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First-principles Study on the Structure and Stability of Two-dimensional
Hydrogen Hydrate
Zhong Hong (Physics)

Directed by Prof. Li Shuguang

Abstract

Hydrogen, as a clean sustainable energy resource, has attracted widespread attention from
both scientific and industrial fields. Nowadays, hydrogen storage is a key technological barrier
to the development and widespread use of hydrogen energy. The main hydrogen storage
materials and technologies currently used include high pressure gaseous hydrogen storage, low
temperature liquid hydrogen storage, metal hydride hydrogen storage, carbon-based material
hydrogen storage, organic liquid hydride hydrogen storage, etc. Hydrogen hydrate as a green
hydrogen storage method has caused extensive research. Among the many hydrates, two-
dimensional hydrate is a novel structure hydrate, which can grow in a narrow confined space
and has a high mass density. Two-dimensional hydrate is a kind of hydrogen storage hydrate
with great research potential. However, the research on the type and stability performance of
two-dimensional hydrogen hydrate is very scarce, which has caused great difficulties in its
application.

In this thesis, first-principles research methods based on density functional theory are used
to investigate the stability and influencing factors of the two-dimensional hydrogen hydrate.
Previous studies on two-dimensional gas hydrates usually used methane as a guest molecule to
study the two-dimensional methane hydrate formation method and crystal configuration. In the
existing theoretical studies, the phase of the two-dimensional hydrogen hydrate is an amorphous
configuration. And so far, regular crystal phase has not been synthesized.

As a result, we studied the basic two-dimensional hydrate cages firstly, involved in the
two-dimensional hydrogen hydrate amorphous structure: 4%, 524, 6?45, 7247 8243, After a large
number of calculations, 4° and 5%4° do not have the ability to store hydrogen in five kinds of
two-dimensional hydrate-based cages. 6°4%-H, shows the best stability as a structure capable of

storing hydrogen. Because of the large internal space, 824® can enclose up to four hydrogen
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molecules. As the hydrogen filling number increases, the stability of the infrastructure decreases.
On the other hand, the stability of the two-dimensional hydrogen hydrate basic structure is
affected by the interlayer distance of hydrophobic interstitials (graphene). According to the
results, the most stable configuration of the cage occupied by a single hydrogen molecule
corresponds to a layer spacing of 9.0 A.

Importantly, we predict four two-dimensional hydrogen hydrate crystal structures: BLHH-
I, BLHH-II, BLHH-III, and BLHH-IV. BLHH-I is composed of 624°%-H,, and its hydrogen
storage capacity (2.703 wt%) is the largest of the four crystal structures. And also, its hydrogen
storage capacity is better than sII hydrogen hydrate using tetrahydrofuran. In term of force,
BLHH-I showed the best anti-external force effect. dynamic studies show that the BLHHs
structure are relatively stable at low temperatures. On the other hand, the crystal structure in the
confined space is more stable than in free space with no hydrogen molecule escaping. From the
analysis of the results obtained from calculating the binding energy, BLHHs in the confined
space is better than hydrogen the sII type hydrogen hydrate with high recognition in the hydrate
field.

Keywords: Two-dimensional hydrogen hydrate, Hydrogen storage, First-principles,

Stability
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Figl-1 Structures of the s, sIT and sH hydrates!??!
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Tablel-1 Hydrogen storage capacity in hydrate using promoter (Tetrahydrofuran)

Type Concentration Sample Amount of hydrogen Refs.
size (g) storage (wt%)
sIT 0.15 mol% 5 0.43 Strobel et al.[27!
sII 0.2 mol% 0.83 Anderson et al.l??!]
sII 5.6 mol% 1 0.95 Sugahara et al.[*”]
5.56 mol% 10 0.28 Nagai et al.b)
s, sII 5.56 mol% 1.05 Ogata et al.3!]
1 mol% 1 0.1 Talyzin et al.3?!
5.56 mol% 1 Saha et al.33
5.56 mol% 7.36 0.19 Yoshioka et al.l>¥]
5 mol% 0.12 Veluswamy et al.[3%]
3.5 mol% 0.169 Veluswamy et al.[3%]
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Figl-2 Schematic plot showing temperature and pressure conditions for existence of different

hydrogen hydrate structures!'!
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Figl-3 Qusi-1D octagonal H; hydrates formed in single-walled carbon nanotubes!®¢l. (A) Singly

occupied (per prism) octagonal H; hydrate; (B) a nearly perfect octagonal H, hydrate with both

single and double occupancy; (C) doubly occupied (per prism) octagonal H, hydrate with some
defects; (D) a nearly perfect doubly occupied octagonal H; hydrate
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Figl-4 Crystal structures of Ih-Co and C3 phases 71, (A) Th-Cy structure at 0.5 GPa; (B) C;
structure at 30 GPa
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Figl-5 Monolayer hydrate sketch 7., (A) A snapshot of monolayer Ar clathrate; (B) a snapshot of
monolayer low-density ice which geometric pattern is identical to Archimedean 4-8? truncated square
tiling
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55— JE P+ 5 (First Principles Calculation) , 55 9 M L5 (ab initio calculation) ,
FIEA AR 2 TR R R AR T AR TR (BRUE TS0 MM 2R T R,
it H RE A IR A B 2R Tk R 25 I, 3@ I BB R 1 ) S 1 1 T 2
SR R IEAT “ AR A1 7 AU . AN T2 58 ) (empirical) B2 5 ) (semi-empirical)
B, B MRS B E TANAROR S I DL SR A A PT DAIRAR AR &R, 1 L
FLA B a5 AR I I A R, LGN . (b2l b B P B ) AL
Jii

JUSR SR — MR R SR — MR TR T )R ATE EE, KRBT Ao A
H: —HKRMKIE, Ll Hartree-Fock HVEIE AL 5 52 % B2 312, Density
functional theory (DFT) , IXFP 7k % O AE T8 FH i 12 B L B AR i sk 4. ok
S E— M SR ERT L — R VAR 1R MK TR, 2 BT DU FEdr 44, — AN EE
PRt e R A B — PR R B S A BB M A0 S5, VH BT R E . el R D
B, X — R AFEN ST A AR SR SHUE R RO AR AR e 22
1. AT AT RN AR G R, TR T D& M- R SR, G
CHZ AT R AR T S, R RS BN K. BT, SRR
CABCN AP BT SR A ) — R E BRI, A, AT RV — 1R
HHR 2 E TR T DFT Wit 5.

&

N

2.1 BEZREBERHNEREIRRIRKEKZE
2.1.1 Hohenberg-Kohn EIE
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Sk, AMHIEH O o KFT, KRR AL Z b BT A P T MR . REREHL, T
IR 2 :
E[n(NFE[n(N]+E [n(N]+E, (2-2)
Hop, B In(n]ZR EFI2hRe: BRI 2 A BLAE 34 RE R B B, [n(r)] o5
E. [N(NIAE 7L MM EERAEE: Ey NAMGA FRIEREE. L0,
E e [N(r)1 2275 19 FL 7RI H 8 9% E A A FH B 82 24 B0 368 H 1 5 v 2 T 114 26 A LA
F -5 o7 2 R FARAH BRI RARIR N
E [N(NFT.[n(N]+E,_.[n(N]+ E, [n(r)] (2-3)
BE—E 4, WS TR S A EAE A E [n(r)] XCELAE BT R 52 B E, [n(r)]
AL 18] [ IR RE B [n(r)] B2y, B
E,.[n(NFE,[n(r)+E[n(r)] (2-4)
ZJt, HR4E Hohenberg-Kohn FIWE & HE, 1A R A B8 & 1R MR (¥ SC B 46 T i@ it
SRARRLF-5 FE R B0 (r) T SRAR LTI BN R, HF IAD PR 58 R RT R 8] 1 DG TR g o
2.1.2 Kohn-Sham 75 & RiA{0F5 3%

NFRRAK 25 F 7 B BE AN FE KL T 0% B2 H B0 )@, W. Kohn #1 L. J. Sham T~ 1965
32T Kohn-Sham #FE3. K-S 75 1= A% AR /& B AH ELOCIR IR 22 B 11 Rk
IEAURERE b i Se Bl sl A, RIS DFT i85 m v B AR R B i, RS ARR
B R AT RIRZ R o Exc[n(r)] (ZHRIFIRIZERD 2 AR K1) Kohn-Sham J5 #5 H )
ARENT, Schrodinger 77 FEIIHERSK AR, RA IS X —BUE KA BRERA e, IF
He Wi BT E g BRSO e . B AT, ACIROCIGEZ BR E B =R, RIRIE

10



T E AR (AR il 20018

Tl LDA (local density approximation) |~ X FfEITfl GGA (generalized -gradient
approximation) FIVE &2 B4,

JEy i BEI AL, (LDAD 2 B {7 B (1 A2 e R Iz BRI AL, A% B AR 2 DAY S LR
IR 3 ORI R AE N T AT AU TSk R TH R, HREX N

ELo(N] = [ o)z [p(n)]dr (2-5)
TR 2 s A AT LA e dul 2 3 AL o] DAAR S R, o FL R I A v 585 P AR AL 2718 1 1k R
B TR IR R ER, R T R AR SRR R GRS, LDA 22
eI EAE R RE, WA SEAEFI 7> THERE .

AT BT A S BRI, ADE SNBSS LDA 47T
GEMABIE, 32100 — ARz Bt BB (GGA) P71, AHEE T
LDA, GGA B T T2 HREFIAHCREMITH I 45 0L, BB AR I i H A vl 75 AR AL 4R
PRk RZ57, HEREA

ESLo(M)] = [ p(F)z, [o(r), Vo(r)]dr (2-6)

HAT AL, GGA & ZMIE A HICEZ K, W FHE) PW91. PBE. RPBE %%
(56581 5z b, GGA R BITHE A R LDA A5g AR, B bATHE 45 B AE 5 S i b
B EAT N Bk, FERE—AMA R BT BT BT, ROGHIX BRI AU 7 VR
ATVEAHINR, i RIE BB G B e R BRIZ 1R

TR IZ PR /2 ¥4 Hartree-Fock BRI FEI2 s BRIRAHSE &, Mk 2% Hartree-Fock 1)
FekE e S DFT LSS B kB Red% — € LR Ak, ARIER A LLBIAE, i
B RIRF A2 B0 B3LYPPY9L, PBEOI!, s X-LDA®2I2%,

Hif, DFT S4Bt kit S — Pk S a5 i bs e TR, (HIRIRIZ,
DFT W45 RN OK FIASRESR N 0 atm (455, XG5 ESHAERARFK. AT hE
il T SRR AT BRI BE A SR R BIRAS B8 — PRI R IR ) 22 0 VE BB A R Je i ofeL93-66),
P 7 9 3 ek SR FH 3 A AR 2 R KK 2 B bR FE R 1 48 R B T AN TR T B
.

22 BRIZIEEL

R T REEM Ty, 2 Mg, HoaT IgEE 112 5 A — A X33 53
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— A DXIT 5 T B I A 2 R g B v BT AR A ELVE . AR 4 Hohenberg-Kohn 52 2
TATAT LA, FUERSR Y Ex[n(r)], TR 2 (0525 RE BRI R 25 W7 25 Bt mT Ao
oy R IR R o FTLL, SRBE I ETE T Exln@)IWRME, AMRUEX— 8, AATEE
SR FH R 33ORT 3 s P2 R DL o 36 SRy A B 3 B R e A B AR AR ELAE
PR bk T AAR 47 e R 85 - LA SRS AR I SR R A A S s TR R P B SR LA
FETCRE N J1, BIANVEAE FL /R Wi S A fds. A, —2es iz i (an B3LYP) 7EiR RS
I BEAR FLAE AR RIS BB R I 2l HE B, 5 RAE T E A A BB Rl A 0 7 R IR AR (8
HIUHE 67681,

b 5 V2 B 7 et C IO ELATE FE R A VR R 1) i R, L e R BT A
JiiE R H A NI U IE T S50, S FOR B TR Z Mo T (il IE 19 51,
WL, HATECRIRAT IR IB IE TR

1) B FHEAERZEXIERL (vdW-DF) , XA SR AL (A% O AR 2 il 405 A

7] EAFE ) Van der Waals % [ 12 pR (09701,

2) JEFAHEAE 2GR, (DFT-D) , X A5 1% 32 B2 )5 & 75 LART 1) DFT (15240 -

b B O B TR,

3) L F-HFAHEAERH Z Ll (DCACP) , X FEE L Lilienfeld 25 A& H 5T

DS I SR S R IR,

4) H1 Becke %5 A2 HF7E LLRT 19 %5 232 R 125 AL VR4 0 | Hatree-Fock J7 21177

4,

Hrp, DFT-D J7id/2 H Al A RIS ) Bl #vi i, X phor i se Bk
WGy, M AT T H & . DFT-D J7vE M — AN R 1 AR IR 25 5 sl A
THEEBAR EAERRE, BRibz 4, 51— MEB/RF TR FZ DFT-D JHEAUNGE 1
SHZ BRI FERA, T B AR 2 TR — s, vk, T EEuH
HAEFH RR P MR AR L, E B O AC ORI A KRR AN IER, 11 DFT-D J5i%
X E R FLAE R ) TE AR A BT it W A0 e A 4 G 3Al T v 1E . H R, A
B2 B Grimme 55 A K JEIECRE DFT-D2 Al DFT-D3, 415X AN Rl 44 £ ik F
EEM T, AR CERE 2 5% 177152 DFT-D2.
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2.3 [EH

JEEHA K 3= AT 2 P ORAS AR S B i) L 3, AR L AE TSRO AR A i ik, wT LA
T AW ST T, T NERE T (BLSHE 1) ZRE T4 R
MR R BRI T A E, R TR, CENZERT (R T) RAEPUESR
B BRI, BATRT LR SR AR T s BRI N, R TR AL R
TURRE R T B R TR B A AR R S8, T A T T . B
LR SR 7 AR T G B A — b O B R R B e D B R R T — A
AF D Skathiik, AT Al — R 5 H 7 P B . HT i pR B 5
AT 22, BCARIZIARYG RIS, en] DLE AR B (P TR s, R R B 1
R R WA LA E EAR AR TSRS E LR, PrAANTEEREEA ST
PR, RO 1 iHSE, U] 2-1 HA 1 b e o 1R Jd R 2R g R i A R e A I
PR o

Effective

L )

‘ . lpall—electrons

B 2-1 ST R TR A R R TR 2 R B R B o R

Fig2-1 Schematic of the transition from the all-electron atom model to the plutonium atom model

and the change of wave function!¥

LR A EA R =K B EE S (Norm Conserving Pseudo Potential, NCPP)
731 JEEKJE#A (Ultra Soft Pseudo Potential, USPP) 76V #5228 hn~F- 11 J/71% (Projector
Augmented Wave, PAW) U7, 455748 il 345 (1) e A AR R - A N BT 3 S 118
LT AH [F) AT A2 A B R TR R — 3, BRI 4 1) A B 2 B i«
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[ = [ e (O ar (2-7)
AU TR, SRR O 47 T PR i MUBTRO BT, T A4 th A

]

%

5 _ERFEE|H NCPP JEHAHEL, USPP JEHAAEHU AR ER Iy —F S -1 i
L, FEBR AR A, XD TR R BT R T I CBUNILERED  TEANE
M RO FE PRI T B RN TV SERAS, 3 TR . 5 NCPP R #AH [Flff)2, USPP
R R A I B AN R Ay 2

PAW [ 35 AT LAE 25 R 5 A% 4 vl 13, HCm) DA A AR R MR S50 P T g, A4
T SRR FE, FLAACA s FESRH BT R FL T (038 R 5000 I T AN [ (0 S 4 3

PAW i 55 HIAE) s 2 BN 2-2 IR W e HISP TS R R B B T I BR L, P e
NBLUAE BT 5 L AR 1] XA R RS LTI BRI, W D9 FEL T35 BR BSORMAAY LT3 R
W ERE DY, Fril, BERESEI BRI Y o SAAF BB R AL P, RBONEKITH
S A LTI BR U o Wy RN

2 N

inter core net

(2-8)

Winter

Atom Center

B 22 PAW H KRR E

Fig2-2 Synthetic scheme of Projector Augmented Wave pseudopotential
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24 TERERIEEFNS
2.4.1 Materials Studio

Materials Studio # /23 H Acceltys 2 & FF & I FAR R 4, HIhR a4
AR EARE A7 FUBLADL M 0T CRED 23 BT 55, BCEEIY) Windows iRAS P B R Materials Visualizer
M TR TR, T &R SRR M &, e s S
Hs EAGE ROMTIhAE. ¥ 4h, Materials Studio 38 ¥ 1R £ F T AR FIZE AL T R AL
FiHe, 0 Discover, Equilibria, DMol3, CASTEP %%, JLF&F— N MEM BT H K RHT
LA AL XA . FEABE T, FATTF 2 A Materials Studio # AT — 4E 4
SOKE VIR ERSE, LS B T AL 8%

2.4.2 VASP

AW TR FE T E A # 2 EIE VASP SERU), VASP B4 FRsE Vienna Ab-inito
Simulation Package, /&M Vienna K2£[¥) Hafner /NI /& (35T DFT - FH ~F 1 i &
T 511580 J1 R — P JE B BT A5 AT S AT R P AL, VASP 2 H Rt
R EATHE-MEHET R ZHRARRr—, R EM B2 S5
R, M) MR, THEAPRI 32T RS ITRE . B4t A
R, MSKE ST AR STM B SRS, A G~ T gk 1 7 v Sk ik
LR S (R AR B, mT R BTN 1 R AT S A R A MK B4y
TN SRR . AW A R B VASP St iR SOK AR B AT SR A AL AN 2R
JEXT B 735 A8 e Ve RS W MK B0 130 0 2B
2.4.3 VASPKIT

VASPKIT j&—# k5T VASP BFFaaa# TR, RN —3 A8l FORTRAN
5, HBEME LINUX A8 FisfTe —atml st HEEDREA . A T EARLE
1) INCAR SCfFs ARG BIRFRYE: BB T oF B E 0] K Rl Ab3ARHT)
RETTHE; ACERRATE L RS, Sl R, PO R IE: AT E DOS
ML PDOS;  tHEAEHO BSOS I 5 2 SO0 2 i %S . AR 78 3 2R K
VASPKIT BEAT THRAT 55 BB Jo Ab 3
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2.5 REINE

AR B XA R I BAREERE AT R TR AT T RN, AR 1A
M, DFT S AHCNE, CBUMBIETNE, EHEMOEF b BT TR AR . AT
T T VE R—RASK AT 30 S50 35— PR IR 50770, JRARYE ) BT e B A ()
EVE R IFITHE, BRI YRR UK G YR R I 2R E) ) 2R e T RN VRAN
BbAh, AREEANG TR E OB — R Z T, f4% vdW-DF. DFT-
D 1 DCACP %, i xf SCHR KR BRI K& i B as R bLE, AR &L 1 H
Grimme 25 N K JEHEHE) DFT-D2 J7ik. [FIR, FRATENG T A7l AR 5 v
ZFRRAFEFEF . Materials Studio. VASP. VASPKIT. A& HH i K (N 28 M g 4218 ST
BEAT VBRI TH S A R AR A T IS M AR 4R T
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=8 CHESKANEMAKES N

Kb HAUKEMRIB R R, KEWAEBGE R S A E A, X
SRR S B AWM AR . ARFPSRE 4R GRS ORIET) 1
WHERRREA ZR N, HIEER IR, REEUAR. ET, Bl
MRS 7458, BERR i E BRI TETKE W, ikl =6 s m
HE AT NG REM A eI e T, Sepsc B HARE a5 ITmiL e, A TR
IR EE R TCE B P A SRR S PR =22 B A, E 2B B S8 1 a5 A (R e BRI HL
W2 RS NA] J2 = B S MR E PR RE IS, AR B R RIEE, Dy N —#R 7> TARfE
o

3.1 HHBMFE

SR SORESE NS YRGBT T, AE RS R TR B
NG BIWRFEAINILILTE, S ixesity, JAME M Materials Studio #AF7E 5 1
PRGN, RN 3-1 (A Flos (RIS 805020 B 1 S5 ),
FATEEIK-IK e IR ERAE 3 A s GRUOERESER) 7 T IEER) , fE 5 iR € T
BRI 5, BATREPIAKIA “ &7 £k, Wil 3-1 (B) s, #fRkfFz
[ AT SR AT I R CEAFIBCE A0 TEUKE T, e AR,
Ik 3-1 (O, WEARBEA D THH K55 YLK T a5 fE=me 7,
W JE T aR AT AR AL o

NFGETTE, BATH LR SR B NS BT 775 € L XY mHy, Hh, XAy 73
7R 7KFJ7 AN TE BT K IAEAR, o M1 b RORHRBOKAHKIEE, m Fox/KE T+

AR T RGN R IR IR ——VASP 347 T 55— R BT 5, PAW 251
GGA-PBE A& # R IZ bR 4 FH R FR B - FAH BAR G R, I IS8 H T Grimme 5§
NI DFT-D2 773 Ao b TR AR I i 51 /G2 1) 27 1) € BSORH ELATE FH s SR B S i
T RE W B N 400 eV, A LK X F1 Monkhorst-Pack K s /A% LA 57 [B] B FE, HARFRUE
WER 2mx0.02 A, FEHATE MRS FE T, BrA S M R SRR (CO)
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B0, A TR I ISR B R 0.01 eV/A, REEIIWLSIbRIE L B A 1E-06 eV

A \/‘d fy__,<
\\-_ - = J SRR “'i\/\ ?L
s T

R = ANy

LD lf”

Bl 3-1 —4kEeVERMSHRBETRER (ML 6M45H A% . (A NIRAKFHERER;
(B) KEZEAEE: (O ZTEH 4“H4H; ABRFEART, BRRFIRT, HEEL
R

Fig3-1 Schematic diagram of the two-dimensional hydrate basic structure model. (A) Schematic

diagram of hexagonal water ring construction. (B) Schematic diagram of water cage structure. (C)

Complete 624%-H; structure. Red indicates oxygen atoms, white indicates hydrogen atoms, and blue
dotted lines indicate hydrogen bonds

G E 2 Ja, BAT TR T B S5 IR 0E B8 (Estap 1 Ein) 5 H
H, HHEZEE B ERRREER AR (3-1) For, ZRFRANSEWREEE AR -
2) fHiR:
(m : Ehydrogen +n- Ewater ) - Ehydrate

m-n (3-1)

E

stab

(M- Enyirogen *+ N Evater *Exrapens ) — B
m-n (3-2)
Horr, m Al n 73 RS R T AT HAK S T IIEE, Enydrogen 1 Evvater 73 7 2275 5
NETT T HEAIK I T HIBEE, Enydrate 278 YK EWEEIIIBERE, Egraphene LR ZAT
SRIHHE R, Euow X8 _HKEVE T 2R AR R IS R

i IR EAF R BE A (3-3) RoR:

E

stab —

Eint = ( Ehydrogen + Eresidue ) - Ehydrate (3-3)
:/H\: EP ’ Ehydrogen %%%’ﬁéﬁ*@ﬁt'f{ E]/\]/le_(/zé: I:Fl ﬁﬁﬁ%é\ %% E/‘J %‘E% » Eresidue %E/j—:\‘éldilj *@,ﬁt
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WIEKFETHIRER S Enyarae LARERINAT HIIE RBER -

3.2 BHZEAREMLEN

3.2.1 MR RESERENS

YK E I IERL I T AR S AR G SCIR e R B, T LT RAL S IR £ e n ] 3-
2 iR, BURHIER — AT RAKIETE50, B ARAL I m] LT 28 1 23 9 O 1 I 2R 2R,
A BN AR KA DY TEKIE (49) « Ttk I (5%4°) | 7STu/KIE (624°) L LItk (7747) |
J\TEKIE (8%4%) , BE=FNATIEMRIAR T AFRBEATNE THE, LA HRA
[FIZRA 77 DUH R AR R AR, s/hET——4° R — a0 1,
KNI F— 8248 12 J LT 5 M DRI SE B 6 1 N i 2 P DU 7S 4 NS T

$veid
] P - v/\ ;
View )_ __{ p 4 :I‘\ a \_
-4 > Dann! il
siie T da kol aie i T \r?’ 1
View 2 /‘Lﬂ \" S J‘“\ fU ™M L\ tL ‘)-— Jt *{
46 5245 6246 7247 8248
Yy
" L :
Top \T j’ < N ( , { R k4
. M\ s 4 = a ;& o
View )_ ‘/\ > ¢ 4 A ~ w
A > = =
side T T f\”{ & Ty ) . 11 \"_&F;J
view ¥* g d G U Ad el
46 5245-H, 6245-H, 7247-H, 8248-H,
J Yy 4
k % 'y Seoad - L8 ) ) y.
A r \ S =3 ¢ S N
\T.OP § ¥ { J < L ’\\1 Q \ ; ( \.P Y/ » 1 ( §
iew ) A 7~ A LSS P AL = A W -
b 4 — » o
! 4 | i | ) S | -« — (
e TR OOT TSR I T
e —-lk A i T A X, Y 'J SN rL e, L—j\ A
6%45-2H, 7%47-2H, 8248 2H, 7?47-3H, 8%48-3H, 8248-4H,

B 3-2 ZHEEMAKETSEMNBES THANERKEY. KNS THUEREEER, Kb
O ETM H R T2 A UL BN A &fr

Fig3-2 Basic water cages structures and clathrate hydrate filled by hydrogen molecules. The water
and hydrogen molecules are shown in stick model, where O atom and H atom are shown by red color

and white color respectively
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% 3-1 855 T 8 32 BRI SEREOE T U A TE SE U LTI AL 2 J5 i S g A 2
TR RS TAMIK TRERRE, S5CT BRASREAR . AR 5B L&
BRI KRS A R[], R AR AT DR W A T M BB JLAT R, [
AT B A J A AERE ST AR I 4R 24 A 56 o B TR R 2 1 5 SR A 27K
R 4 T U T IR SN BE B 4%, AR R VB WA 53— B 4 % th T DA FRAR gk 5 660
I, AU SETH LR A I AU R U T SR 1 7K 2 T R RUR T2 IR
.

#3132 PPRTRREREHPRASTH Nowe) » BETFE () , FEAFHER
(1), KEFHEE (1 , BANM LRI KE.

Table3-1 The number of water molecules(V,.zr), the number of total molecules(#), the radius of
single water ring(r), the height of the cages(/), the length of vertical H-Bond and horizontal H-Bond
of the cages presented in Fig3-2.

H-Bond (A)
Types Nywater n rA) h(A)
vertical horizontal

46 8 8 1.901 2.768 1.809 1.705
5243 10 10 2.273 2.798 1.843 1.669
6746 12 12 2.660 2.774 1.807 1.664
747 14 14 3.069 2.787 1.820 1.675
8248 16 16 3.479 2.768 1.793 1.685
4%-H, 8 9 2.023 3.010 2.071 1.885
5%45-H, 10 11 2317 2.830 1.873 1.731
6%4%-H, 12 13 2.674 2777 1.812 1.680
7*47-H, 14 15 3.042 2.780 1.803 1.672
8248-H, 16 17 3.470 2.769 1.794 1.678
6%4%-2H, 12 14 2.799 2.847 1.876 1.840
7247-2H, 14 16 3.111 2.808 1.838 1.734
8248-2H, 16 18 3.469 2.775 1.800 1.694
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31 (&
7247-3H, 14 17 3.221 2.879 1.916 1.830
8248-3H, 16 19 3.540 2.790 1.815 1.740
8248-4H, 16 20 3.659 2.805 1.830 1.822

ST RBREARNGN . £ LU RE X — SR T R AR 2 1, SRR
BFA: — A T IS TR THR D, BTLLK oy 18] 1 U 2 i R B AR
M7 ZREAD TR RBEETEA KNS EEEFREA, E0T17 5~
K PRI EAER R T 55— A FEEH Ty, X B0 1) J LR LA R~ s 1A
KA AME R AR ST S A 1.901 A B3] 3.479 A, /KRR (BT &
FE) MR YERRAE 2.78 A Jicty, ~F¥HE B 7 ) () S K B2 LU /K-F 7 R A B 2K 0.13 A
Fid, GBI PA AT AR I, K T (R B A T AR A I A IR, B
B2 17K oy T SR K SE T S AT BE K, 15 BE K I 28 R R R RB RS T 78 38 2 M AURH
FE D b, RIS R R R A U B O U U T AN LR . — R iR TR B Al
RS> BRI R KT A3 A E KT 5 10 T B TR - o R T ) A S B R A K /K7
AR, i 3-3 fios (LV KT ZH)

Hi

B33 KETEEFAMKFTASRRBAEE, BPLARFEET, ARRFEET,
RNt ek

Fig3-3 Water cage vertical and horizontal hydrogen bonding angle diagram
FLCED B R TR 1 IR A 128, 4% Ha 5747 Ha. 6%4° Ho,
7°47-Ha. 8%4% Ho 75 58 U U ARAL 2 J5 19 T ACRATF Z5 A 1 8 B8k, /K IR M4 [ 1 A 42
ZERIFIUCT AN 2.023 A S INE] T 3.470 A, HEAEZI09 1.45 A, AHEL T2 08 T R A PR
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T#10.13 A X—IRUHE BRI ERIIZE T (U1 7747 Hoo 824%-Hy) 7 [ S5 4478
WAL, RN T (A0 45Hoy 5%4%-Hy) SSHARALELMIRIR, X — fmARIF 3
filt, BR/NGE I AR (B, ARSI E st /N, i LSRR I 35 b 2 0F
NGB TR SE R AR BRI A . MK IR T BE BB B T LA /NI T 1A TR BE 38 K F R %8
TFIRIEE, JEAT I RS NP AR AR R T B RS T s iE s . Fre,
TR Gy A RBE B A () U AU T DAE R IX — 258 . — MBI BEE T
(4°Ha\ 6°4°Hy\ 8%4%Hy) RIS THUAE T K, AH0E T (5%4°-Ha 7°47-Ha)
A PR R TR, BRI T P E— KD T X RUHHE T AT
PRV AR A RO LR A TR, BUAE Sm ZHA RS T2 R e = /N )
R

WS HIAKEDETHRBRLET SE. 498 524 BT ARZLBERNIEAS
STIIREST, TETURTRAGIS , XA T I EH R, AR RESKET. BTH
NAR TR A 2 — AR, BTLUKIE TR Lo kAN, W 32 &
6%4°2Ha\ 7°47-2Hy. 824%-2H, (L5, X =R G5 LE KT J7 AN R LI “hi k™,
% 3-1 31 I AME R AR R DLE A T A s sl n g, B 7 R
KIAR F] SRR R 5 S S BB AR R, AR ECNE T (6%492H) KRR TR
JET (824%-2Hy) (KR .

= (A5 HERIKE TRRRA 7247 3H, A1 824%-3H, Wifd, X A i b () — 2 4b
BRI K, 7247 3H, MIBEIRAC K, 7247 3H, IE T KT 8248 3H ME PR E,
X RS AT UM BUR AR, 25600 LR e BEEAS MR RFI 50, BEEHJE T T $4it
2508 (Veage) RIS 5 4 FIT 75 L 25 18] (Vinyarogen) FHUGHCER 76 F A4 AN 2 Tl B4R,
WYL, Viydrogen UATE/NT BRI Veager A RELREFGEHE (1 70 B

BT E—BURBIRE, BRESBBRENT AN (A5 SRR HH 824840, —Ffhgh
TR e R, UL 8%4° Veage A S5 P ERCRIT . WA 3-2 = HHEADY &
PR AE S, BRATRBES THRABHATI G : A0 TR eH (WM&
AFHEATD i 3-4 s (BL 8%4%-4Ha 5K %)), IXFEEIHRM G ILES & 3K 3-1 iy
K AMEIR AR U B E S M R AR, UK IE T E Y SKRIRER A R AR “ K 7

FINZE 0 TRl “8” 2R KESETHA .
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Initial State End State

B 3-4 84%4H, BT AL THARKESNAS. 20 THAGERERRR, 4 45HERE
AT LR

Fig3-4 The initial and end states of hydrogen molecule arrangement in the 8’43%-4H, structure. The
hydrogen molecule is represented by a white bond model, and the 8248 structure is represented by a

solid black octagon

3.2.2 HIMIREM

PN A UK IR N T 4K EMEE S T T AR B R B,
M 3-5 %0, B AR, 6%4%Hy. 7%47-Hy. 8243-Ha FaSEfiE (Eww) HLEEL, RWIX=
P RaE MR, HAN SIIIRE JIA Y, 4% Ha A1 5%4% - Ho ) Exas 18 LUEIAK, 18 W7 [ 45
SAIIERT, TR G TR 45 Hay 5%47-Hy Bl 624%Hay 7747-Ha 824%-Ho;
XS, M 3-5 R s i LA, 624%2Hy. 7°47-2Ha 8%4%-2Ha [ Egas 1%
£ 0.22eV A, Hh e 4802 8248 2Hy, I\ E—F5H9 0 Hr ] DUIERT, 824%-2Ha Veage
e AR ERCOR s = AR A AR, BRRE SRR AR A2 8%4%-3H, I 8%4%-4H,.

0.6
" [},
04 | —e— 2H, 4
—— 3H,
-2 7 4H,
—~ 02} .
g e = 1
ol P T 2
& o el emee OH,
[ (V) SR G TS ) Aoy I
o b < > --»- 3H,
B & --e-- 4H,
02} ‘ i 5 - y
% »
<
04t ¢ 4
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Fig3-7 Basic structures of two-dimensional hydrogen hydrates confined between two graphene
sheets. The water and hydrogen molecules are shown in stick model and the C atoms are shown in
ball and stick model

3.3.2 EIEEXIRE MRS

19 30 SRR BB e UK SRR E YE R AR AR RO EL, HERT
AR SOKE WD AT TG A B VR 5 TR A S 7 TH A R L PR AR R AR I (R, AR
AN BB IR T T R AR o AE BT IR AL, 25T R R S R 2 R s,
N TR ZsE, RATRE T SA L EREAEEE. JURAAE, FRATRE E TP AR
Wi, 1R UK G WS R DA R R 3 BE 3, Z4EE UK SRR 1 3.2.1 /b
TR TE A EE R, B TS R AR (9 SR IR AR K S S M TR A 5, BT LAFRAT]
KRR EEVE N B AR &, BAR RIARE BE Eva (RN R, 1EHEAIZRIKCRE, H3
B AR IR A

K 3-8 [k 1 sk 2 I EE X K S DA MRS E RERIREN, BT 4% Ha & T AR E
gitt), HARSMEAEMES), FUER —/ N m % g . 8GRk E T
5 R EEE R R 0B 3-7CA PR, BAGIZFER IR T : 624 Ha > 824% - Hy >=747-Hy > 5%4°-Ha,
XGTEE i A A AR — 2, B Z AR ARG 6240 Ha IR 242 ke E B 45
¥, 5245 Hy R A FRE NS, 456 3.2.2 AT DLUE B 524° IXFP &5 M A E A i 20

R, DY b 2 ) A R AR X R 1 J= TR BE 210 9.0 A

26



T E AR (AR B2 A8 S

0.64
0.62 |
0.60 !
1
0.58 | :
1
= 056 !
‘; 1
% 0.54 | i
m 1
| ——fH,
0.52
| ——64%H,
1
0.50 : — 7247'H2
! 248,
0.48 |- ! ——8%4°%H,
0.46 1 1 : L 1 1 1
8.0 8.5 9.0 9.5 10.0 10.5 11.0
Distance of two graphene sheets (A)
0.200 T
C 1
0.195 | :
0.190 | |
I
1
0.185 |-
& |
<0180 | :
8 1
H’n |
0.175 - |
|
I
0.170 |- :
1 ——T7%47-3H,
1
0.165 | : 8248'3H2
0'160 L 1 : 1 L 1 1
8.0 8.5 9.0 9.5 10.0 10.5 11.0

Distance of two graphene sheets (A)

3-8

0.25

0.24

B )

——6%4%2H,
——7247-2H,
—— 824320,

|
|
|
|
|
|
|
|
|
|
|
|
1
|
|
|
|
|
|
|
1

8.0 8.5 9.0 9.5

0.150

0.145

0.140

0.135

Esta (eV)

0.130

0.125

0.120

8.0 8.5 9.0 9.5

10.0 10.5
Distance of two graphene sheets (A)

11.0

| ——8%4%4H,

1 1 1 1 1

10.0 10.5
Distance of two graphene sheets (A)

ANFEZ4EK S YEME T E MR E R S 25 R HE N BB R

11.0

Fig3-8 The stabilization energy per molecule of two-dimensional hydrogen hydrates, filled with

different number of hydrogen molecules, as a function of the distance of two graphene sheets
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Table4-1. The equilibrium lattice parameters of BLHH-I, BLHH-II, BLHH-III, BLHH-1V

Type a(A) b (A) c(A)
BLHH-I 9.44 9.44 15.00
BLHH-II 9.21 9.21 15.00
BLHH-III 15.42 12.59 15.00

BLHH-IV 14.04 14.04 15.00
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Fig4-3 The amount of molecular displacement of two-dimensional hydrogen hydrate in free
environment in the Z direction increases with time. (A) BLHH-I at 153 K, (B) BLHH-I at 213 K, (C)
BLHH-I at 273 K, (D) BLHH-II at 153 K, (E) BLHH-II at 213 K, (F) BLHH-II at 273 K, (G) BLHH-
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Figd4-4 Radial distribution functions (RDFs) of a hydrogen atom of one hydrogen molecule always
trapped in the cage and oxygen atoms of water molecules in the 4 types of BLHH in free environment
at 153 K, 213 K and 273 K
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Fig4-5 The amount of molecular displacement of two-dimensional hydrogen hydrate in limited

environment in the Z direction increases with time. (A) BLHH-I at 153 K, (B) BLHH-I at 213 K, (C)
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Fig4-7 Radial distribution functions (RDFs) of a hydrogen atom of one hydrogen molecule always
trapped in the cage and oxygen atoms of water molecules in the 4 types of BLHH in restricted
environment at 153 K, 213 K and 273 K
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Table4-1 Hydrogen storage capacity in hydrate using promoter (Tetrahydrofuran) and in two-

dimensional hydrate

Type Concentration Sample Amount of hydrogen Refs.

size (g) storage (wWt%)
sII 0.15 mol% 5 0.43 Strobel et al.[>"!
sII 0.2 mol% 0.83 Anderson et al.[*®!
sII 5.6 mol% 1 0.95 Sugahara et al.l*”]
sI, sIT 5.56 mol% 1.05 Ogata et al.l’!]
BLHH-I 2.703
BLHH-II 1.37
BLHH-III 2.174
BLHH-IV 1.639
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4-674°,2-8%4%) , XIURh AR B N BT REK T, RIRAZEE A T Xk
THE VUM BLHH S A S, JATTER T X SRS S HrI L, G5 Aese P REA i 6
JIRIo AT, TERG) EEZE LR S5 R iR an T
(1) BRI TR —4EILREAE R AR AR AT LU AF U, BA R R ST
T RA 6740, 7247 F1 8248 =Fl, 824 E NI R T, AR “&H”, 35 BLHH-
11 1l BLHH-IV [ 8%4% NS/ TAE RS 51 N e ki .
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