RHA- incorporating rice husk ash 1 12
MIL- (RHA) in situ during the 2942 1.53 2.65 0.49 bar bar [65]
101(Cr) synthesis of MIL-101
reaction of H4(dobpdc)
(dobpdc* = 2,5—dioxido-1,4—
benzenedicarboxylate;) with
Mgz(dob divalent metal salts, under 3270 _ B 1.8 B 100 [66]
pdc) - bar
solvothermal conditions
utilizing various alcohol/amide
solvent mixtures
Terepthalic acid,
Pd- triethylamine (TEA),
AC/MOF dlmethylformamlde (DMF), 1390 10 B 34 B 100 [67]
5 chloroform, zinc acetate bar

dihydrate, palladium chloride,
activated carbin
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190 mg of functionalized
MWCNTSs were dispersed

in 120 ml of DMF solution and
mixed with 20 ml of DMF

Pt-
solution containing pre-
M(Zl:t'f/lc dissolved H2PtCs.6H20 (26.5 1 100
mg). PIMWCNTSs/DMF (10 1692 0.84 189 125 [68]
MWCNT . . bar bar
s-MOF- mg/10 ml) was mixed with 30
5) - ml of II.)MF
containing pre-dissolved 0.156
g of Zn(N03)2.4HzO and 0.033
g
of H,.BDC
Be12(OH)  heating a solution of beryllium
12(BTB)a nitrate and 1,3,5-
(BTB = benzenetribenzoic acid 100 100
1,3,5- (HsBTB) in a mixture of 4030 _ 9.2 2.3 bar bar [69]
benzenet DMSO, DMF, and
ribenzoat  water at 130 °C for an extended
e) period of 10 days
[Cos(ndc
)s(dabco)
] Solvothermal reactions
(dabco = Co(NOs)2-6H,0 (0.155
14- g, 0.53 mmol) and Hzndc (0.116
diazabicy = g, 0.54 mmol) were dissolved in 1 18

clo[2.2.2 = 10.0 mL of DMF. After adding 1502 0.82 245 0.89 [70]

Joctane) = dabco (0.020 g, 0.18 mmol) and bar bar
and ndc o-xylene (5 mL), the mixture
=2,6- was stirred for 2h at room
naphthal temperature
enedicar
boxylate)
reactions of
hydrated copper nitrate salt and
[Cu- . . L
. excess Hzhfipbb in deionized
(hf'p.b b)( water 120
Hzhfipbb at 150 °C _ _ _ 0.3 _ bar [71]
Jos] (Hzhfipbb = 4,4"-
(hexafluoroisopropylidene)-
bis(benzoic acid)
Li- 100 100
IRMOF- DFT calculation _ _ 10 45 [72]
3 bar bar
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0.26 mmol MOF-177 powder
and 500 mg (1.6 mmol)
[MesPtCp'] were
placed in a two-chamber-tube

PEMOF- separated by a glass frit and 867 0.39 25 144 [73]
177 bar
were kept at
35°C in a 5x10°° mbar
(diffusion pump) vacuum for 12
h.
0.69 g ZrCl4 was dissolved in 30
mL CH3-
COOH (A) and 0.21 g BTC
Pd- was dissolved in 30 mL DMF
Mop.  solution (B), (A), (B)andPd o0 045 811 259 0 404
808 nanoparticle dissolved bar bar
in 5 mL DMF under ultrasound
for 30 min in 100-mL three-
necked flask, and reacted at 120
Cfor48h
MOF-
8(633')2_ DFT calculation B B 11 045 s;)r s:r [75]
Mg
cupric nitrate hemipentahydrate
(6.09)
, Benzene-1,3,5-tricarboxylic
acid (4.0g) in
a 250 mL of solvent consisting
HKUST- of equal parts of ethanol and 1055 0.07 195 0.47 . 35 [76]
1 . bar bar
deionized water The resultant
solution mixture was transferred
into a 250 mL teflon-lined
stainless steel autoclave kept at
110 C for 18 h
Cu(NOs).5H,0 (2 g) and 1,3,5-
benzenetricarboxylic
acid (BTC) (1 g) were dissolved
II:’(tiJGS(')I'/-T in N,NO-dimethylformamide 848 0.33 1.8 0.8 bir s;)r [77]
(DMF, 17 mL) added
to the solution with H,PtClg and
GO
a-MWCNTSs/DMF (10 mg/10
mL)
CNT@M was ml_xe.d with 3’.0 mL of [_)MF 1 95
OF-5 containing predlssolved zinc 2900 0.67 0.61 1.52 bar bar [78]
nitrate
tetrahydrate (0.156 g) and
terephthalic acid (0.033 g),
1.5 g copper (1) nitrate 45

Cu-BTC trihydrate and 1 g 1387 0.56 _ 0.7 _ bar [79]
1,3,5-benzenetricarboxylic acid
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(HsBTC) were added to a 200
ml beaker containing 75 ml
dimethylformamide (DMF) and
The solution was then heated in
80 C in an oil bath at reflux
condition for 12 h
Solvothermal reactions of
Sc(OSO,CF3)3xH20 with
NOT- or H,TDA (thiophene-2,5- 20
401 dicarboxylic acid) in a slightly 1514 066 444 - bar - [80]
acidified mixture of
DMF/THF/H,0
reaction between FeCl, and
H3BTT ina 3:1 moleratio ina
mixture of DMF and DMSO 1 95
Fe-BTT leads to the formation of 2010 0.715 23 10 bar bar [81]
Fes[(FesCl)3(BTT)s]2.22DMF.3
2DMSO0.11H,0
AICl3-6H,0 with H,N- 1
CAU-1 Hybdc/DME 1700 0.52 4.0 B bar _ [82]
A borosilicate tube (1.2 cm o.d.
15 cm length) was charged with
Zn(1,4- Zn(CF3S0s3)2 (120 mg, 0.33 40
BDP) mmol), 1,4-H,BDP (60 mg, 1710 - 4.1 - bar - [83]
0.29 mmol), and 2.0 mL of
N,NO-diethylformamide (DEF)
100 100

Be-BTB = Numerical atomistic simulation 4400 15 6.8 2.3 bar bar [84]

carbon black (0.15 g) and
sucrose (0.8 g) in chloroform
CB/Pt/M = were mixed. Pt/MOF-5 (0.5 g) 100
OF-5 in chloroform was added to the 1862 - - 088 - bar [85]
mixture and heated at 200 C
with stirring for 12h
4.0 g chromium(I1l) nitrate
(Cr(NO3)3-9H20),
1.66 g terephthalic acid (HO,C-
Pd/AC- (C¢H4)—CO2H), 2.0 ml (40%) 60 60
MIL hydrofluoric acid (HF), and 50 876 0.045 192 038 bar bar [86]
53(Cr) ml H,O were stirred, poured
into a Teflonlined stainless steel
autoclave and heated at 220 °C
for72 h
225 mI DMF and 2.4 g
Mg(NO3)2.6 H20 (9.375 mmol)
and 0.85 g 4-[2-(4-carboxy-3-
MOF- hydroxy-phenyl)ethynyl]-2- 20 20
174-MG hydroxy-benzoic acid 2465 - 4331 015 bar bar [87]
(2.85 mmol) were added under
stirring. mixture was
heated to 120 C for 24 h
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! Slow Evaporation diffusion
2 Direct-mixing

3 dimethyl formamide

4 diethyl Formamide

5 acetonitrile

6 acetone
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8 methanol

70



DOI: 10.30503/nripress.2020.344

Sl JT sloosz )l Al » (59,0 §5leo w35 Sz J5diie SLeeS O3l 03be L

03,8 bglsee a5 b1y jlislu ssimd LSis glinl (yasuiio slacuns b lanl (hg) cpl j0 kil o M
sy ot 3 ooy Ol S oo 3 ) S 350 slajsl paseiio (o g Led 3 Sl Sl eslazl L
SRl a5 o casl @90 ol 4 2900 ploxil KT S5 )3 & las il g sl ST s
3l00 352 g% |y adgl ()l o slasly g 08 o S0aSy b G1STy 4 £9,d AT JS15 1 35250 (sl Lo
15 ol £gy 4 e LS5 Jolma 3 5 glutl b cllo S, adyl slmasly cpl sl il b
s Wbl 268 oljdtun 4> 1 g Jblgs dd WSy o oljdius jl dn dls e Wl o Clus 4 Jole S35
ol o sl o s 4 Gloj Sy (o153 L gl (e il dialgs (6355 031l g oS Lol
A3 o s Ssled g0 1) Jlo Fgglsw A]8 YT IS5 050 plosl Bl )00 4 4 5 ol
o)L (ol (sl ol S5 ag5 (piomen 5 Jpaze Lo g S 385 38 4 (lgi oo (hoy cnl bl Sl

[AF] 0l o i ol > (s GLMOF g pie g 5 (SYsb loj gy ol alee )8

Water or

As-synthesized

DME/DEF /‘Ii/‘li/l
TBa—Bea—s Solventexchange
Self-assembly | /‘|1|7‘|l|a| & washing
e AP remen

MOF structures

@® Metal salt  »—=« Organic ligand

[AE]MOF Jlo jgglgus ms s9, ~¥F-T1 JSu5

sl [30] St 57 3 3 [0V + g YAJcaol 005 550 MOF-5 o yigglgu (b9, 5l odlitesl L

1,4-benzenedicarboxylic acid Zn(NOs3)2.6H20 aJgl slge ;I Jloysglow b9, L MOF-5 i
A5 edlawel  triethylamine (TEA) 5 N,N-dimethylformamide (DMF) (H2BDC)
g 5 Jie oyoles dlade b oMl 3 4 Jglxe w03 > DMF ;5 HoBDC 4 Zn(NO3)2.6H20

KW

Sy g ouus S 3U1 glod jo S ly Y guaste a 03y oyl s 1 olS YYY iyl 0 el YF ot 4 g
Coge oS wilyd oLKen ¢ J s S 561 slod ) g aund DMF L g (6l zon oas sl by dols
o 3 Jel8 pgbo a1y JI Blogee sl o B9y () sl atins MOF-5 5WL (S p5ls ) Jlogglgms (b9,
¥/Z) Vb Giarien il 03D Cudpls o s MOF-S (sladiges .S i Jodstie g )le G g 3y
9059 pdaw &5 M3 o LS gl sl Lis 268 5l (pslS VY sled  JKWbKe VVY HLid > g Ao

! Autoclave
2 Single crystal
SLi

71



DOI: 10.30503/nripress.2020.344 G-I lacszlz b » igynee @il xS g Jiline puSlaS Dil> oole cSle

S a0l i [A5] 1500 o )3 0, bls,l el (5950 (5lwo pid cud s L MOF-5 slge d3le wors
3T YN o 3 3 S inio ol 55 |y MOF5 ol o ) Jloigg atse cslosil b |
gl Hialo a8 asly LS g 038 e Jlogglaw (g, b1y Jie b ord g Mol MOF-5 [AY] il e
b oS a8 oo e |) (3500 ol Sl g Cul ol Jlny (lame Caglo)) o 3929 4 Cond MOF-5
4 Cand (A2 HB ol 4 (59 e byl (EalS (g Bl Colus (CHa) 31,800 ito (80
o Slgie Jito b ord Mol MOF-5 (5g)0m Gl o)l a8 1ol (Ui (pizmen b oo il gl
Gl Cudyb bume (lop (oyre )3 38,5 )18 o) A Sl ey 5 9358 2Lk ke slgr o yme )3 5y ¥
MOF- izl s plosl [A] oo 5 TS Lawsgs oS (s )3 . Cosl 4Bl SlS 5103 YO Lo (3400
S g e I8l s 2y 5 o Sl 5 455 45 e g it buwg |y Jliagie (53985
g3 31,5 il dyd ¥FO 00 i MOF-5 )l > 4500 (glod aS oy Lis gols (a3 )8 w59y ol
S AD patule )y (Fig 2o)d VA & jausil N 5 L8 g (polS YV (glod 13 ()55 003 cud)b g
03> Wlg oo (9l O Dlyingie g 3983 (izmen g a3 oo Gl Blge (Sl o)l (eSSl
M 1 4de (gl [VA] 25, Ko o TSl i il 3l el o 43 oS )Lié > oS |, MOF-5 55,000
Sl Y lod 53 (igpier ilwoydd mb cud )b pizrer 5 laze Cugb) il 3 MOF (g)lult
MOF-5[ZnsO(bdc)s; bdc= 1,4- 5 (MWCNTS) ond el o)l &ix o8 cldlglsil jI cajopels
5 ok HE3le bl okl sy (MOFMC 165,85 (MOFMC) benzenedicarbocylate]
VAP 5l) amiliS (holed 4 1) (g yides sl ©50S0Y 035 o Lol ctingy el MOF-5 L alie (5555850
MOY BAY 5) Giarsn 53l 0335 Cadplo 53 ol hoys Be dgas (4Bl Sl 38l )5 @oyeyio YOO &,
9 KL A0 HLid 5 el YAA (glod (5 59 dopd /EV L /Y 3l g )L ) Hlid g palS VY (slod 5 g deopd

Al e Pyl Hln e gy jeas )

299550 (2> Uyl SoS 4 e -V-E-Y
Jlepige by Gillae 9 o odlil (ESl 3000 9 Le)S Jlael clys 5299,S0Le Elgel 51 gy 0l 52
1 A5 Anlgs LSt grg0,50ke zlsel o olgsdy elbces b STy elinl 53,5 bl jl day i) ol
S sl 1y Laalyd g 395 Jglome 315 50 4299,S0le zlosl yore oo b il (dad M Wb bais gy o]

oosls (@l ol ok @ie @ Gy Uhgy crl R bl e (A8 el oMl S (0 a8 55k

! continuous solvothermal processes
2 Yang
3 Feng
4Yang

S Langmuir

72



DOI: 10.30503/nripress.2020.344 G-I lacszlz b » igynee @il xS g Jiline puSlaS Dil> oole cSle

sl g LB adgl dlge clale ]S dlowsg 4 )3 05113, o)Ll g5elsbyge JyiS 5 Y gae (Y
ool ps 33 At (65 IS5 ST 4y 5299)S0le (5 (15 1 ] 5299)S0lo gy 42 0ad Al )3 S 1S, ol
JAF] am o Lis 1) 299,50 ke s AT )8 VY=Y S ol

Solvent exchange

VaVaYaYa\ Local heating & washing
NN \ @® | - Dipole rotation Heat/vacuum
aVaVaVa i = - lonic conduction treatment
. L —— .
Microwave As-synthesized MOF structures

@ Mectal salt »—— Organic ligand

.[ﬂi]%gg;fs;lo D Q)‘P S5 A w 0:39) -Yy-vy Js.w

SLSen 5 gg [N+ ) =V +0] WIS j gigs,Sule zlel I e3liiul b 1y MOF-5 & s uiles piioce
Slie o)k sl Y 33)S (0138 gl ady (hey S Gk 1) MOF-S at gy loié adgs [V+)]
3 b oS gy by Sl edliil b g ey 4y Jodsite (slagl-0X sla 4Y 15 (55, » MOF-5
oMol 06 o iglas iy 41 Ly 35 (5l MOF-5 (3 (sl Y 1505 o3bel (MITD) g1g9,50Le
S5 gy b |y MOF-B [V+Y] 1805 s 5 Sigsb ois MOF-5 &t gey slalité 4 b 1iz5 5 ) 3
Gl 3,8" s M Glgis 4 oy V= etV jlodlaiul b sag9)Sale (230> 325k 5l Jlo gl
390 Jgmaze (59998590 9 35k 59y 2 Y nj oS g S cale clod ¢ (B (loj < 299 )S0Le (5 daws
oIl L 39Sy (e (sl ol ¢ Lol 5l iy A gome Sy v by LS glis (8518 (o)
5 LSl 00 A i e lej )3 25 1 oy e Yo oA geSY oy aw g plag,Sae YeY0 Laogie
o329 g b Jodio o) MOF-5 ¢iuneil Lid cod g299)0le SoS” 4y jitian jl osliitanl b [V Y] (i Sons
bewsgs 0ad s MOF-5 Clioguad & and ol ()l s 5 abonsd 5 (S8 Claoguad 000, 52 gusg
+/2) ZN (NOg)2-8H20 Joloxa (13,8 bigha 51 ol ¢ 48Ty ke g, ] 13 il Jlo il b,
@5 +1\FA) 2y> WA Sl 5 sl Jsloo L (520 o 8+) (DMF) sl p 6 Jite (63 55 (Jgo (oo ¥ ep
S 9S8 i (35 )b ol alaizme )3 (i) (e V) H20 g (1) (oo YA) DMF 5 (Jge (o </

G s A a5 4B YV - g 318 5l a3 )3 A i 3 a5l )5 loj g Led oy Fe g350,50ke Lully

Yoo

2 BLANITA

73



DOI: 10.30503/nripress.2020.344 G-I lacszlz b » igynee @il xS g Jiline puSlaS Dil> oole cSle

o SewMb 49,0 g 395 Sid 5T (clod y3 s o3l ojlel bglste ] )d plasl j s 0 5ET 599,00
3 o a8 plosl (53 oo 3 OF (9t sl Mol ooliiasl b s Jolpo plos s Jiie (365 )1 yiuell
Y e & e Bt 00l okl 5 g o & ol (390 DMF b4l (i olagdl sols ool il
099y oled b ol g0 CH2Cl2 b sels ol 9 0 il DMF o 3o Bb j9dbboge DMF (3 celw
Saolind oM o 0 bilasdl (sl M 5 0 ild M CH2Cl2 ol (sguiinss 5 u s atus DMF
oyl [V ¥] )00 Baasd o . )b (01,5 olw ds Ve e el ¥ g0l S Sle ax 0 00 celw YY)
o U 4 g e9299,S0le il cos Jlosollww s 5l edlaiwl b 1) (MOF-5 (ZnsO(BDC)3)) JI- 3l
s oas 55 MOF-5 oS winly (LS ol .60,8" 4 YU (slod jd (JoSge LS dauty (gl M 20905
hlSen 5 5156 el oLS 5l s 3 Yoo b g Lages JLits 13 CO2 )9 duoyd YA ,iShis Gl b o
(MW) g299,Ssle (245 5 (US) Sl gl (95 s 51 (TEA) sl il 65 592> > MOF-5 [1-0]
2l MOF-5 e coline 239 (43 A0 Tagan) YU 03jL 5 (455 Y Tgas) 28Ty plosl ylej and ags
Pl ojlil g el (69,5 JSmis a4 allt MOF-5 @l 35l cainls s guls 3¢ p)5 0 mape yio VYY"

g ):.093l5 Ye—A+ 0dgioe

(st lopigigus Fhw —V-£-£

5 FomelS Ve i 4ol o Sgolid (il Sl eolaal s 4 e JoSUse ol 50 o sl (gai]B ardgigs
D9 g o3l s 5l 5w Cup rgeal B lgel Sl gy el 53 [V V] Wb (o0 (oo Sl s 3501500 -
& Ogol B zae S &S Kid wiiud (audio 5 buuio 4l 9> il SOl zlsel wlin Gaolyd zlgel
P oS g odd S5 K 4 Pl s Jilse adio aal (ol 3 S (0 2)08 5 P> (sl JgSdge
4l onl > Pl lasse (08 Mo o (g2 9 Wgd o0 b S5 5 P sl JgSge asie 4t
9 48 o jl I sl deS9e cnl om0 o0 o slag s g plomil asligll I (gpus y lasie
&loel o> @om 9p8 b 0dd Jolmo o1 13 ile (gl Wy g 048 55 51 3)ly wle 56 51 M JoSUge
LS o Ayl dm g 0dd hate 0S5 4 bole cpl Coles 3 &5 el LS o1 S0 el gl 3
ISt glacle (algb g St gl e dgrg 4 ool 4y can |y 3 5yl ool ol sy &S
Ve o) L 5 (cglS B0+ ) YU sl (slod Sl (K95 oo sl g (slio iz 45) Coguol 3 Jlac! ] dos o
ol ogMe bgy el )3 29 o Sl asllas (slo i Sl a3 oS A8 oo 0 LS alal 3 (3L
[AV] 5,8 samlie g Iy @IS o3ll Sk @js 9 y5ks oloj > BRI G 2ljatun (3,5 Calgsy
JAF] Caol o 0dly L Y=-YAUSUE 10 oloudgow joww >y

! Burgaz

74



DOI: 10.30503/nripress.2020.344 G-I lacszlz b » igynee @il xS g Jiline puSlaS Dil> oole cSle

Ultrasonic wave

Turbulence

Solvent exchange
& washing
Heat/vacuum
treatment

Acoustic cavitation (bubble)
generation and collapse As-synthesized MOF structures
(~5000 K, ~1000 bar)

@ Mectal salt  »—=x Organic ligand

JAE] (o boaigigm s w99y —YY-YA UG

=) Mol oolainl b adds Yo o) hde 50 yieg ,Sue O=YO il yd 6l 03540 1> MOF-5 gla Jliws )
NMP 5l osliswl jiw 5l oy ool Cajo caml oad )15 (olosdgigw (b9 lawss (NMP) (a9 V= ie
Al Ao mino wlie ;3 Adgi 0 Wle e &S Cuwl DEF gls & MOF-5 i (gl M lgie 4 (golaidl
9 5 Db By Bpac i9)Sole o) I S0l Clies aler I 6yl 1lgd MOF-S oliosdgign s
L]0l 0bsS Hloms s (yloj

(st lorigile i —¥-£-0
Sy 5l &l )3 wgd e ol (iSly (Glold G5l el Glp (S oy Sl Ghey nl
Jgaze 033k 4 Glgicee B9y nl sblje Sl g odliul J5Sge (1953 (slasisn iass (ly (Sslse
2 YL 2l Jyaxe Mg lp BT ol ©lis b g P jls pie i gl SobsS (loj e
ulio (sl yshi ST (g5 s03 9y nl Sl o3kl L Lol ey pU 1) (6551 )3 (9248 50 9 culio agl slga S oaliial
o gilSe (g, [AF] 123 g0 Lt |y aliardilSe it YAZYUSS Vo V] 0] sty |y 3o oy g
&l G 28 ol & 0o sl Ml oslital 4 (5l im0 00 plosl M 19 9 3BT sled
sSed 5 omb 9> dali b (e StiSTy jlagd o (W (ond e (g ) 2Blise gy ol (192 s
2l 4 mojis (49,0 (Sl Jpae Glgie 4 dpul Sl o 09 odli] Sl aiile b slagygsl b 5512
(SuiSTg Slga gie 41 (ol5 slacSos (sl o (6385 (olbnS] 51 lge 5l (6slonm 53 9ib i Ll e oyl
Sl 4 oh Ol b oSl b Jaase plge 4 ol haid ade IS ol Cote a5l s odliul
@ ol gy ol 4 295 e odlitl i M (oS e Sl 3)lge (B o [AV] 08 Blo |y ] e
nosims 28Ty S 65 Gial3El s 4 oliardplSo (2Sg oy ) ol Cajo 95 o0 0ol M Mo S8
[V AJ S Jos jls Lo oins S5 Jole plgis a Sl e rizmen M a3l oo (J9Sge zobaw 1

! Liquid-assisted grinding(LAG)

75



DOI: 10.30503/nripress.2020.344 G-I lacszlz b » igynee @il xS g Jiline puSlaS Dil> oole cSle

|
Mechanical breakage of
) . - .
)%’ / " intramolecular bond Washing ——
—’ — T —

Fl + Heat/vacuum @,'g_'r_‘l

= e— Chemical transformation of treatment |%]I74_'|1|a|
P / ® mechanically-stressed solids

V1747

Ball-mill grinder MOF structures

@ Mctal salt  »=—=« Organic ligand

AE] stlhondsilSa 3iims (y59, ~YY-YA JS5

olit] olardgilSe B9y 5l )5 2 mipe yio YYFO/A 039 paw L MOF-5 JI-36 g jla i (gl

Cdd Lg)lﬂ:.w] Olej g s o I /)1.9 Coms M (g5l Jed il ‘_E{Lm)l,ol)li c;;l)j'l (325 Oﬂ‘ PR

(C1-NC7) s (slaplSIT Gl Slaogad (uypr (sl 0k atsgy MOF-5-B jl 4 <5 1,8 aslllas 3,0

odimd S 1y bolste 13,8 Olawl 2391 5 zy8 4 MOF-5 lendgilSe jiw (ol digy bl pd .0 odlazul
[Vea]aidy oy VVee 3 addy e S & (311 [ZN(OAC)2:2H20/H2BDC]) Jso S 55 L

ooy S i ¥—£-1
2 P LPH s b Jseme 5 Jaiee blpd 3 (Jli )8 sMOF Sl o0l ol ags Jlais] 451
gl &l adljl LB layliile 4 pliwd jshaie 4y 5 (ol oo )5 (gl Lol )l 3529 50T (slod
g Wi by S38 bSel 4l (o olendg Sl by & bl Jdine 5 @upw i sbaby,
4 ooy yiSIl gy p3 IV 9 Ve [ abl o (it g5 (slasa] B 55 pae i piy o MOF (gl Jliaws S
Gply b odle yiny i 059 L 29 i8Il Mos g 394 oo 03kl (6318 54 xSII 51 (6518 Sad 3 ool (sl
Cadly dalgs Coonl olod Lo (e )3 Sl Yo Gl g Sy JyuS cendg iUl gy )3 S e (il Lo
UM 35le (6,503 sla yral )b il wialgs odel Cawds yob HlSle )3 136 oy i Jelge opl 09,5 Ak
S ol gloled 5> gy i &1 Blg5 oo gy cl Sble 109 Ml IS5 s 1 s e g g il
NO™ wile plagygel Bl &0 5l pie o domis )3 5 (318 (slacSias 5l oalisl pie g (Jgona 52k (sl by,

76



DOI: 10.30503/nripress.2020.344 Gl locsz )l aly 2 (35,0 @ilwendd Cuz SRS uSlaS il sole Sl

Anode

L H:
Cathode %

v

- 4

‘ @ 2 Solvent exchange
o i N ’\,t |
; o —

4 A4l & washing
| rﬂ}@lr" Heat/vacuum
N 1Vdl74l7 treatment
Power supply 75

@Metal salt  »=x Organic licand As-synthesized MOF structures

[VE] oy U 3w (g, ¥+ -V JSUd

Yee,S /0 H2BDC ) s 5 sl iios o) 5o .05 el MOF-5 i (gly ooy ySUl 5o, 5]

¥ 2,5 V/¥) [Zn (NO3)2-6H20] (59, lyws olyanliSa s i J> DMF 2 (Lo ¥0 )3 (Jge (Lo

“¥=dser) 2)5) G @le 099381 5l e S Jos Bl baes lgis 4 b 0 8Ll ol 42 (e (lee

S A5 03} o 48> Yo Sido 4y publite (30m b byls ¢ Jglxo 4 ((p,5 Y/0) (BMIM) psdyjlacel e

posliss (y5 S g &l lsie 4y 00 03l gy (69 L (DC) ot (2 2 ito ) 00litol L oloosg i1

S5y b Yoz o3l ¢ yiSTy ashdl b s Gl mpe yio il g el +/oYD flys JEs g W5 lgie 4
IV s s (S Sis jo 0l ol 4 A gled

plyl sl 3985 (g, —Y-E-Y
b Sty sl (28 @l @ 4 Ll &S Wil e BMOF i > @wly by <o pl)l 50 oy
052 (99205 (2 ) g )90 355 o0 plosl LT (slod 5 aSul b1 4y by, ol Byl 2 4 STk e
GBI gled > el gy nl 5 Bl dnugs Al o 25 Jgane sl sy sl & Comd )3 plodl e
il Glp M Sl S 5 ) ey (hn D98 e Lale Pl plon B buwg 4l dlgs 5l ol S
G i O @l 53 g Mo hox dlall (LalS b (g5 oo 45 3980 e3litul ba)S STy cul M
VW] ol o ol o] L5 S5 g 4 MOF-B i aipnj 5 lisios [VIY 5 OF ols iuljil I, ] 3
poboys Lo (63 b MOF-5 diges du el 00 plosl [VVF] Ll San 5 bk bawgs & adios > [VVF
lio ploed oSy 5 556 LSl Wad jiw oo 5l Gslite (Sul glaglyy 5 S plyis 4 (DFM)
Ol @l ol ol |y g ol calitie 3Slas g Jle Cilie (la Shrg egtia (Jluw S sla)lis L
259 YL og pdaw 555 4ol 05l b i (sladls bl celk MOF-5 slgo )5 (S jsb YL as o b

29550 MOF-5 (glaodly 53 yim o ()59, 3985 Cas s 9y ()9 o Cudybo Bdlio ol ooy

1 Saha

77



DOI: 10.30503/nripress.2020.344 G-I lacszlz b » igynee @il xS g Jiline puSlaS Dil> oole cSle

£35S 32 @y o WOV 525055Y 039 o gl)l> (MOF-5 (V) 325 (el )3 04 s MOF-5 diged (2 i
2985 Cu pr 9 A5 Ol 09 yiadpo Are )L 5 (palS YV Led 13 ) (fgyhen (g dopd + /0 Kl oo oS g,
Sl [VI0] ishlSen 5 'Sz by 292 456 2 e el Y¥V - MOF-5 Jliuw S J515 42 (39,000
J> DMF )5 b blys o 561 sles 3 H2BDC 4 Zn(NO3)2.6H20 w34 |3 &jg0 4 MOF-5 i
A S ye ol ol g ol 1B S iy o o [ TEA b oy )13 S5 ity 5 50 oo e 9 0
L s S gz ploslyw .85 )18 (S Lo Lalpd )3 GBI glos )3 g 0ad o Syjo oy i3 15 S5
b s olen as Sid 5,5 b s )3 YWY (clod 13y 3 diad DM L g (6)9] mos 5oas yi5los
a4 ol 4 TEA 4 13,5 ZN(NO3)2.6H20 4 HBDC g5l DMF Joloxo s H2O a8 o 3438
S > 4 H2O2 by onds 50 MOF-5 59,0 0053 oUlgi ol lis gols b oold D45 Jolore Job
39 Mo YA 5900 0,53 Cud b MOF-5 .cuwl H202 (a5 00 i MOF-5 I gy ladiges cglate
w0l pbool Gladss p 3 Lis 1 (SO e e ol 395 | JKbKe VFD Hlid g el VY clod o 1y
0529 oo b (5505 " el Ly sanly b MOF-5 (gl cgnels 31 onlizl b (VY] fySiam 5 e o
3ol b canlie sliand 2ol b b los ) 59,0 el il s (p)5 51 gopoyto Yo o) Y s
A8l 361 sled > gy (silwe S sl (eolio 43S (g 518
i 5 (] SIS 5 88 (sla 2u3) 30) s Slge 5551 55 05 48 s (sl )3 45 gl
SBan &t b S g e cnlpl s IS 58T JT 3B (o ol (o152l L 2 s
Gl 028 ol 4o M j5b & s lasby) e 5 blje 0-Y Joia )3 355 00 QL] Jiw (S5, (26

IVA] s o lis |y calises (sla yig)y b odds i uﬂ 68 e )la dopd 3l (6515500 Y=Y USUS [AY]

1 Cheng
2 Biser¢i¢

3 polyaniline

78



DOI: 10.30503/nripress.2020.344 G-I lacszlz b » igynee @il xS g Jiline puSlaS Dil> oole cSle

[ﬂ‘”] g ‘_gl.bu.v,) u.ll&o 9 Lﬂ}o —o-Y Jg.\é

Synthetic method Advantages/disadvantages

Slow diffusion 1 It allows, normally, the preparation of MOFs as large single-crystals
(fundamental for X-ray diffraction studies);
T Ambient conditions (e.g., pressure and temperature) or low temperatures
are usually employed;
| Very slow process, taking several days, weeks or even months;
| Preparation of small amounts of the desired materials.

Hydro(solvo)thermal 1 Large operating temperature regime (i.e., between 80 and 250 °C);
T Possibility to perform heating and cooling temperature ramps to help crystal growth;
T Easy industrial transposition;
| Implies high costs to purchase pressure-sealed metal vessels and heating ovens;
| High energy consumption;
| Reactions take from few to several days.

Electrochemical 1 Used for the industrial production of the HKUST-1 MOF material (under the
name Basolite™ C300);
T Fast, clean synthetic approach;
| Besides the preparation of HKUST-1 no other MOFs have been reported using this method.

Mechanochemical T Solvent-free synthetic method;
T Pressure and temperature are not required, being only used mechanochemical force;
| Difficult to isolate single-crystals for X-ray diffraction studies;
| Secondary phases are usually obtained.

Microwave-assisted 1 Simple and energy efficient approach;
heating T Reduction of crystallization times and improvement of yields;
1 Possibility to control morphology, phase selectivity and particle distribution;
T Easy variation and close control of the reaction parameters;
| Difficult to isolate large single-crystals;
| No easy and quick industrial implementation.

Ultrasonic 1 Efficient in the isolation of phase-pure materials;
1 Homogeneous particle size and morphology in short periods of time;
T Suitable method for the preparation of nano-sized MOFs;
| Ultrasound waves can break crystallites hindering the formation of large single-crystals
for X-ray diffraction studies.
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BET Ha uptake

surface Pore (i%%) Pressure
MOF Materials and methods area volume Ref.
(ng_l) (Cm3g'1) 77K 298K 77K 298K

inorganic [OZn.]®* joined
groups are
to an octahedral array of
[0,C-CsH4-CO2]* - -
(1,4-benzenedicarboxylate,
BDC) groups

MOF-5 45 1.0 | 1bar 20bar [48]

Theoretical calculation of
Sc and Ti decorated MOF-
MOF-5 5 el _ _ _ 5.81 _ 20 bar = [58]

functional theory (DFT)

Terepthalic acid,
triethylamine (TEA),
dimethylformamide

Pd-ACIMOF- (DMPF), chloroform, zinc 1390 1.0 _ 3.4 _ 100 [67]
5 . bar
acetate dihydrate,
palladium chloride,
activated carbin
190 mg of functionalized
MWCNTSs were dispersed
in 120 ml of DMF solution
and mixed with 20 ml of
DMF solution containing
Pt-MOFMC pre-dissolved
(Pt- H2PtCi.6H-0 (26.5 mg). 100
MWCNTs:  PIMWCNTS/DMF (10 002 084 189 125 dbar . [68]
MOF-5) mg/10 ml) was mixed with

30 ml of DMF
containing pre-dissolved
0.156 g of Zn(N03)2.4H20
and 0.033 g
of H,BDC
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CNT@MOF-5

CNT@MOEF-5

CB/Pt/MOF-5

a-MWCNTSs/DMF (10
mg/10 mL)
was mixed with 30 mL of
DMF containing
predissolved zinc nitrate
tetrahydrate (0.156 g) and
terephthalic acid (0.033 g),

a-MWCNTs/DMF (10
mg/10 mL)
was mixed with 30 mL of
DMF containing
predissolved zinc nitrate
tetrahydrate (0.156 g) and
terephthalic acid (0.033 g),

carbon black (0.15 g) and
sucrose (0.8 g) in
chloroform were mixed.
Pt/MOF-5 (0.5 g) in
chloroform was added to
the mixture and heated at
200 C with stirring for 12h

Sl JT sloosz )l Al » (59,0 §5leo w35 Sz J5diie SLeeS O3l 03be L

2900 0.67 0.61 152 1bar 95bar [78]

2900 0.67 0.61 152 1bar 95bar [78]
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