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FIECA 8, AT H M Pd B#% BRI, Zhou 2% 1]
et 2 H TRIOR s H 5T A b T Bt e

THARI RE B SZAEAL RN RE AR, i AFRAT T3
FEEA /N =S5 A IE DU T4 Pdy BIR, XFERE
ARG TS, SO TS RS AR

(b)

1 (TR () AL R 40 % COF-108 4 ) 3  Fy
HHTP (a) fl TBPM(b) BIFEHAL, H A2k fh, K
MEERETF 351208 O, B, CHMH

Fig. 1. (color online) The optimized structures of
HHTP(a) and TBPM(b) cluster models to represent
the building units of COF-108. Red, pink, gray and

white atoms represent O, B, C and H, respectively.
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PLT A5 45 AT A 2 20 5 HHTP A1 TBMP [#] 7% 4%
fu, I R T ANFEIFIPURE A, Pdy YU LE 1 #% b

AZEPd‘;@cluster
= Lcluster T+ EPd4 - EPd4@Cluster7 (]-)

H Eclusters Eray M Epd,actuster 777 9 HHTP B¢
TBPM [ #%. Pdy 1 Pdy T # 7€ HHTP 8 TBPM
P PR A ) L R

XPT-HHTP A%, FATH R T Pdy S FATRER)
VUM AL, sy WA AL Bl —>Pd R 74>
AT R 2EIR (A RI) 15 B-O 3R AHAR ) 4538
(1C A RID) Qe IX R BY 23 bR ic ol cfgl1
cfgl2. Xt T8, AR PA-Pd B A [F B, 3
HRE T SRR (1) PA-PAd#E AT T C1-C2 #%, id
Hcfg2l; (i) PA-PA#&FAT T C1-C3 1%, 1dH cfg22;
(iii) Pd-Pd B FAT T C1-C4#%, it N cfg23; (iv) Pd-
PA BT T C4-Ch 12, 184 cfg24; (v) Pd-Pd#F
1T F C5-C6 8%, ic M cfg25; (vi) Pd-Pd % H T
C1-C9, it N cfg26; (vii) Pd-Pd ¥ H T C4-C7, ic
Hcfg27; (viii) Pd-Pd & HH T C1-C6, 1N cfg28.
T P2 i =% e 7 R Y B Pdy BFE R — AN I 2
5 RIFRILIAFAT, i8H cfgd31 Fl cfg32.

T U BT AR, RATRYE (1) it H
T HHTP A& X Pdy R 26 RE, Wik 1R, M
R URATLUE 1) a5 R RO flon) B2 1 SR 4
239N 0.51—0.53, 0.90—0.99 F11.27—1.29 eV, H

IR, Pd g T 5 B e fl i) 2 H OB 2 R 4k R
KR, B DATH % fid I 45 K B A e 2) BTG B
[FJ IR, AN [EJCRR HR e 0 97 8 R 48 R 22 70 AN K, 35708
T0.1 eV, JUH A b, 1R 2 8 RA0 AL J5 & T
— By, X R PRI A X R A R R AN K, RS
T A 55 o AT AS 1528 R DR ) B S R
cfgll, cfg25 Fl cfg31 43 HIAE A ma A% A T2 ik 14X
R, B AR cfgl, cfg2 fl cfgld, WP 2 frw.

#1 Pdy JURE HHTP f1 TBPM H#% LA
g

Table 1. The binding energies of different configura-
tions of Pd4 deposited on HHTP and TBPM clusters.

- AFEpq,acluster/€V - AFEpg,@cluster/€V
HHTP TBPM HHTP TBPM
cfgll 0.53 1.55 cfg25 0.90 1.87
cfgl2 0.51 none cfg26 0.94 1.81
cfg21  0.93 1.87 cfg27  0.97 1.89
cfg22  0.90 1.89 cfg28  0.93 1.83
cfg23 0.91 1.87 cfg3l 1.29 1.96
cfg24 0.99 1.86 cfg32 1.27 none

AT FE T Pdy £ TBPM B #% i (A [R] 74
RUAPURREL ], THE T AR AL R Re (78 W
1), 5 HHTP A fE#E47 7 X, BT TBPM
R —280R, B DL S AT A 8 R — R 7,

2 (MTRE) RALER Pdy HIFETE COF-108 b MiiAR 2y
Fig. 2. (color online) The optimized deposited configurations of Pd4 on COF-108.

157302-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 15 (2016) 157302

3 MFRIC N cfgl M cfg2; XF T 1 B fi, 4 Pd-Pd
B WA RN B ], FRATTE B8 T 8 Fl A AL, 43 Sl 5 icd
N cfg21-cfg28. MK 1 H A %0, TBPM 5 HHTP X}
Pdy RHLH W SAMLLZ 4 1) Pdy B 7% 5 TBPM
B H B2, RaEReBkoR, Il sfzoe, R
RTINS, a8 R T 2 i g 284 %) SR 8 6 433 M 1.55,
1.81—1.89 f11.96 eV; 2) 5 HHTP M [A], # £ fiki)
R AR H ) K R 48 R ) 52 T AN K, T A2 efg25
VE RN AR AR R AT, BRI cfg2, W 2.

ANFE 2, X BT AT, TBPM X Pdy
PRI ALK T HHTP X Pdy HFER R 4fE, X
RUHIE X Pdy BIFER R A T 58, 3 B KA AT
s =RV AL M B, TG & & 4t = M4
METT, T EAE 2 CHBJE T 5 PdE ¥
FHEAER, B0 P R TR 25 58 — 25 fhyth ]
B850 Pdy RIETTAAE TBPM B ik, i BB
1) - LA TR e 77 =X

3.2 H, & Pd,QCOF-108 4 Pd, + 89 I}
MiFnfZss

R R R, He 0 71 Jcil it 5 Pdy 8
AT AR B A F S AR R HL R 1, 20 AT E Pdy 1k
I L SRR B COF-108 2 M L E, Ik
SRR LR R T b BT DA R A 4
PEE: 1) TR B B Pdy 7% 1 Hy 21 BEWS AR 55
H 5 ¥ 2) & 1 H 7 /e % o Ik 2 95K 1 Be 22

(e)

M Pdy F#%T# # COF-108 I 3) HJE F Rt £
COF-108 K [t — 4 #.

T e AT I8 Ha 73 1 15 Pdy b (1) W B A0 i
Bt R Ho 4 115 Pdy b1 7R R B 4G R Ky
AWM IVES, T RIRATE Pdy B 5% I K k5
IH 47 F, 2457 B3 8 /NF1 74 Ha 4 1 B,
Pd,QHHTP fil Pd,QTBPM 1 Pd [#] #% ik 3 11 A1
RAS, HURE 584 DL H 578 U0 78 Pdy B7%
., BB AE PA SR TRAL B A (0 1 3 TR,
X ULEH Hy 70 F 0 B A2 2 B 3T, X5 3
ik [27) 2 B — 30, W R ST R AR AR ).

Pd,@substrate M FUR & X Hy 79 F 17 510
SR B e R R 2 UA

1
AE&dS = E(EPd4@substrate + nEHQ

(2)

- EPd4@substrate+nH2 ) )

y\: EF‘ EPd4@Substrate7 EH2 *D EPd4@substrate+nH2 ﬁ
ALK Pdy@substrate, 1> Hy 4> T A B4 n A

Hy 4T ) Pd,@substrate [ & B &, n A Pdy Hl#%
AR B He 2 HIECE

® AT E )X i H T Pd,QHHTP Al
Pd,QTBPM W] % i A [8] 7 2 75 7 AR 25 1) Pdy
XF Ho 43 7 WP 3940 R Bt e, 210 T3 2. K2
" LAVE H: 1) 78 PA,@HHTP A1 Pd,QTBPM H#%
H Pdy % Ho 73 H-F 340 22 B fE 23900 9 0.63—

TBPM-14H-cfg3

()

3 (MTIEA) He 4 F1E Pd4@COF-108 H Pda |- fRIHLFRIIR fi 4 B
Fig. 3. (color online) The saturated adsorption configurations of Hy on Pdy clusters of Pd4@COF-108.
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0.75 eV /Hy 10.59—0.66 eV /Hy, H H A& HIW
e KT, XU, Pd JE 753 i A BAE
R, AH S H 7 AH BLAE F RES; 2) ik
Pd,@QHHTP it & Pd,QTBPM [ #%, %t T cfgl
Fl cfg2 MBS, cfgd 14 LT 3504k 2 % Bt BE 45 B
N, XK PA R SR R A H 2, o
H J5 7 R i i), 8 R T AR 7 ) BRI .
AT, ARG T HHTP H3% 17 5, TBPM H% 5
AHRT HEF 10 BRI X T Pdy 7252 B1#% B
(P AS TR Y0 W) 28 T 2 fid #2888 5 R F HLJR 7 1)
iLF.

#2 Hp ) T1E Pd4@QCOF-108 1 Pdy RN B ¥

T AL B

Table 2. The average adsorption energies of Ho ad-

sorbed on Pd4 of Pd4@COF-108 in a saturated level.

- AFEqqs/eV/Ha
HHTP TBPM
cfgl 0.75 0.66
cfg2 0.68 0.61
cfg3 0.63 0.59

3.3 HEFMNPd,[mHHTP f1 TBPM
A 0pa R B0 2

H R Qo] 30 21 2 3R 1 DA ST B Re 22 2
R DL RESE TE 5 IR T RGP id [ B3l ) 2
B A L FR (1) SCHR IR Y, AU IRATA AL T H R T
M Pdy 1] COF-108 K 1L 2. H EF7E Pdy
VAT B W Bz B T A3 9 T 7 (LA Pd—H B8 T X
Bt 7E Pd ) T5350) A A7 (B Pd—H—Pd 8 & 20
fH7E PAd—Pd i I). WFFigs KRR, AWK H
JE - RE L F% B B R R T b Wik T A H R
TRk HAHi5h B HHTP 58 TBPM H#% 10 £ L,
PeAL JE 15 B B Pdy BT#%E b IX 2R N Pdy
Xt TS 17 B Mo | BT RO F B2, T bA
BB AN S KT 1), Wa %k B8 e S  H R T
M Pty A% b7 BB 4 S dR T AR R T
LA

i 3.2 A4, KT Pdy 78 32 B A R AR
P T A b 2 B A R LR 7 ) B RIS, P
DAFRATTEA cfg3 1 AL A, fH CI-NEB IS R
JrE R T HE T M Pdy [4#% W HHTP 1 TBPM
RIEE R M IRICRER B AR, WE4FTR, XERY]

B KRS ESHER . NE 40T LLE H,
H J& ¥ HHTP Al TBPM £ [T # (T % % 224
Bl 1.82 F11.68 eV, X 1 A AH N (1) 18 F8 3ok 72 4 W
# M. HHTP il TBPM BIE RS e R R thid
JEARER0.17M10.21eV, FrLlfaE i 2, X%
HE A% B L R R 1 H R b iy E R4k sy
B, AT H 57 e 2R E. 24 Pd-Pd #r
R H JEF (bRidoh 1) T BRI G, 55—
ALFTRAL I H T (i 2) 2 A 3RS B AL
b, AR AL 2 T DLFR S8R4T, T2 3.2 15 A
BRI (2) SR

M 4 rpik ] LA B, H R T M Pdy B 5% [
TBPM %[ B J5i v FIiEf R % 22 L HHTP K [
CIRF LB R A2 BAL, XRWITHFITE IR
WG RAE, X532 e 2 — 8. 3.2
FAR 5, PA,QTBPM B #% % H R 7 19 38 284/ H
tt Pd,QHHTP B7% 5 55, FrPl H IR 1 M Pdy EiE
FE I 75 I e B S AR, MO 35 22 K.

2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2

0
_golt £ | |y | | |
' 2

FHATRER /e V
T T T T T T T T T T
£

1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2

HHXTAE R /e V

—-0.2

B4 (MTIRE) HET M Py B HETP (a) I
TBPM (b) R M/ e RS

Fig. 4. (color online) The minimum migration energy
pathways of H atom from Pd4 cluster toward HHTP
(a) and TBPM (b) surfaces, respectively.
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34 HJR F 7 COF-108 f1 Pd,@COF-
108 FRE Y BULFE

WA LB 5E T 42 Pdy U ARG Pdy 7t
A H JE - 7F COF-108 2 Ji 35 1 i 7 Bl F2, 3k
BT EANR RN RS, WESFR. A
KI5 AT LR i, G Pdy ks, HIEF MW HHTP Al
TBPM K [ M4 BUEE 22 73 7 8 1.17 F10.95 eV, 1
R RT BA 2R FF H R 776 COF-108 3JK#
TH B4 #, 1% 2% B H R 7 A7 DAAR S Hb W B 78 2% THI
b, RS REN Y Hod A A TR k. (H
&, A Pdy 18T, HJE 7 M HHTP 1 TBPM % [
M4 HURE 22 53 31 9 0.56 F110.18 eV, FITE Pdy 1%k
ST L, 3 Bsh 22 B B BRAIG, X U B I &2 )8
PAIAFAE, R H 7y SOt FEE % 5 kL.
M 5] DUE 1, LB A Pdy 3 E HHTP
AMTBPM % b, H 7€ TBPM £ [ 4 #fe
2 HHTP R B, X $i8 H 577 TBPM

1.4 T T T T

;/;\'\@

Nelmd o T

1.2 —0— HHTP

Lok —°— HHTP@Pd,

HXRER: eV
N
N\
AN
\
e
-

|
e
[\v]
T
]
I

—0.4 | | | | | | | |

1.0+ (b)
—&— TBPM

0.8~ —e— TBPM@Pd,

0.6~

0.4

HHXRER /e V

0.2

—-0.2—

—0.4 | | | | | | | |

K5  HJE T 7E COF-108 3 [l § BT 1) i /) g & %
£ (a) HHTP R IH 8K 48 W & MH A6 I C-C I 1;
(b) TBPM E ¥ ## 1% B-C J5 I

Fig. 5. The minimum diffusion energy pathways of H
atom along the COF-108 surface. Where the diffusion
pathways are the adjacent C-C direction on HHTP (a)
and B-C direction on TBPM (b), respectively.

R BOLREE R 5 kA, RS A g —
Hw.

4 B %

AN

AAEH DFT 770 58 7 Ha 40 15 Pd £ %
COF-108 iy i ALEE, #4L T Hy 4> 77 HHTP
A TBPM % o (1) B A S ol 72 Ho 43 7 1E
Pdy W B AR B, HE T Pdy HFE R LR %R
T A ATE B R R T i B il 2. g 1
FW: Hy 4> F1E Pdy B 1 fif 2 i 72 42 H 3h it
1T, RANT Pdy BN B H R T Rt L #
FIF R by RETAL_ L H R TR BT R
FIE R E W L, BSMA LR H IR RS, TR
H 3T B AL b, TS T #8072 FE 82 47
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Density functional theory study of hydrogen spillover
mechanism on Pd doped covalent organic frameworks
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Abstract

Hydrogen storage remains one of the main challenges in the implementation of a hydrogen-based energy economy.
Among various porous materials, hydrogen storage in covalent-organic frameworks (COFs) has attracted the most sig-
nificant attention since they were first synthesized due to good stability, large surface area, porosity and extremely low
density. Although COFs exhibit promising hydrogen storage properties at very low temperatures, their hydrogen storage
capacity is not satisfactory at room temperature, which is too low to meet the uptake target set by US-DOE, thereby
being unable to have practical applications. Remarkably, hydrogen spillover has been experimentally demonstrated as
an effective approach to improving the hydrogen storage capacity on porous materials at ambient temperature. In some
of the most promising results the metal-organic frameworks (MOFs) and COFs have been used as substrates. However,
the structures of many COFs materials are quite complex and the experimental condition is difficult to control. Further-
more, the sample preparations for these hydrogen spillover experiments are also very difficult. Therefore, only COF-1
is used in experimental study of hydrogen spillover. Although some theoretical work has contributed to understanding
the hydrogen spillover mechanism of COFs, many basic problems about hydrogen spillover have not been solved, which
hinders its practical application to a large extent.

Based on the above reasons, the hydrogen spillover mechanism of Pd doped COF-108 is studied by using density
functional theory method, which mainly includes the various deposited configurations of Pd4 cluster on COF-108, the
adsorption and dissociation of Hz on Pd4 cluster of Pd4@QCOF-108, the migration of H atom from Pd4 cluster toward
the COF-108 and the diffusion of H atom on COF-108 surface. The results show as follows. 1) The larger the number
of Pd atoms interacting with HHTP or TBPM cluster, the greater the binding energy of Pds deposited on them is.
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Deposited configuration orientation has little effect on binding energy. The binding energies of all deposition configura-
tions for TBPM cluster are larger than those for HHTP cluster, so Pd4 cluster prefers to deposit on TBPM cluster with
face-contact configuration. (2) Ha molecules spontaneously dissociated into Pdy cluster, i.e., a barrierless Hy dissociation
process takes place, which meets the first condition required by hydrogen spillover. 3) Only H atom located at the bridge
site may migrate to the substrate surface, and the migration process is an endothermic reaction and less stable, which
indicates that H atoms will further diffuse on the substrate surface. Although H atoms located at the top site may not
migrate directly to the substrate surface, it will automatically migrate to the bridge site after the H atom on the bridge
site has migrated to the substrate surface, so the migration process may proceed continuously. (4) The introduction
of transition metal Pd can greatly reduce the diffusion energy barrier of H atoms on substrate surface, which makes it
easier for H atoms to diffuse on substrate. These results may help us understand the microscopic mechanism of hydrogen
spillover influencing the properties of hydrogen storage on COFs and provide useful guidance for targeted preparing the

COFs materials with excellent hydrogen storage properties experimentally.

Keywords: covalent organic frameworks, density functional theory, hydrogen spillover, hydrogen

adsorption
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