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Hydrogen Adsorption MOF Design and Adsorption Characteristics
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ABSTRACT

The project discussed in this paper attempted
to design and synthesize a hydrogen-adsorbing
material suitable for fuel cell electric vehicles.
The newly designed and synthesized Cu,(3,5-
pyridinedicarboxylate), metal complex displayed
an extremely high volumetric uptake density for a
physisorption material, despite the fact that its specific
surface area was only about 1,000 m*> g™'. It is
believed that the realization of an increased number of
adsorption sites per unit area and increased adsorption
energy, in addition to the optimized design of pore
shapes, were major factors in the achieved uptake
performance.
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BUAE, HEREBELIZ A R RIS ¢ R & K& A
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7 A4 MR SN D KRB M MG & T & 7z KR
FIE, BRI PE S REE SRR A S L D 3 Dm0
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i, WEM & LT LA E#SIEEEA (Metal-Organic
Framework: MOF) 287 H &1, %< O H Z WS Rk n s
XhTns P P OMOF &3, &EEE ) v — LIS h
SHBEN T2 MAGD SN EZERGTRGTHD, Th
5 EMUNEIRT 2 Z L2k, MALE, EaRa s %
BTE, TORGTHHEDOE S REIIOV0ELEDTH S.

AW TIE, OB R S E B T AR s K R ek
MOF ZH 235, AL, BEFO MOF IRMOF-1") X
D EROIKRIBE ERE & 320 L - A5 R 2 Wit d 5.
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HEL 6 1 SO S (& 511 U e (& )/ e Ll - [T -
M5, EOERITEEE (wt%) & AREEEEE (vol%),
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w28, RO LK & RIS 28 7 (220
pore) NEA X5 728, KFEHEEIFET L, KK 4 v
7 DHIA X = 2D REH L. o T, WEEE (KT
EHEBN=DIT, K7 RMZEIEICHIET 2 BE D 5.
7z, oA DT o o T EGRLIESR & 55— TR PR S ) 7 A
W2 IRMOF-1 O A FMEHTIC K Aud, EELK
HHA PIEEMARTH D Y, SENE S ICRE S
5T L3ekans.

PRI I TR, AR © 3L — (B %
RKELTBZLTELKOKRKEANET 2 Z ENAREL &
%78, — I CARBRIIRDERIC L RO BH I L FEEGEE 73
ﬁT?é.ﬁVUV§ﬁ$&E%&ﬁ@T$§%ﬁ£T6
i, ﬂ‘i"&%éj‘% 10kJ mol™ LA FIZHIZ 2 EH H 5.
IRMOF 1B 2KEWEHA Hix, 4.8kJ mol” TH

,w%lmw# D& KEH MOF #5532 &

’C“, WA mOBMA IS, LoT, WEFET LI F—
ERRTBFRERGI LA VU —ICBILTIE, N, F £
7213 Cl K E QBRI OKE LT 8@k L 7z~
FuB) A —ORHIZKD, WENBEKT S L5
ENTW5B. ZDZEiE, Fig. 112 L 72, BBk
(Density Functional Theory: DFT)(S) 12 & 2B —FPEENA
(6). 8. (9= 1 -C#% L 72 Benzene dicarboxylate (BDC)
U/w +E\EETIICBT 2 AKE S TOWFE T %L
, WG A PELOBEFEE HERT VY L) R
ﬁ%%#%%iﬁéhé.@?#%EW?%@%T*?W
BIAILE-NKEL LBHAA T & h, KERET X
NE—BRDHIC, BXRBEEOKRE LR 2EET 5
ZENHENGFERELDS. RN, KDY
HAERBOMNE TG T 2L F — DR RKD 5N 5. Bl
REA D 2 <, SRR O LR E XD /hx <
TE, FBOKMBHIZ LS EEETLLF -4 PO

Metal Ti Cr

JKAHEETH B Z &5, 7SFILk 4 =)L (Paddle wheel)
LI NG RS IR %, DFTIZL 3%
—JFEEEE O 19 192 kS TR L 2 TG O AR,
BHIRLF—2&hZ, F2lr o B 4E codm
TEEHNEEE, Z01FEAEH 10-12kJ mol™ 4D,
TEHEMIZ L AE T F L F—DKRE LRI N EHh -
7= (Table 1). ZD7=%, “HilE% & 2 AHEEERE L
T%<®éﬁ%@%ﬁ?”Cu%%ﬁmibbfﬁﬁbt
TL—L4T7—2 (B OWKTIX, £BEOEEEL
EHEA LB DR OB L k5. 72, SFIL
A —LREE sk o TR I B BBHB YA b (Cap
site) I A WVWRE S ER XN D, 22T, “fABEAA
il fAatber-T/ LAY —4%F 71y b LR
95212k Cap site #HEFF L DD, MY 4 b A
WILE LTHERF TE 5 K512 L 7=
JSEFA =) VA — E ORES A 90 E & k5
THD, WAEAN60ETH S AT L — Lk & 58
T 5O BARERREOHEIENERX NS, 22T,
JSFILRA =LA REAEY SEIT 5 Z LT, Eamon
FTAERKRE T 2EEZE L. ZhaHEBT2Y) v
— IR D & D & W 5.
%72, MOF OMIALEY 4 xi&, W e KEH 1O
O . OB R SR L, KEHFEON 2 5L
L 7.
ZD &Sz, HEICHHE L 72 MOF RUKEWS MR 4 3%
ﬁ?é'iﬁﬁ%&ﬁT@%%ﬁ%ét%ié
(1) KB B A BN X 5 72012, BfTHEES7=D Dk
iﬁﬁ@#k@&_&aﬁémfit<,m$®mﬁ
P4 NEEATRARDMAI TS,

(2) B AR T BT 72 D& DO E 5 HHZEH LA
Filt) & WHE 2= IR O KUK 5.

Mn Fe Co Cu

Adsorption energy at
Oxygen-site (kJ mol ™)

-9.2 -9.3 -10.7

Metal

BDC

Metal

000

Adsorption energy at

Benzene-site (kJ mol™) 95 9.2

-9.1 -9.0 -8.9 -9.0

Fig. 1 Electrostatic potential and adsorption energy

* Calculated with VASP-LDA-PAW. ** The red areas correspond to positively charged areas and blue areas to
negatively charged areas in the electrostatic potential map. The adsorption energy tends to be larger when
there is greater negative charge, or where the electrons are localized.
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Table 1 Adsorption energy of paddle wheel
Core atom Adsczrkr\)JtircT)]r; I(_a1r;ergy Core atom Adsczrkr\)JtircT):cn) I_e1r;ergy Core atom Adsczrkr\)Jtircr)]rcn) I_e1r;ergy

Li -11.3 \ -11.0 Zr -11.7
Be -10.2 Cr -11.0 Nb -11.7
B - Mn -11.0 Mo -10.9
Na -11.3 Fe -11.3 Rh -11.4
Mg -10.7 Co -9.7 Pd -11.3
Al -12.2 Ni -11.2 Cd -

K - Cu -11.3 La -
Ca -10.5 Zn -10.9 Ce -
Sc -10.3 Ga - Pt -12.0
Ti -9.4 Y -10.2

*[-]1 Does not form paddle wheel structure.

(3) RBEWENOKD 72012, B RELEEZ®BD 5T
O, BB OKRE LHFE2EAT 5.

(4) KIEN+Ir BB e a2 M AR L, SEERME %55
AT DN & JLHGRE DR E1T 9 .

512, MOF ORGTAME %4, L DD, EEH
AR THD I EERAEMIZEEL, Cu,
(3,5-Pyridinedicarboxylate) , (Cu,PDC,) % i%&l, 2 L 7=.
Z O % Fig. 2 (@) 128

(a)

** Value calculated with VASP-LDA-PAW.

ZOREEIL, VY —HEMEL, BTrORELEE
WEXEBNEHY V5 —"Td5 3,5-Pyridinedicarboxylate
(PDC) & Cu & OFEAIZ & B IR FH (Fig. 2 (b)) 2 5
KENTWS, ZORAFHITFEICHEST S Z TR
6A L 11A O 2D KX 7 2HF 5 2Ly — b &K
L (Fig. 3 (a)), Cu & DO PDCONIBEATHI LT
ABAB 24 v 2 L% 3WTTHE # ML T 5 (Fig. 3
(b)). ZEMIEfIE P6yme & 55 T%., ZD ABAB 2% v %

Fig. 2  (a) Overall view of Cu,PDC, (left) and the unit cell (right). The space group is P6;mc (blue: nitrogen; red:
oxygen; gray: carbon; orange: copper); (b) The structure of Cu,PDC,. The two figures are the same

structure from different angles.
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Table 2 The calculated and experimentally measured
density of adsorption sites, pore ratio, and
adsorption energy in Cu,PDC, and IRMOF-1

Densnx of Pore ratio Adsorption energy
adsorption (cccc™) (kJ mol™)
site (nm™3)
Calc. Calc. | Exp. Calc. Exp.
IRMOF-1 3.8 0.77 0.86 -9.4 -4.8
Cu,PDC, 8.9 0.50 0.46 -16.5 -6.0

F el Az 60° A UM IREETE L > TH D, Fig. 3
(@) D AR, B7EH 6A-11A IZHiFMIZZL§ 5 K
7 &, BIORTETE6A DMK 7 22 FHER L T
W5 (Fig. 3 (a) HIX).

Table 22, Cu,PDC, DfifkEiEn & Pl h 5, W
YA NEE, KT HE, WEE T L X - ERT. SR 2
W& 4 PZONWTOWEFEZ R ILF -, DFTIZK 55—
JEPEEE (6 08 - ko CE L (DFT I L 20~
FLF —IHHKIC RS o h Bk H 5 Y). W A
MEEE, T AL F —ORE VAR 5 A OB
LM L7z, A7 H#EIE, Connoly surface 22 5HAI E N 3
B Z R LU 72 (Accelrys B Materials Studio #f#ifH). %77,
g 7%, e Y ¢ FiL L. A7 A 05em® g
DIT %, HAARRE S 72 0 OWE Y 4 UL IRMOF-1 0 2
fEERAATHS, AR ZLZIETCIEd 50, #BEs

(a)

FHTREAEE >THY, Kb 20 OR 7 HAERIZH 1/2
L o5TW3, AT, KERETZLILF—IXIRMOF-1
IZHIRLTRE L, MU T, WA EER I NS,

3. EMHDERK

3.1. EREHDIRET

RE LU 72 Cu,PDC, $RZ BT 5124720, (a) TIEFL
DOENIREE L, (b) EIE L BN TO/BA T XL X —IC5H
L7,

(a) BB OBLRLIRGE & IR DR E

Fig. 4 1583 & 512, 208K Culir % BIEkLICH
DINFFA - eV RELEMIKELEL T3,
XoT, Culiohn» o, [EROREE %A T 5 BEMH 2 M
FMRLE UOGEIRLZZ. U v =1, PDC ORIk E 7 5
3,5-Pyridinedicarboxylic acid (PDC &) & L 7.

SRR KD B & 7 DI BECIE, £ OHICIER L 72 lF
Mg DS PR A4 — UG 2 M 5 E A B L 5 5.
INEWERT 572, SPring-8"" OFEMEIE X #1472
Cu K-edge O X HRBIHAMINGE (X-ray Absorption Fine
Structure: XAFS)IZ & - T, WHHOEIEA + » OBRLIK
REZWE 1O L7z, IO L LT, SEAAIR TI ik
%K (Hy0), =& 7 —)L (Ethanol: EtOH), ¥ X F)L kL 4
7 3 F (Dimethylformamide: DMF), Y TF LKL LT 3

Pore A Pore B

Fig. 3 (a) Pores observed from the c-axis (left) and the a-axis (right). The blue portions indicate pores in the
figure to the right. Pore A consists of holes with ¢ = ~11 A and ¢ = ~6 A. Pore B is made up of holes
with ¢ = ~6 A; (b) The A-B stacking sequence. The rectangle shows single layer.
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F (Diethylformamide: DEF) 4% - 7z. Fig. 512, &K ialtH
VAR & B 72 BERESA O XAFS 227 ML AR, Xk
$RCT/ARL 7= 8,985eV HED Y — 27 A8 FIL kA4 — L iEdE
KBRL T3, KIZEWTZOE =272k L, /S FLk
A = UHBED A2 U 7z e Rk ko Mg dE R
80. EtOH, DMF T3 % DY/ Fef) TIIBEE A A4 ~ Ofh
NRTCEL BD720EEZ o0, WHGEH» S/ L 72 K
LIS OEBETIE, 7S FLb A — LSRR S Th D,
EtOH, DMF, DEF #A&RAS & UTGEIRL 72,
BEMENE, BE LM RBWE (FERkiE PDC %) %
A BRI Z N ENIRIR S &, 1T 572, T DGR, Fig.
IR T LS LFHRIBME &£ - 7z, EAME FPHMS
(Scanning Electron Microscope: SEM) %212 Lk, AWK
HISATH U 220 BeE, ERIROEEEARTH - 72 (Fig. 6 4
XI). 3HrofEE, BHEMAKIE Cu,PDC, $EA & [RAk DMK %

Similar structure

=) |

U @

Cu,PDC,

Paddle wheel Copper (ll) acetate

Fig. 4 Structure of Cu,PDC, and coordination state
of Cu

15
— Cu (Il) acetate (powder)
— DMF
— DEF
— EtOH
1.0
= H,0

Absorption (a.u.)

0.5

0.0
8975 8980 8985 8990 8995 9000
Energy (eV)

Fig. 5 XAFS spectrums of Cu acetate with solvent

. Actual reaction pathway .

B b B (7TELT 7 254 2)Th b (Fig. 7
Z2), Cu,PDC, $5R AR5 Z N TE L o7z,
(b) EEME LB T ORE T 2L F — 125 H LR H
Beat
BRSIBEM % R 72012, SR R ofa -
INF—IZEHL, Fig. BIDRL T XN F =LA T T
LR L 7.

1pm

Fig. 6 SEM image of the precipitated aggregate

@ 4200
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600 -
400 -
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Intensity (a.u.)

(b)

I Aggregate

B cu.(PDC),

im0

Amount of atoms (at%)
O =2 NDWHho1oN®

Cu C H N O

Fig. 7 Analysis results of the precipitated aggregate
(a) XPRD spectrum; (b) The results of

component analysis.

Target reaction

&

Aggregate

[+]
d \ OO 08 6)0 Activation
o ()
o o0 energy
& precursor f )
S Q+—+0 R AH = -46 kJ/mol*
g Cu-PDC bond AH = -5.6 kdJ/mol*
e e,
[T s#

Ea

Target structure

* Calculated by VASP/PAW-PBE

Fig. 8 Reaction pathway and energy diagram of Cu,PDC,
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DFT 1S3 BEH ¢ 19 9z Ly sk 7
2Cu+2PDC — Cu,PDC, (MOF) GO T 1+ )L F— A H
1% -46kJ mol THODMETH D, HIEL T2 4KKIE (Fig.
8HANDRIE) I Z DI B TFHlahsz., — KT, Culk
PDC OHMiAfEE LI L F—¢ (ERZILF—-AHL
L), -5.6kJ mol™ LADMWTH Y, Cuk PDC Dl
I HEA DMEHE X B SR (Fig. 8 ZEANDREL) 128 KB A
A ETFHEN. L2rLAaLrs, HEMETH S
Cu,PDC, (MOF) 2k 1§, BEEAEITER & 7z FF0
5, Cu,PDC,(MOF) A3 & h 5 BED R IiG EREEE (Fig.
8 H\DFERK) 1, Cu & PDC D ¥iflinfEa D Zh (Fig. 8
FEANOR) K@V EeEL oMb, ZOMR, KIBHEE
BEEED (Y Cu & PDC ¥ ARG (Fig. 8 ZEND#%
B) MBI OHERMIE T, BEREERLEZEE X
5Nhb. 5T, Cu & PDC OHMinfEA THEL 2EHER
DA R AP -HI L, HfEE 32 Cu,PDC,(MOF) DA
[ (Fig. 8 D) &M § 5 728 D St 23 b E
b, ZORIDHEEREIZE, BREOBAERNT 54
HEnd 5. &AL ISk U THBEN 1 & B RS
SHLTETCEELMIEL, AfME MOF OARIZHKIIL
WG X THE Y Ko T, WAL 5 BRI
W, Cu-PDC Bk % 3% (Cu & PDC DA D53
LD Cu /S FILARA — UM & MER: LTS 5 Bl Clal %
o7,

Fig. 9 IC&TEDEE & BEEMICTRM L 2 RoEi o L,
BB DS, - A3 (Ultraviolet Visible Absorption
Spectroscopy: UV-vis) ZX%Z bILZRT. UV-vis A X7
FLiE, XAFS [ERRICEFA 4 v ORGIREE SR L 72 &
DTH5.

Acetic acid+PDC

Nitric acid+PDC

Absorbance

Formic acid+PDC

Before added PDC
#

550 650 750 850 950

Hydrochloric acid

+PDC
Wavelength (nm)

Fig. 9 Pictures and UV-vis spectrums of solution
when various acids are added

WO AEIRIL 72350 & IR EHIZZL L, Cu-
PDC O@ENN SNz, 72, BERIZHE T, UV-vis A
N7 MZEARR I e n 6, Cu/SRILk A —
MEE MR L T B 2 ebrb. 2OZEn6, Bk
i Cu/S PR —UHEAEMEFFL 225 Cu & PDC D
AR LR TCZI2RMMTh I L A5, Dlbrs,
Cw,PDC, $ERD A BIGE % i 7= 4 1 R & U TR,
PDC &, BE:fg, KISiA#EE LCEtOH, DMF, DEF %%
EL, ZThoomlt, K, BE42EUIciEds2 LT,
Cu,PDC, $Efk %A L 72,

32. BRAE

WL T, i Tdh > 72 EtOH TS
3, DEF TEMEDOIROES LR Lr» 572,
ZD72%, DMF 2 8BIEHIZHWS 2 & L. 1%
L7z Cu,PDC, $AD 5L, 734 7Lz DMF (N,N-
Dimethylformamide; CAS No.68-12-2)9.89ml, P& —7k
¥ (Copper (II) acetate monohydrate; CAS No.6046-93-
1)51.3mg, PDC [ (3,5-Pyridinedicarboxylic acid; CAS
No0.499-81-0) 85.9mg % RN - A S ILEM L, £ Dk, ik
(Acetic acid; CAS No0.64-19-7)0.11ml Z%L, 707C 2

—HEERFET S ZEIC kD oNn ZO%, 52 My
T EBET 572012, FIZT CHCl; (Trichloromethane;
CAS No.67-66-3) NOEBEHREHEDE LT -7 H6h
7eASEE IIRAISE TH O, RF 10T 100pm 55, #EF S
A 50um P2 T db - 7=.

3.3. BRI DA

B E N7z Cu,PDC, Ak SEM 8% Fig. 10 :/?*t

ARG XNFRME P6,me % KWL L 725 AR O f 5T
%. SPring-8 DEMEE X #1472 X SRR mlr (X—ray
Powder Diffraction: XRPD) (Fig. 11) & ik stk i fipr 1
I2&kD, Fig. 2ICHE L 72ME L Rl—Th 5 Z & %iiffad L
7o, £/, XRPDIZK AT — 2 LEHHIC K > TR 7=

Fig. 10 SEM image of the synthesized Cu,PDC,
crystals
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PRARW) 2 [T ¥ — 7 M EIRIEIE AT IR LISHIB L TE D
(Fig. 11 (b)), Bk X N7z Cu,PDC, ZEMETH B L5 %
5hb.

= bV MEIC K B HEBERGIETIC BT R, RIER
b A e SE 4 A RS A A L 23/ — 3 <, RiE
KEGAIEFIZ DB VRERTH S5 Z e rnkahs-. &
7z, AT & D, XRPD 1253 23l & #1512 & % 0l
P —2s LomEDRRE, K7 KT T % DMF & &
DA T 28D TH B Z hma s,

Brunauer Emmett Teller % (BET ) & Langmuir 31

@ 100000 1
80000 1
60000 1
40000 1
E
< 20000 4
> ¥
= 0 :
[0} T LA B Bl LA | r
£ R
£ -20000 4
-40000 4
-60000 1
-80000 1
-100000
0 10 20 30 40
2 theta (deg)
(b) 10000
8000
6000
4000
]
g 200
= 0
[%]
©
£ 2000
-4000
-6000
-8000
-10000
10 15 20 25 30
2 theta (deg)
Fig. 11 XPRD spectrum of synthesized Cu,PDC,

crystals. (a) (Top) Diffraction pattern
measured by SPring-8. (Bottom) Simulated
pattern. FWHM = 0.05. A = 1.54056 A; (b)
Highly magnified image of the low-intensity
area of (a). Slight differences in peak
positions are caused by differences in

the lattice parameters between the actual
crystal and a model crystal optimized by
an LDA calculation. Measured peaks show
a nearly one-to-one correspondence with
the simulated peaks.

XA EHFIZZNZN 1,003m® ¢, 1,033m® ¢! ThH -
7z. Horvath-Kawazoe %™ 12X % Median # 7{%(3
8.9A (Cylinder E T L %) Th - 7=. KE5hHEL 2 fUH
THh 5728, R ILEREOEZ 325, BRI S
JERERTY MOF 710 & Juled 5 & Z Offiid k. K7 1%
i3, B 6A & 11A BMEAET 2%, T h 6 O i
ERL7zdoLEbhs. (M, K Cu,PDC, fEMHE I,
FrHfEE A & U T The Cambridge Crystallographic Data
Centre IZB#HIGT L, CCDC 791274 & L CTESr I /=)

4. KFRATEUERE

KFEWe# &L PCT (Pressure Composition Temperature)
HE2EE 1 L O HIFE L2, Fig. 12 (a) 12 293K 1261 K
FE R (wt%), Fig. 12 (b) 121& 293K 12351 % i bb AT
BhiDH 72D OKEWEE R (g L) 283, REOIES) L5
ALK EREE S EH L, 8.92MPalik\Z T 0.77wt%
DKL & Td - 72 (Fig. 12 (a)). IRMOF-1 (Fig. 12 fiff
B LD EEOKRBESEEERT I EIFHS 2T, e D

(a)

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

H, uptake (wt%)

H, pressure (MPa)

0

H. uptake (g L")
o = N W H» OO N © © O

H, pressure (MPa)

Fig. 12 Hydrogen uptake properties of synthesized
Cu,PDC,. (a) Gravimetric uptake at 293 K,
10 MPa; (b) Volumetric uptake at 293 K,

10 MPa. Values for IRMOF-1 are shown for

comparison (dashed line).
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BREHEH P IE L 522 R ENEDEHE LS. &
7z, 8.92MPa lZ¥51} 2 KM AR b 72 D O ARRAE B i
12 8.66g L &, IRMOF-1 O 2 {50l 271 L 7= (Fig. 12
(b)). THIZWEIREMEE LT3 TEVVETSH 3.
FRCHBFZ IS BT, KBRBERBEE R RE NI LT
g DIERBERLIZKESEHIRTX 5.

WL D2 OWEIZB T 2 RSS2 5 van’ t Hoff plot
W TEM L 72 Cu,PDC, B = %L F — 1% 6.0kJ mol™
T, IRMOF-1 {2 }b"%9 1kJ mol™ K X iz~ L 7= (Table
2). ZOWET X i, 4P PHEL /NN
T d - 724, IRMOF-1 &b k& < MM Az
HUVED TH - 7.

&b RS 1,000m” ¢ FHETH B2 hb
53, Fig. 12 (b) T/n&h 5, Cu,PDC, DHAAFESH 72D
DO EHDN IRMOF-1 O 2 5 2R U 72 KIE, B AR
B 2MEOWEY A bEATEI L, EFT LT =
NI L, PR T EIEWE T ERICHARDE - Z
LTHDBEELD.

5. &8

AT, JRRHER W AR 5 Bl H 1 R e K R
BoBEE, 20K ERRT. T2 THE AR E N
Cu,PDC, k%, HEERIA 1,000m® ¢ FEETH B2
b b, RAKENEE R 8.66g L™ &, IRMOF-1®
2 fEoliER L7z ZOERKE LTI, B &R 20
DO A P RO, Wg T 1)L ¥ — D8k, K 7R
WCEH LRGSR TH > EX2 5. 2 LT, KK
R AR O RS RRGT & BRI, S A Tkl & % 3
sa-F 7 LNLOBFEERSHE, SRR L 21
THRIDRPEZNY =L TH B ERLIHEEZF L TN 5,

SE X
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