Chinese Physics Letters

PAPER

CH, Gas Extraction by CO,: Substitution in Clathrate Hydrate through
Bimolecular Iteration

To cite this article: Xiao-Hui Yu et al 2020 Chinese Phys. Lett. 37 048201

View the article online for updates and enhancements.

CLICK HERE

Chinese Physics
Letters

This content was downloaded from IP address 159.226.35.216 on 31/07/2020 at 04:37


https://doi.org/10.1088/0256-307X/37/4/048201
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjstMNegvRCm2vYsJW7PyrGh3uO2DA2E2mLGLLLydDKk4aTSsEiRyN-waMoYcWDUSLkB393rqiwcsLf9_rxUk4_gTi1N3Md2GOHpOUJGBluP9WfjyIkfIP4MwMJNDEJl0qjG3bKIfqINkkqSWW_VO3TNQ9VFSek7VU0l4dCfNPhfXrF8bw0W07Jgf1EqOCNyH0BbXs-lkVLDm2-RaEEl4OIgJMHF_sOR0BM_H3TS7XPF6XS9Wbnrl&sig=Cg0ArKJSzFelvWSyyIfv&adurl=https://iopscience.iop.org/journal/0256-307X/page/Express_Letters

CHIN.PHYS.LETT. Vol.37, No.4 (2020) 048201

CH, Gas Extraction by CO5: Substitution in Clathrate Hydrate through
Bimolecular Iteration *

Xiao-Hui Yu(FB#)!, Yuan Liu(XJ3)>4, San-Ya Du(#:=1F)3t, Xu Zheng (% )H)",
Jin-Long Zhu(%k4:2)%6**, Hong-Wu Xu(##R)?, Jian-Zhong Zhang (5K #H1)2, Shi-Yu Du(#FH &)7,
Xiao-Cheng Zeng( ¥ Bepk)>, J. S. Francisco?, Chang-Qing Jin(¥7% 7)1,

Yu-Sheng Zhao(#8X F42)%**, Hui Li(Z=HE)3**

! National Lab for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100190
2LANSCE Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
3 Beijing Advanced Innovation Center for Soft Matter Science and Engineering, Beijing University of Chemical
Technology, Beijing 100029
4 Department of Chemistry, University of Nebraska-Lincoln, Lincoln, Nebraska 68588, USA
® Department of Physics, Southern University of Science and Technology (SUSTech), Shenzhen 518055
6 Center for High Pressure Science and Technology Advanced Research (HPSTAR), Beijing 100094

" Engineering Laboratory of Specialty Fibers and Nuclear Energy Materials, Ningbo Institute of Industrial Technology,

Chinese Academy of Sciences, Ningbo 315201

(Received 30 September 2019)

Methane clathrate hydrate (MCH) is a promising energy resource, but controllable extraction of CHy from MCH
remains a challenge. Gradually replacing CHs in MCH with CO- is an attractive scheme, as it is cost efficient and
mitigates the environmentally harmful effects of CO2 by sequestration. However, the practicable implementation
of this method has not yet been achieved. In this study, using in situ neutron diffraction, we confirm that CHy
in the 5'262 cages of bulk structure-I (sI) MCH can be substituted by gaseous COs under high pressure and
low temperature with a high substitution ratio (~44%) while conserving the structure of the hydrate framework.
First-principles calculations indicate that CO2 binds more strongly to the 5'262 cages than methane does, and
that the diffusion barrier for CH, is significantly lowered by an intermediate state in which one hydrate cage
is doubly occupied by CH4 and CO,. Therefore, exchange of COz for CHy in MCH is not only energetically
favorable but also kinetically feasible. Experimental and theoretical studies of CHs/CO> substitution elucidate

a method to harness energy from these combustible ice resources.

PACS: 82.30.Hk, 82.40.Fp, 82.40.—g, 29.30.Hs

Methane clathrate hydrate (MCH), or combustible
ice, is a potential clean energy solution to the prob-
lem of worldwide fossil fuel shortages: the estimated
energy contained in the form of methane clathrate hy-
drate is probably more than twice that of all natu-
ral gas, petroleum, and coal deposits combined.!'
However, liberating CH4 from combustible ice is a
challenge with the existing technology because at high
pressure and low temperature, CHy is trapped in del-
icate hydrate structures that can rapidly decompose
into gaseous CH, and water under small perturba-
tions, such as depressurization and/or warming. CHy
released in this explosive fashion is difficult to col-
lect and harmful to environment, as it will exacerbate
the greenhouse effect.['! An attractive alternative is
to employ guest molecules to replace CH; in MCH
without damaging the hydrate lattice. For example,
it was determined that another greenhouse gas, COa,
can occupy both the large (5'262) and small (5'2)
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cages of structure-I (sI) MCH with even larger bind-
ing energies,!” indicating that substituting CH, with
CO2 in MCH is thermodynamically favorable. Thus,
if it is kinetically feasible as well, the replacement re-
action could allow for the controllable extraction of
CHy4 from the clathrate and the reduction of global
warming by storing equivalent amounts of COs.[0~*
Since the first report on natural MCH by Ohgakiet
al.,l! great efforts have been made to explore the pos-
sibility of CH4/COs substitution in MCH. For ex-
ample, solid-state nuclear magnetic resonance (NMR)
was widely utilized to demonstrate that the replace-
ment of CHy by COs in hydrate is favored in both
laboratory setting and porous media.l’~ "] Park et
al. employed Raman spectroscopy to reveal that
~64% of CHy in the MCH can be replaced by pure
CO,.l""l The studies on the materials in the pres-
ence of impurities such as Ny, SOs, and CyHg in-
dicated that the key factor of gas exchange is the
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chemical equilibrium between hydrate phase and the
surrounding phases.!'*'] The CH,/CO; replacement
was also proved by the investigation that COs can
induce the convention from structure-I (sll) hydrate
to the less stable structure-I (sI) hydrate.!'”] Based
on these observations, some kinetic models have been
established.l'®'" Tt is worth noting that the synthe-
sized MCHs under experimental and natural condi-
tions are always complex mixtures containing differ-
ent forms of hydrates and large amount of pure ice,
thus the poor spatial resolution of NMR and high sur-
face sensitivity of Raman spectrum make the result
of CH4/COs substitution in bulk form quite ambigu-
ous. Furthermore, neither in situ detailed structural
information of the substituted MCH nor the micro-
scopic substituting mechanism are clearly known from
these experiments. Meanwhile, the first principles
studies have given opposite conclusions. For exam-
ple, the density functional theory (DFT) calculations
demonstrated that an extremely high diffusion bar-
rier (>1.0€V) through the hydrate cages can obstruct
CH, diffusion in MCH.!'*'1 CH,/CO, substitution
was also characterized to be infeasible by molecular
dynamics (MD) simulations,””) in which CH4/CO,
replacement follows a two-step process: the CHy hy-
drate first melts at the interface, and then an amor-
phous CO5 hydrate layer forms, impeding further ex-
change of guest molecules. Thereby, as the experimen-
tal and simulation studies have given contradictory
results, to date, the efficiency and microscopic mech-
anism of CO5/CHy replacement in clathrate hydrates
are still under debate.

Due to relatively higher sensitivity to light ele-
ments (e.g., C, H(D), and O), neutron diffraction is
the most reliable technique to provide both refined
structural characteristics in atomic resolution and the
statistic information of MCH in centimeter level.[*':>?]
In the present work, for the first time, we employ the
in situ neutron diffraction to study the evolution of
MCH crystalline structure in the COs atmosphere,
which clearly demonstrates that CO5 can efficiently
substitute for CHy in large cavities of bulk-sI MCH
with a high substitution ratio of ~44%. Based on the
first-principles calculations, we reveal that the replace-
ment reaction is not only energetically favorable, but
also kinetically feasible. Through a metastable inter-
mediate state in which one 5'262cage is co-occupied by
CO3 and CHy, the energy barrier for CH, diffusion is
significantly reduced by ~50%, so that CH, passes by
COs from the interior to the surface of the MCH with-
out breaking the hydrate framework. Neutron diffrac-
tion and first-principles calculations conclusively con-
firm this proposed mechanism for CHy/COs substitu-
tion in bulk MCH, which is of great importance for
using combustible ice resources.

Figure 1 shows the instrumental setup for MCH
synthesis. In order to avoid incoherent scattering of H
from Ho0, we used deuterated pure water (D20) for
synthesis. DoO was frozen for three days to make bulk

ice. Bulk ice was then pulverized with a coffee grinder
and quenched in liquid nitrogen to obtain fine ice pow-
der (to avoid the preferred orientation present in large
pieces of ice) and thereafter formed the clathrate, as
shown in Figs. 1(a) and 1(b). Next, fine powder ice
was loaded into a vanadium cell cooled in a circulat-
ing bath. The sealed cell was flushed with methane
gas multiple times before pumping to the desired ini-
tial pressure. As shown in Fig. 1(c), after two weeks
in the cooling bath, the synthesized MCH was ready
for neutron diffraction and CO replacement experi-
ments. Using this method, synthesized MCH was in
the form of the loose powder, as shown in Fig. 1(d).
The structure of CH4/COs clathrate was in-
vestigated using high-pressure neutron diffraction
at the Los Alamos Neutron Science Center (LAN-
SCE), Los Alamos National Laboratory. Figure
1(e) shows the schematic layout of the high-pressure
preferred orientation (HIPPO) time-of-flight neutron
diffractometer*>?* and the setup for hydrate diffrac-
tion at low temperature and high pressure. Forward
scattering covers large d spacing, ranging from 1.0 to
~10.6 A, which provides accurate lattice parameters
for the clathrate; back scattering gives higher resolu-
tion of the d spacing, ranging from 0.5 to 2.0 A, which
allows us to determine the accurate atomic positions.
Using the detector geometry and combined refinement
of multi-bank data, we were able to obtain reliable and
refined structural parameters for MCH, such as cage
occupancy and COy/CHy substitution ratios. DyO
ice was studied in a high-pressure vanadium gas cell,
which withstands a maximum pressure of 50 MPa.

Environmental
sample chamber

Sample .

150° 90° 40°  20°
Panels Panels Panels Panels

Fig.1. MCH synthesis in a stainless cell for neutron
diffraction measurement: (a) D2O is frozen in liquid ni-
trogen; (b) D2O ice is pulverized with a grinder; (c) D2O
powder is added to a vanadium cell, which is cooled in a
circulating bath and flushed with methane gas four times,
and then pressurized to 20 MPa; (d) after several days,
methane hydrates form; (e) high-pressure preferred ori-
entation (HIPPO) time-of-flight neutron diffraction setup
(left panel) with an enlarged view of the sample chamber
under vacuum (right upper panel) and the cell used (right
lower panel).

Synthesized polycrystalline sample of MCH was
characterized by in situ high-pressure (20 MPa) and
low-temperature (70-270 K) neutron diffractions, and
the diffraction patterns were analyzed by the Rietveld
method using the General Structure Analysis System
(GSAS).[*>~?7 As shown in Fig. 2(a), the refined data
indicate that the sI MCH crystal adopts the Pm3n
space group with a lattice constant around 11.9 A
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for the entire temperature range of 70-270 K. Based
on the relationship between the lattice constant and
temperature (Fig. S1 in the Supplementary Materials),
the thermal expansion coefficient satisfies the equation
a = ag exp [ «(T)dT, where a(T) = B +~T. Here
we derived ag = 11.783 A, 8, = 5.62 x 1075 K1, and
e = 1.39x 1077 K2, consistent with the values previ-
ously reported for natural gas clathrate.[**?"] Diffrac-
tion patterns were further refined to produce differ-
ence Fourier nuclear density maps (without CHy in
the refined models), which clearly indicate the scat-
tering density with center rotation of CHy. The re-
fined atomic structure (20 MPa, 270K) of synthe-
sized sI MCH, as shown in Fig. 2(b) (atomic positions
are listed in Table S2 in the Supplementary Materi-
als), indicates that the hydrate framework of the sl
clathrate is composed of two kinds of polyhedrons,
the 5!2 (dodecahedron with 12 identical pentagonal
faces) and 5262 (tetradecahedron with 12 pentago-
nal and 2 hexagonal faces), in a 1:3 ratio. The 5'?
cages share pentagons with the 5262 cages to form lin-
ear chains along the [110] direction, while each 5262
cage shares two hexagons with neighboring 5'262 cages
to form an ice channel along the [100] direction. As
shown in Fig. 2(c), the 5262 hexagonal ring channels
run through the whole clathrate, which is essential
for the diffusion of guest molecules. CHy occupancies
for both the 5262 and 5'2 cages are ~1.0, thus the
formula for synthesized MCH is CH4-5.75D50. In ad-
dition to coating the clathrate shell on the surface,
unreacted DO also forms an inner ice core. As a re-
sult, the molar ratio between the clathrate and the ice
phases from the refinement is approximately 1:4.
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Fig. 2. Characterization of synthesized MCH: (a) time-
dependent neutron diffraction patterns for the CHy
clathrate; (d) neutron diffraction patterns substitution of
CH4 with CO2 in MCH over 48 h; (b) atomic structure of
sI clathrate with CHy (balls in cyan); (c) proposed molec-
ular pathway through the hexagonal rings shared by the
large 51262 cages; (e) structure of sI clathrate with par-
tial CO2 (balls in wine) substitution. Red and white balls
represent oxygen and disordered deuterium in the D2O
framework, respectively.

After exposure to COsy (35bar, 270K) for 48h,
substituted MCH was examined again by high-
pressure and low-temperature neutron diffraction. A

large CH4/COg substitution rate of ~44% was found
in the 5262 cages, while the framework of clathrate
was perfectly conserved, as confirmed by identical
GSAS diffraction patterns for the unsubstituted and
substituted MCHs, as shown in Fig.2(d) (detailed
structural parameters listed in Table S3 in the Sup-
plementary Materials). Refinement data also indicate
that CH4/COs replacement is assisted by the exten-
sive channel network formed by the hexagonal ice rings
of the 51262 large cages, as exhibited in Fig. 2(e). The
measured substitution rate in the smaller 52 cages
is negligible according to the refinement. Considering
the tremendous grain boundaries in the sample and
the limited kinetics of gas replacement reactions un-
der high-P/low-T conditions, a substitution rate of
~44% within finite reaction time is reasonable and
consistent with the results of Park et al.l'?! Further-
more, diffraction data also demonstrate that the ratio
of ice phase does not increase in gaseous COs; and
the unreacted ice core in the original MCH sample is
reduced by 25%. This suggests the formation of extra
clathrate without melting of the clathrate host lattice
during the replacement process. Due to the existence
of unreacted ice cores at the end of the synthesis, the
system is in a quasi-equilibrium state, where the con-
centration gradient leads to diffusion of CH,4 towards
interior region of synthesized MCH. As the result, the
size of ice core is reduced after 48 hours of replace-
ment.

Natural MCH can be porous or confined in pore
structures or in bulk and powder forms. Different con-
figurations of natural clathrates and their surround-
ing hydrogeological conditions can significantly affect
their substitution pressures, temperatures, and heat-
transfer rates, but do not change the fundamental
mechanism for gas exchange at the molecular level.
Although neutron diffraction evidence demonstrates
that COy can substitute efficiently for CH4 in the
clathrate hydrate without damaging the host frame-
work, experimental investigation of the microscopic
substitution process is extremely difficult. Therefore,
we employed the first-principles calculations (see the
method details in the Supplementary Materials) to
evaluate a possible mechanism for the replacement re-
action.

The calculated binding energy of CO2 to the hy-
drate framework (—0.52¢€V) is 0.1V larger than that
of CHy (—0.42¢V), indicating increased stability for
the CO4 clathrate compared to that of guest CHy,
according to the previous reports.[**:*!l We also con-
firmed that the binding energies for CH; and CO,
increase slightly with increasing distance from the air-
hydrate interface (0-15A), converging at >15 A. This
implies that gas molecules captured in clathrate hy-
drate are stabilized in the inner bulk phase of the
clathrate. The rapidly converging binding energies
also suggest that the bulk size of the clathrate affects
the substitution process, which further demonstrates
that our powder MCH sample is suitable for elucidat-
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ing the substitution mechanism.

Diffusion of guest molecules in MCH is a key fac-
tor determining substitution kinetics. First, we con-
sidered the simplest mechanism: CHy spreads out
through the 5'262 hexagonal ring channels and CO,
enters the clathrate lattice. According to the DFT
calculations, both CO5 and CHy4 can pass through the
large 5'262 cages by slightly stretching the hydrogen
bonding network of the hexagonal ring without break-
ing it (Table S1 in the Supplementary Materials). Al-
though the COs binds more strongly to the clathrate
hydrate, its linear geometry allows it to pass through
the ice channel more readily than tetrahedral CHy
molecules. The predicted diffusion barriers for CH,
and COy are 1.29 and 0.52€V, respectively (Fig.S2
in the Supplementary Materials), consistent with the
values 1.17 and 0.42¢€V reported by Roman-Pérez et
al.l'®] According to the Arrhenius equation, the bar-
rier difference makes the diffusion rate of COy ~10!3
times larger than that of CHy, allowing CO, to diffuse
easily through the sl clathrate lattice, while CHy can
hardly pass through the water cages. In addition, CH,4
in the deep bulk phase must travel from the interior
to the exterior, during which it experiences numerous
high diffusion barriers. This reduces the probability
of substitution exponentially. Therefore, the model
based on the diffusion of freely spreading individual
guest molecules is not feasible.
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Fig. 3. Optimized structures of 51262 cages singly occu-
pied by (a) CH4 and (b) COg, as well as the structure of
51262 cages doubly occupied by (c) CH4—CHy, (d) CO2-
COg, and (e) CH4—CO3, based on the DFT calculations.
Detailed parameters can be found in Table S1 for sl.

Since the free-spreading model is kinetically un-
feasible, we explored an alternative pathway for the
substitution, where CO5 displaces CHy by experienc-
ing a doubly occupied intermediate state. This was
also previously observed in molecular dynamics simu-
lations reported by Tung et al.l*’l We found that the sI
clathrate lattice is conserved well when the 5262 cage
is doubly occupied by guest molecules, as shown in
Fig. 3. The relative energies of CH4—CH,, CH4—COo,
and CO,-CO, co-occupation in the 5'262 cage are
—0.20, —0.23, and —0.35 €V, respectively, compared to
the energy of the empty lattice, illustrating that 5'262

doubly occupied cages (DOC) are less stable than the
singly occupied cages, but slightly more stable than
empty cages. The order of relative energies confirms
our experimental observations that single occupation
of clathrate cavities is preferred. In addition, CHy—
CO4 and CO5—CO5 double occupation are more stable
than CH4—CH,4 co-occupation, which illustrates that
CHy replaced by COs is thermodynamically preferred.
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Fig. 4. Schematic representation of the molecular mecha-
nism for iterative exchange of CHy4 in the bulk sI clathrate
hydrate with CO2, and the corresponding potential energy
profile for the exchange process (black line).

Additional diffusion barriers for guest molecules
were calculated for the DOC. As depicted in Fig. 4,
assuming that the 5262 cages in the outermost shell
of the clathrate hydrate are already occupied by COs,
the generalized exchange procedure, starting from the
outer shell to the deep interior, can be divided into
5 steps: Step 1, a gaseous COs molecule penetrates
a COg singly occupied cage (SOC) in the outermost
layer of the clathrate to form a CO3-CO5 DOC. Step
2, the CO2 molecule from the DOC moves into the
clathrate and creates a COy DOC adjacent to a CHy
SOC. Step 3, one CO5 molecule in the DOC diffuses
to a neighboring CH, SOC to form a CH4-CO, DOC.
Step 4, the CH; molecule moves outward from the
doubly occupied cage. Step 5, CH, is displaced to
a DOC with CO, in a 5262 cage of the outermost
clathrate layer, then finally diffuses into the gas phase.
Energy barriers for these steps were computed, as
shown in Fig.4. Compared to the extremely unfavor-
able process (1.29eV) for diffusion of CH with single
occupation, the largest diffusion barrier for CH,4 in
the doubly occupied cages is around 0.6 €V, indicating
that the diffusion of CH4 can be significantly enhanced
by COs. The diffusion barrier for COs in the COq
DOC (0.22¢V) is also much lower than that of CO,
in the SOC (0.52€V). Therefore, the diffusions of both
CH4 and COs in the clathrate are more favorable with
DOCs. Gas phase CO; diffusing into a CO5 SOC also
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experiences a low energy barrier of 0.36eV. Further-
more, the process can be accelerated by increasing the
partial pressure of COs. Therefore, our calculations
clearly demonstrate the exchange mechanism is feasi-
ble for CH4/COx replacement without damaging the
clathrate hydrate lattice.

Using in situ high-pressure and low-temperature
neutron diffraction, we have confirmed that CH,
in bulk sI MCH can be replaced by gaseous CO,
with a substitution ratio of ~44% without melting
the clathrate lattice. An exchange mechanism for
CH4/CO4 replacement is proposed, based on first-
principles calculations, in which the diffusion barri-
ers of CHy and CO5 through the lattice of clathrate
hydrate are reduced by 51% (from 1.29 to 0.63¢V)
and 31% (from 0.52 to 0.36 eV), respectively, via dou-
bly occupied 5262 cages. High CH,;/COz substitu-
tion ratios in MCH under moderate conditions (35 bar,
270K) clearly demonstrate that using COs to gradu-
ally substitute for CHy in clathrate hydrates presents a
safe efficient method to harness these rich combustible
ice resources.

References

[1] Claypool G E and Kaplan I R 1974 Marine Science (Boston:
Springer) vol 3 p 99

[2] Sloan E D 2003 Nature 426 353

[3] Licence P, Sloan E D and Carolyn A K 2007 Clathrate Hy-

drates of Natural Gases (Florida: CRC Press)

Englezos P 2001 FEnergy and Environment Technological

Challenges for the Future (Tokyo: Springer) vol 3 p 181

Yezdimer E M, Cummings P T and Chialvo A A 2002 J.

Phys. Chem. A 106 7982

[6] Ohgaki K, Takano K, Sangawa H, Matsubara T and Nakano
S 1996 J. Chem. Eng. Jpn. 29 478

[7] Jadhawar P, Mohammadi A H, Yang J and Tohidi B 2006

NATO Science Series (Dordrecht: Springer) vol 65 p 111

Morohashi K, Abe Y and Watanabe M 2005 Energy Con-

vers. Manage. 46 1680

[9] Lee H, Seo Y, Seo Y T, Moudrakovski I L and Ripmeester
J A 2003 Angew. Chem. Int. Ed. 42 5048

[4

[5

[8

[10] Baldwin B A, Stevens J, Howard J J, Graue A, Kvamme
B, Aspenes E, Ersland G, Husebg J and Zornes D R 2009
Magn. Reson. Imaging 27 720

[11] Graue A, Kvamme B, Baldwin B A, Stevens J, Howard J,
Aspenes E, Ersland G, Husebg J and Zornes D 2008 SPE
J. 13 146

[12] Park Y, Kim DY, Lee J W, Huh D G, Park K P, Lee J and
Lee H 2006 Proc. Natl. Acad. Sci. USA 103 12690

[13] Kvamme B 2016 J. Chem. Eng. Data 61 1280

[14] Beeskow-Strauch BandSchicks J M 2012 Energies 5 420

[15] Schicks J M, Luzi M and Beeskow-Strauch B 2011 J. Phys.
Chem. A 115 13324

[16] Falenty A, Qin J, Salamatin A N, Yang L and Kuhs W F
2016 J. Phys. Chem. C 120 27159

[17] Salamatin A N, Falenty A and Kuhs W F 2017 J. Phys.
Chem. C' 121 17603

[18] Roma P G, Moaied M, Soler J M and Yndurain F 2010
Phys. Rev. Lett. 105 145901

[19] Li Q, Kolb B, Roman P G, Soler J M, Yndurain F, Kong L
Z, Langreth D C and Thonhauser T 2011 Phys. Rev. B 84
153103

[20] Bai D, Zhang X, Chen G and Wang W 2012 Energy & En-
viron. Sci. 5 7033

[21] Lokshin K A, Zhao Y S, He D W, Mao W L, Mao H K,
Hemley R J, Lobanov M V and Greenblatt M 2004 Phys.
Rev. Lett. 93 125503

[22] Hester K C, Strobel T A, Sloan E D, Koh C A, Hug A and
Schultz A J 2006 J. Phys. Chem. B 110 14024

[23] Li S, Beyerlein I J, Alexander D J and Vogel S C 2005 Acta
Mater. 53 2111

[24] Mcdaniel S, Bennett K, Durham W B and Waddington E
D 2006 Rev. Sci. Instrum. 77 093902

[25] Larson A C and VonDreele R B 2000 LANL Report (Los
Alamos: Los Alamos National Laboratory)

[26] Toby B H 2001 J. Appl. Crystallogr. 34 210

[27] Kotnana G and Jammalamadaka S N 2015 J. Appl. Phys.
117 124101

[28] Shpakov V P, Tse J S, Kvamme B and Belosludov V R 2005
International Offshore and Polar Engineering Conference
(Honolulu USA, 25-30 May 1997)

[29] Tse J S, Tulk C A, Kvamme B and Belosludov V R 1998
Chem. Phys. Lett. 282 107

[30] Cao X, SuY, LiuY, Zhao J and Liu C 2014 J. Phys. Chem.
A 118 215

[31] Atilhan M, Pala N and Aparicio S 2014 J. Mol. Model. 20
2182

[32] Tung Y T, Chen L J, Chen Y P and Lin S T 2011 J. Phys.
Chem. B 115 15295

048201-5


Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

http://cpl.iphy.ac.cn
https://doi.org/10.1038/nature02135
https://doi.org/10.1021/jp020795r
https://doi.org/10.1021/jp020795r
https://doi.org/10.1252/jcej.29.478
https://doi.org/10.1016/j.enconman.2004.10.002
https://doi.org/10.1016/j.enconman.2004.10.002
https://doi.org/10.1002/anie.200351489
https://doi.org/10.2118/118851-PA
https://doi.org/10.2118/118851-PA
https://doi.org/10.1073/pnas.0602251103
https://doi.org/10.1021/acs.jced.5b00930
https://doi.org/10.3390/en5020420
https://doi.org/10.1021/jp109812v
https://doi.org/10.1021/jp109812v
https://doi.org/10.1021/acs.jpcc.6b09460
https://doi.org/10.1021/acs.jpcc.7b04391
https://doi.org/10.1021/acs.jpcc.7b04391
https://doi.org/10.1103/PhysRevLett.105.145901
https://doi.org/10.1103/PhysRevLett.105.145901
https://doi.org/10.1103/PhysRevB.84.153103
https://doi.org/10.1103/PhysRevB.84.153103
https://doi.org/10.1039/c2ee21189k
https://doi.org/10.1039/c2ee21189k
https://doi.org/10.1103/PhysRevLett.93.125503
https://doi.org/10.1103/PhysRevLett.93.125503
https://doi.org/10.1021/jp063164w
https://doi.org/10.1016/j.actamat.2005.01.023
https://doi.org/10.1016/j.actamat.2005.01.023
https://doi.org/10.1063/1.2349603
https://doi.org/10.1107/S0021889801002242
https://doi.org/10.1063/1.4931155
https://doi.org/10.1063/1.4931155
https://doi.org/10.1016/S0009-2614(97)01241-4
https://doi.org/10.1016/S0009-2614(97)01241-4
https://doi.org/10.1021/jp408763z
https://doi.org/10.1021/jp408763z
https://doi.org/10.1007/s00894-014-2182-z
https://doi.org/10.1007/s00894-014-2182-z
https://doi.org/10.1021/jp2088675
https://doi.org/10.1021/jp2088675

	Title
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	References
	Supplemental Material

