
����������
�������

Citation: Cai, W.; Huang, X.; Lu, H.

Instrumental Methods for Cage

Occupancy Estimation of Gas

Hydrate. Energies 2022, 15, 485.

https://doi.org/10.3390/en15020485

Academic Editors: Nicolas von Solms

and Jyoti Shanker Pandey

Received: 7 December 2021

Accepted: 7 January 2022

Published: 11 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Review

Instrumental Methods for Cage Occupancy Estimation of
Gas Hydrate
Wenjiu Cai 1,2 , Xin Huang 3 and Hailong Lu 2,*

1 College of Engineering, Peking University, Beijing 100871, China; caiwenjiu@pku.edu.cn
2 Beijing International Center for Gas Hydrate, School of Earth and Space Sciences, Peking University,

Beijing 100871, China
3 SINOPEC Petroleum Exploration and Production Research Institute, Beijing 100083, China; xinh@pku.edu.cn
* Correspondence: hlu@pku.edu.cn

Abstract: Studies revealed that gas hydrate cages, especially small cages, are incompletely filled
with guest gas molecules, primarily associated with pressure and gas composition. The ratio of
hydrate cages occupied by guest molecules, defined as cage occupancy, is a critical parameter to
estimate the resource amount of a natural gas hydrate reservoir and evaluate the storage capacity of
methane or hydrogen hydrate as an energy storage medium and carbon dioxide hydrate as a carbon
sequestration matrix. As the result, methods have been developed to investigate the cage occupancy
of gas hydrate. In this review, several instrument methods widely applied for gas hydrate analysis
are introduced, including Raman, NMR, XRD, neutron diffraction, and the approaches to estimate
cage occupancy are summarized.

Keywords: gas hydrate; cage occupancy; Raman; NMR; XRD; neutron diffraction

1. Introduction

Clathrate hydrates are crystalline solid inclusion compounds, which are formed when
water and gas molecules react at relatively high pressure and low temperature. Gas
molecules are trapped in the cages formed with hydrogen-bonded water molecules. At
conventional high pressure (<200 bar), hydrates have three main crystallographic struc-
tures (Figure 1), which are known as structure I (sI), structure II (sII), and structure H
(sH) [1–3]. sI comprises two different type cages, a small pentagonal dodecahedral cage
with 12 pentagonal faces (512) and a large tetrakaidecahedral cage with 12 pentagonal and
2 hexagonal faces (51262). sII also contains the small 512 cage in addition to large hexa-
caidecahedral cage with 12 pentagonal and 4 hexagonal faces (51264). sH is composed of the
small 512 cages, middle 435663 cages (with 3 square, 6 pentagonal, and 3 hexagonal faces),
and large icosahedral cages, 51268 (containing 12 pentagonal and 8 hexagonal faces) [4–7].
The type of hydrate structure is primarily determined by the size of the guest molecule,
i.e., most small molecule gases (methane, ethane, carbon dioxide, hydrogen sulfide, etc.)
forming sI hydrate, while larger molecule gases (propane, butane, etc.) and several small
molecule (nitrogen, oxygen, hydrogen, etc.) forming sII hydrate. For mixed gas hydrates,
the composition of mixed gas affects the hydrate structure, e.g., mixed methane-carbon
dioxide gas forming sI hydrate, while mixed methane-propane gas forming sII hydrate. A
certain guest molecule will preferentially capture the cages of suitable size. In addition,
the crystal structure of hydrate is also affected by pressure and gas concentration. Prior
study has confirmed that methane hydrate can transform from sI to sH as the pressure
increases [8,9]. In a methane–ethane binary hydrate system, structure type will vary with
the change of gas composition [10,11]. The hydrate of sH is always composed of multiple
components. Large molecules (neohexane [12], methylcyclohexane [13], etc.) occupy the
large cages, while the middle and small cages are occupied by small molecules, such as
hydrogen, methane, ethane, xenon, and krypton.
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filled, which is controlled by formation conditions, especially for pressure [16]. The ratio 
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cage occupancy, which is a necessary parameter to estimate the amount of natural gas 
hydrate resource and describe the gas storage efficiency of clathrate hydrate for energy 
storage (e.g., methane or hydrogen hydrate) and carbon sequestration (carbon dioxide 
hydrate). Therefore, the research on calculating the occupancy rate of clathrate hydrate is 
of great significance. At present, there are four commonly used instrument methods for 
calculating the cage occupancy of cage hydrates, namely Raman spectroscopy, nuclear 
magnetic resonance spectroscopy (NMR), X-ray diffraction (XRD), and Neutron diffrac-
tion. The spectroscopic methods (including Raman and NMR) work better in detecting 
the guest molecules, while the crystallographic methods (including XRD and neutron dif-
fraction) can do better in characterizing the host lattice of water molecules. The spectro-
scopic methods can identify the guest molecules of different species directly, but the crys-
tallographic methods cannot. Single crystal X-ray diffraction (SCXRD) was used to esti-
mate cage occupancy of mixed THF and H2S hydrate in 1965 [2], and single crystal neutron 
diffraction was applied for ethylene oxide hydrate in 1977 [17]. NMR was applied for es-
timation of cage occupancy of methane hydrate in 1988 [18]. Raman was applied for in-
vestigating hydrate cage occupancy in 1997 and obtained similar information to NMR 
[19]. In addition, powder neutron diffraction also obtained cage occupancy in 1997 [20]. 
SCXRD was applied and successfully obtained cage occupancy of mixed naturally occur-
ring gas hydrate in 2007 [21]. In 2010, PXRD was applied to obtain cage occupancy of 
several hydrates, which is in good agreement to NMR and SCXRD [16]. 

Among these technologies, single crystal diffraction can provide accurate cage occu-
pancy and lattice parameters but require high quality single crystal, which is not easily 
available. NMR (13C-NMR) and Raman are both considered as reliable method to analyze 
cage occupancy study, and each has advantages and disadvantages. NMR is more accu-
rate on quantitative analysis, while Raman always needs calibration with other tech-
niques, such as NMR or XRD. Raman can focus on a micro area at the surface and require 
small amount of sample, while NMR gives average information of the bulk, usually from 

Figure 1. The three main crystallographic structures of gas hydrate. Modified from [5,6].

Clathrate hydrate is a non-stoichiometric compound, which means that some water
molecule cages can be vacant in its structure; however, a sufficient number of cages must
be occupied by guest molecules for hydrate to be stable [14,15]. Existing studies showed
that large cages are completely filled or nearly so, while small cages are not completely
filled, which is controlled by formation conditions, especially for pressure [16]. The ratio of
the cage occupied by guest molecules to the total number of cages in the lattice is called
cage occupancy, which is a necessary parameter to estimate the amount of natural gas
hydrate resource and describe the gas storage efficiency of clathrate hydrate for energy
storage (e.g., methane or hydrogen hydrate) and carbon sequestration (carbon dioxide
hydrate). Therefore, the research on calculating the occupancy rate of clathrate hydrate
is of great significance. At present, there are four commonly used instrument methods
for calculating the cage occupancy of cage hydrates, namely Raman spectroscopy, nuclear
magnetic resonance spectroscopy (NMR), X-ray diffraction (XRD), and Neutron diffraction.
The spectroscopic methods (including Raman and NMR) work better in detecting the guest
molecules, while the crystallographic methods (including XRD and neutron diffraction) can
do better in characterizing the host lattice of water molecules. The spectroscopic methods
can identify the guest molecules of different species directly, but the crystallographic
methods cannot. Single crystal X-ray diffraction (SCXRD) was used to estimate cage
occupancy of mixed THF and H2S hydrate in 1965 [2], and single crystal neutron diffraction
was applied for ethylene oxide hydrate in 1977 [17]. NMR was applied for estimation of
cage occupancy of methane hydrate in 1988 [18]. Raman was applied for investigating
hydrate cage occupancy in 1997 and obtained similar information to NMR [19]. In addition,
powder neutron diffraction also obtained cage occupancy in 1997 [20]. SCXRD was applied
and successfully obtained cage occupancy of mixed naturally occurring gas hydrate in
2007 [21]. In 2010, PXRD was applied to obtain cage occupancy of several hydrates, which
is in good agreement to NMR and SCXRD [16].

Among these technologies, single crystal diffraction can provide accurate cage occu-
pancy and lattice parameters but require high quality single crystal, which is not easily
available. NMR (13C-NMR) and Raman are both considered as reliable method to analyze
cage occupancy study, and each has advantages and disadvantages. NMR is more accurate
on quantitative analysis, while Raman always needs calibration with other techniques,
such as NMR or XRD. Raman can focus on a micro area at the surface and require small
amount of sample, while NMR gives average information of the bulk, usually from tens to
a few hundred mg [22]. Powder diffraction can calculate cage occupancy with the help of
Rietveld refinement. Neutron diffraction can detect hydrogen atoms better than XRD. In
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this review, we will introduce the basic mechanism of the four instrument methods and
application in cage occupancy studies to help readers deal with related research.

2. Instrumental Methods for Clathrate Hydrate Analysis
2.1. Raman Spectroscopy
2.1.1. Theoretical Basis of Raman Spectroscopy for Gas Hydrate Analysis

Raman spectroscopy is a type of scattering spectroscopy, which is concerned with the
changed frequency when light is scattered by molecules. The incident light is considered to
consist of photons of energy hν0. When irradiated on the substance, the photons collide
with the molecules. The collision may be inelastic, which is called Raman scattering, with a
series of frequency of ν0 ± ∆νi.

The frequency difference between scattered light and incident light, i.e., ∆νi, is called
Raman shift. Each Raman shift is related to its own characteristic molecular vibration or
rotation energy level, which is independent of the frequency and intensity of the incident
light. In addition to the molecular structure, the Raman shift can be affected by temperature,
pressure, and the chemical environment of the molecule. This can be used for qualitative
identification.

Based on classical electromagnetic theory, Raman scattering intensity for species i can
be expressed as

Ai = ILσi Niη (1)

where Ai is the integrated area of Raman active peak, IL is the laser intensity, σi is Raman
scattering cross section, Ni is number of scattered molecules i, and η is instrumental
efficiency of the optical and electronic response.

When factors such as irradiance and temperature are constant, the Raman intensity
is proportional to the total number of scattering molecules in the sample. This provides a
basis for quantitative analysis [23,24].

In the analysis of hydrates by Raman spectroscopy, the obtained Raman spectrum can
provide structural information of gas hydrate. For example, Raman characteristic peak
positions can be used to identify gas species and chemical environment (i.e., in which kind
of cage). This information will reveal the hydrate structure. Moreover, by calculating the
peak area, the relative number of guest molecules in cages of different sizes can be analyzed
to obtain key parameters such as cage occupancy.

There are many types of Raman spectroscopy, for example, Fourier transform Ra-
man spectroscopy, resonance Raman spectroscopy, surface-enhanced Raman spectroscopy,
Femtosecond time-resolved Raman spectroscopy, Tip-enhanced Raman spectroscopy, and
confocal laser Raman microscopy. Among them, the most widely used in hydrate research
is confocal laser Raman microscopy [25]. Confocal laser Raman microscopy can focus on
a local area of the sample, which usually has great spatial resolution, even better than
1 µm. Therefore, through the multi-point analysis of the sample, the heterogeneity of the
sample can be obtained [26]. As a laser has the characteristics of good monochromaticity,
strong directivity, high brightness, and good coherence, it will greatly improve the detection
sensitivity.

For gas hydrate analysis, confocal laser Raman microscopy can focus the incident laser
onto the hydrate sample through the microscope, so as to accurately obtain the relevant
chemical composition, crystal structure, molecular interaction, and molecular orientation
of the sampled micro-area without being disturbed by surrounding materials.

2.1.2. Factors Affecting the Raman Shift of Guest Molecules in Hydrate Cages

• Cage type

Due to the interaction between guest molecules and host water lattice, the vibration of
guest molecules will be affected, guest molecules in cages of different sizes have different
Raman shifts. For example, the symmetric C−H stretching of CH4 in large cages and small
cages are 2902 and 2912 cm−1, respectively. The peak area (integral intensity) of different
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Raman characteristic peaks reflects the amount of guest molecules in each cage, whereby
the relative cage occupancy of hydrates can be obtained. With other techniques or classical
theories, we can obtain the absolute cage occupancy of hydrates. The detailed calculation
method will be introduced later.

By summarizing previous Raman studies on artificial synthetic hydrate containing
methane with a temperature at 250–300 K, the relationship between the radius of hydrate
cage and the Raman shift of methane molecule is plotted, as shown in Figure 2. It can help
us better understand how cage size affects the Raman shift of the methane C−H bond. The
goodness (R2) of exponential fit is about 0.91. The hydrate cage radius refers to the data
given by Sloan et al. [5], as shown in Table 1, in which the representative guest molecules
trapped in the cages of different sizes are also listed. According to Figure 2, the larger the
cage diameter, the smaller the Raman shift. For the same kind of molecule, in general, its
Raman shift in a large cage is always smaller than that in a small cage, except for the sII
hydrogen hydrate [27], whose Raman shift in a large cage will be larger.

Energies 2022, 15, x FOR PEER REVIEW 4 of 25 
 

 

2.1.2. Factors Affecting the Raman Shift of Guest Molecules in Hydrate Cages 
• Cage type 

Due to the interaction between guest molecules and host water lattice, the vibration 
of guest molecules will be affected, guest molecules in cages of different sizes have differ-
ent Raman shifts. For example, the symmetric C−H stretching of CH4 in large cages and 
small cages are 2902 and 2912 cm−1, respectively. The peak area (integral intensity) of dif-
ferent Raman characteristic peaks reflects the amount of guest molecules in each cage, 
whereby the relative cage occupancy of hydrates can be obtained. With other techniques 
or classical theories, we can obtain the absolute cage occupancy of hydrates. The detailed 
calculation method will be introduced later. 

By summarizing previous Raman studies on artificial synthetic hydrate containing 
methane with a temperature at 250–300 K, the relationship between the radius of hydrate 
cage and the Raman shift of methane molecule is plotted, as shown in Figure 2. It can help 
us better understand how cage size affects the Raman shift of the methane C−H bond. The 
goodness (R2) of exponential fit is about 0.91. The hydrate cage radius refers to the data 
given by Sloan et al. [5], as shown in Table 1, in which the representative guest molecules 
trapped in the cages of different sizes are also listed. According to Figure 2, the larger the 
cage diameter, the smaller the Raman shift. For the same kind of molecule, in general, its 
Raman shift in a large cage is always smaller than that in a small cage, except for the sII 
hydrogen hydrate [27], whose Raman shift in a large cage will be larger. 

3.8 4.0 4.2 4.4 4.6 4.8

2900

2902

2904

2906

2908

2910

2912

2914

2916

2918

R
am

an
 s

hi
ft/

cm
-1

Cage radius/10-10m

 small cage (sI)
 large cage (sI)
 small cage (sII)
 large cage (sII)
 small cage (sH)
 middle cage (sH)
 Fit curve

 
Figure 2. Cage-size effect on Raman shift of C−H stretching vibration of methane [28–52]. 

Table 1. Average cage radius of gas hydrates. 

Hydrate Structure Cage Average Radius/Å [5] Guest Molecules [19,53–58] 
sI small cage (512) 3.95 CH4, CO2, H2S 
 large cage (51262) 4.33 CH4, CO2, H2S, C2H6 

sII small cage (512) 3.91 CH4, H2 
 large cage (51264) 4.73 CH4, C3H8, THF, H2 

sH small cage (512) 3.94 CH4, CO2 
 middle cage (435663) 4.04 CH4, CO2 
 large cage (51268) 5.79 iso-C5H12, neo-C6H14 

  

Figure 2. Cage-size effect on Raman shift of C−H stretching vibration of methane [28–52].

Table 1. Average cage radius of gas hydrates.

Hydrate Structure Cage Average Radius/Å [5] Guest Molecules [19,53–58]

sI small cage (512) 3.95 CH4, CO2, H2S
large cage (51262) 4.33 CH4, CO2, H2S, C2H6

sII small cage (512) 3.91 CH4, H2
large cage (51264) 4.73 CH4, C3H8, THF, H2

sH small cage (512) 3.94 CH4, CO2
middle cage (435663) 4.04 CH4, CO2

large cage (51268) 5.79 iso-C5H12, neo-C6H14

• Condition

Gas hydrate is always synthesized or preserved at different pressures and tempera-
tures. These conditions may affect the Raman shift of guest molecules in hydrate cages.

Tulk, et al. [59] synthesized and analyzed methane hydrate at 12 K, 60 K, 120 K, and
170 K, and their Raman spectra had no significant difference. Murshed, et al. [60] measured
the Raman shift of hydrogenated and deuterated CH4-sI hydrates at 113 K, 133 K, 153 K,
and 173 K. However, in their results, as the temperature increased about 60 K, the Raman
shift of C−H in large and small cages separately increased about 0.7 cm−1 and 0.4 cm−1.
This means temperature had little effect on the Raman shift of guest molecules. When the
temperature difference is not large enough, the Raman shift difference can be neglected.
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Nakano, et al. [61] synthesized and analyzed methane hydrate at different pressures,
the C−H vibration Raman shift of methane in a large cage increased with pressure, while in
a small cage, it was constant. According to studies on sI ethane hydrate formed at different
pressures by Kurnosov et al. [62] and Hirai H et al. [11], the relationship between C−C
vibration Raman shift and pressure is shown in Figure 3. The blue points represent ethane
molecules in small cages, while red and black points are ethane molecules in large cages.
It can be seen that the Raman shift in large and small cages linearly increased with the
pressure. The Raman shift difference between the gas phase and hydrate was caused by
the interaction between guest molecules and host cages. As the pressure increased, the
hydrate crystal lattice and cages were compressed, which increased the vibration energy of
the guest molecules. The exception for methane in a large cage is because the space around
it was enough even if the host cage was pressurized.
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2.1.3. Application of Raman Spectroscopy to Clathrate Hydrate Study

The Raman spectra of the C−H vibration of several common hydrocarbon hydrates
are summarized in Figure 4, where the corresponding composition and structure type
are marked on the left side of each spectrum. To show the Raman peaks of methane in
different structures, Ohno et al. [63] synthesized methane, methane-ethane, and methane-
deuterated MCH hydrates from ice powder. Their Raman spectra in Figure 4 only contains
methane signals, and their peak positions can be found in Table 1. Moreover, as ethane and
propane molecules are both difficult to fit in the small cage in the hydrate structure, the
spectra of ethane sI hydrate and propane sII hydrate shows mainly characteristic peaks
of guest molecules in large cages. For neo-pentane and iso-pentane with the same atomic
composition, due to the difference in molecular size, the structure of the mixed binary
hydrate formed with methane is also different. Neo-pentane is relatively small and forms
an sII hydrate with methane, while iso-pentane forms an sH hydrate. In the hydrate
structure, both the neo-pentane and iso-pentane can only occupy the large cages, with
methane molecules filling the remaining cages. Their Raman shift is summarized in Table 2.
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Figure 4. Raman spectra of C−H stretching of several hydrocarbon hydrates [46,57,63–65].

Apart from hydrocarbons, natural gas hydrates also contain inorganic molecules, such
as N2, CO2, and H2S [58,66–68]. Their Raman shift is out of the region of hydrocarbons.
Chazallon et al. [69] analyzed gas components in natural gas hydrates collected at different
sites with micro-Raman spectroscopy and provided the Raman spectra of H2S hydrate
and CO2 hydrate. Ota et al. [70] investigated the CO2-CH4 replacement in CH4 hydrate
with in situ Raman spectroscopy and provided their cage occupancy change during the
replacement process. Lee et al. [71] measured the Raman spectrum of CH4-CO2-N2 mixed
gas hydrate, which is the sI hydrate identified by XRD. They calculated the cage occupancy
of the gas hydrate synthesized at different initial gas compositions and discussed its
application on landfill gas treating. Similarly, Liu, et al. [72] estimated the cage occupancy
of mixed CH4-CO2-N2 gas hydrate via in situ Raman spectroscopy. Chazallon, et al. [58]
analyzed the natural gas hydrate sample from the Western Black Sea and obtained the
spatial variability of the methane cage occupancy via Raman imaging.

Compared with the hydrates mentioned above, H2 hydrate is special. The H2 molecule
is small enough to occupy a single hydrate cage with multiple molecules. The Raman
spectra associated with H2 hydrate is collated in Figure 5. Lines A and B are the Raman
signals of H2 molecules in gas phase and in TBAF aqueous solution. Interstitial molecular
H2 in ice is shown as line C. This is not a hydrate structure but H2 filled in ice, which can be
easily distinguished from hydrate. Hydrate formed by pure H2 is sII (line E). The multiple
occupancy of H2 in clathrate caused multiple peaks in the Raman spectra [73]. A single
H2 in a small cage is at 4120 and 4125 cm−1, while a double H2 is at 4153 and 4159 cm−1.
Multiple H2 in a large cage between the single and double region peaks at 4129, 4136, 4143,
and 4150 cm−1 are up to four H2 in a large cage [74]. Another two common structures of
H2 characteristic peaks are shown in lines D and F. Line G is a special structure called sVI,
containing 12 small cages of 4454 and 16 large cages of 43596273. It is formed when the
guest molecule is tBuNH2, and tBuNH2 only occupied large cages, while H2 filled in the
4454 cages. Line H is also a special structure, called a semi-hydrate, synthesized with TBAF.
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H Small C−H 2911.1 [76] 
 Middle C−H 2909.1  

C2H6 I Large C−C 999 [77] 

Figure 5. Raman spectra of H−H stretching of hydrogen hydrate [74,75].

The Raman shift of the guest molecule in various hydrates with different structures is
summarized in Table 2. The C−H vibration peaks of hydrocarbon molecules are mainly
concentrated in the range of 2800~3000 cm−1, while the C−C vibration peaks are distributed
in the range of 800~1000 cm−1. The Raman shift of guest molecules in small cages are
always larger than that in large cages, except for the hydrogen molecules because multiple
hydrogen molecules can occupy the same cage.

Table 2. Raman shift of guest molecules of several clathrate hydrates.

Guest Molecule Structure Cage Vibrational Mode Raman
Shift/cm−1 Ref.

CH4

I Small C−H 2914.4 [41]
Large C−H 2903.8

II Small C−H 2913.3
Large C−H 2903.6

H Small C−H 2911.1 [76]
Middle C−H 2909.1

C2H6

I Large C−C 999 [77]
C−H(ν1) 2889

C−H(2ν11) 2945
Small C−C 1020

C−H(ν1) 2903
C−H(2ν11) 2966

II Large C−H 2886.2, 2941.3 [41]
C−C 991.6

C3H8
II Large C−H 2871, 2880, 2902,

2920, 2944, 2988 [78]

C−C 879
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Table 2. Cont.

Guest Molecule Structure Cage Vibrational Mode Raman
Shift/cm−1 Ref.

n-C4H10 II Large C−C 800,839 [26]

i-C4H10
II Large C−H 2874, 2910, 2938,

2967 [26]

C−C 811

neo-C5H12 II Large C−H 2877, 2924, 2956,
2976 [46]

CO2

I Large C−O(ν1) 1273 [46]
O−C−O(2ν2) 1377

gas – C−O(ν1) 1285
O−C−O(2ν2) 1388

H2S I Small S−H 2602 [46]
Large S−H 2592

N2
II – N−N 2324 [71]

liquid – N−N 2330

H2

II 1H2 in Small H−H 4120, 4125 [79]
2H2 in Small H−H 4153, 4159

Large H−H 4129, 4136, 4143,
4150

Raman spectroscopy is a very good instrument method for hydrate qualitative study
(including composition [26], structure type identification [57,76]) and quantitative
study [19,80–82] (including cage occupancy and hydration number). This information will
be applied to the hydrate kinetics process study (including formation [46,51,60,65,83–85],
dissociation [33,36,64,86], gas replacement [50,60,87,88], and inhibitors [47,89]), structure
changes [8,11,31,34,35,41,45,49,90], hydrate distribution [26,38,43], and structural character-
ization [91–93].

2.2. Nuclear Magnetic Resonance (NMR)
2.2.1. Theoretical Basis of NMR for Gas Hydrate Analysis

Nuclear Magnetic Resonance (NMR) is a noninvasive technique to study the properties
of matters at the molecular level [94,95]. Spin nuclei, such as 1H and 13C, will create a small
magnetic field. Under a uniform strong magnetic field (B0), the nuclei split into separate
energy levels. The spin nuclei will absorb energy when irradiated with electromagnetic
waves at an appropriate frequency and generate NMR signals. The frequency matches the
energy level difference between two states, which concerns the chemical environment of
nuclei. By maintaining the imposed magnetic field constant and increasing the oscillator
frequency gradually, resonance of different nuclei will occur, and NMR signals will be
observed, i.e., energy will be absorbed by the nucleus at a unique frequency, known as
“chemical shift”.

In 13C-NMR measurement, the chemical shift refers to relative change in resonance
frequency of a sample compared to a reference compound, such as tetramethylsilane (TMS).
Chemical shift is a dimensionless number calculated by,

δ =
v − vre f

vspec
× 106(ppm) (2)

where δ is chemical shift, v is the resonance frequency of sample, vre f is the resonance
frequency of standard reference compound, and vspec is the operating frequency of the
instrument. As the magnitude of the chemical shift is small, it is expressed in units of parts
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per million (ppm). The chemical shift is determined by factors such as molecular structure,
electronegativity, and chemical environment.

Common NMR spectroscopy includes 1H-NMR and 13C-NMR. In natural gas hydrates,
hydrocarbons are the major component. Since hydrates are solid crystalline substances,
solid state 13C-NMR is most widely used. Unlike solution NMR, due to dipole–dipole
interaction and chemical shift anisotropy of solid samples, peaks in solid-state NMR
spectrum are broad with low resolution [96]. However, high-resolution spectra with a
sharp NMR peak can be achieved through special techniques, such as magic angle rotation
(MAS) [96,97] or cross-polarization (CP) [98–100].

Different guest molecules have different chemical shifts because of their different
atomic connections. The same guest molecules in different hydrate cages are also under
different chemical environments compared to the common vapor state, which causes their
different chemical shifts. This is the basis of qualitative analysis of NMR, which can
provide hydrate information such as composition and structure. The NMR signal intensity
is proportional to the total number of corresponding guest molecules. This is the basis
of the quantitative analysis of NMR, which can help estimate the cage occupancies of
gas hydrate.

2.2.2. Factors Affecting the Chemical Shift of Guest Molecules in Hydrate Cages

In the research on clathrate hydrate, the chemical shift of guest molecules is cage-
dependent, which can be used to identify the hydrate structure and calculate the cage
occupancy [101]. For example, the chemical shift of methane in large cages in sI hydrate
is about −6.6 ppm and −4.2 ppm in small cages. In the sII hydrate, the chemical shift of
methane in large cages and small cages are −8.2 ppm and −4.3 ppm, respectively. The rela-
tionship between the radius of the hydrate cage and the chemical shift of methane molecule
is plotted in Figure 6. It can be seen that the chemical shift of methane is approximately
linear with the cage radius, and the goodness (R2) of linear fit is about 0.98.

Pressure and temperature also affect the chemical shift of guest molecules in gas
hydrate. Liu, et al. [102] calculated the 13C-NMR chemical shift of hydrocarbon guests in
gas hydrate, and found it monotonically increased as pressure increased in most cases.
Kida, et al. [103] studied how temperature affects the chemical shift of various hydrocar-
bons. For guest normal alkanes in a looser cage environment, the chemical shift tends to
decrease with temperature. For those in a tighter cage environment, the chemical shift
tends to increase with temperature.
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2.2.3. Application of NMR to Clathrate Hydrate Study

As most of the guest molecules of hydrate are hydrocarbons, 13C-NMR is commonly
used. The 13C-NMR spectra of hydrates formed with methane, ethane, and propane,
which are collected in the literature [104,106–109], are plotted in Figure 7. In addition,
chemical shifts of hydrocarbon guest molecules for common hydrates with different struc-
tures are listed in Table 3. As the peak areas (integral intensity) in 13C-NMR spectra
are proportional to the amount of corresponding matters, the obtained peak areas can
be combined with the van der Waals-Platteeuw model to calculate the cage occupancy
of clathrate hydrate [18,104,110]. The calculation method will be introduced in detail in
subsequent sections.
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Table 3. 13C-NMR chemical shifts of hydrocarbon molecules for common hydrates (Unit:
ppm) [104,105,107,111].

Guest Molecule
sI sII sH

Small Cage Large Cage Small Cage Large Cage Small Cage Middle Cage Large Cage

methane −4.2 −6.6 −4.3 −8.2 −4.5 −4.9 –
ethane – 7.7 – 6.0 – – –

propane – – – 16.7, 17.5 – – –
iso-butane – – – 26.3, 23.5 – – –
n-butane – – – 13.7, 25.8 – – –

iso-pentane – – – – – – 11.6, 22.4, 30.7, 32.4
n-pentane – – – – – – 13.7, 21.6, 34.5

2-methylpentane – – – – – – 12.9, 19.4, 22.9, 25.1
3-methylpentane – – – – – – 11.8, 17.6, 30.2, 36.9

2,2-dimethylbutane – – – – – – 8.5, 29.2, 30.2, 36.9
2,3-dimethylbutane – – – – – – 19.1, 34.0

n-hexane – – – – – – 13.2, 20.8, 28.1
methylcyclopentane – – – – – – 20.3, 25.6, 35.4, 35.9

cyclohexane – – – 27.7 – – –
methylcyclohexane – – – 0.53 – – 23.6, 27.3, 33.7, 36.1

13C-NMR is widely used in hydrate structure determination and composition analy-
sis [12,18,111–116]. Ripmeester et al. [18] confirmed that NMR can be used to distinguish sI
and sII hydrates due to the chemical shift pattern of methane encaged in large and small
cages. Seo et al. [112] combined X-ray diffraction and 13C-NMR to investigate the mixed
N2 + CO2 hydrates. By analyzing the relationship between the vapor-phase components
and cage occupancy of the guest molecules, it was found that CO2 molecules would be
enriched in the hydrate phase to stabilize the structure into sI. Dec [114] studied the for-
mation of methane-ethane hydrate with 13C-NMR, in which both structure I and structure
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II clathrate hydrates were observed, and a growth kinetic model controlled by the most
water-soluble clathrate hydrate former was developed. Lee et al. [115] used 13C-NMR to
study the phase behavior and quantitative determination of hydrate composition and cage
occupancy for the mixed CH4 + C2H6 + C3H8 hydrates, which confirmed that the mixed
hydrate was sII, and that small cages were occupied only by CH4 molecules, whereas
large cages were shared by CH4, C2H6, and C3H8 molecules. Lee et al. [111] measured the
chemical shifts for pure liquids and synthetic binary sH hydrate samples (with the help of
CH4 gas) for 2-methylbutane, 2,2-dimethylbutane, 2,3-dimethylbutane, 2-methylpentane,
3-methylpentane, methylcyclopentane, and methylcyclohexane and ternary sH hydrates of
n-pentane and n-hexane with methane and 2,2-dimethylbutane, which can help in assigning
spectra for complex hydrates recovered from natural sites. Kida et al. [116] combined 13C-
NMR and powder X-ray diffraction measurements on the mixed gas hydrates of methane
and butane (including i-butane and n-butane) to investigate the effect of guest molecules
in cages on the lattice parameters and density of hydrate. It was found that the lattice
constant would increase with increasing butane composition causing the lattice to expand
and lowering the hydrate density.

Many prior studies reported the characterization of natural gas hydrate samples by
13C-NMR [105,117–119] Takeya et al. [117] analyzed natural gas hydrate recovered by grav-
ity coring at gas-vent fields in Lake Baikal in June 2002, with 13C-NMR spectroscopy, the
composition of the encaged gas molecules was determined. It was found that the large-cage
occupancy of CH4 encaged in the gas hydrate is 0.94 and small-cage occupancy is 0.99,
while CO2, C2H6, and C3H8 were not detected by 13C-NMR spectroscopy. Kim et al. [118]
used 13C-MAS-NMR to analyze the natural gas hydrate collected during Ocean Drilling
Program (ODP) Leg 204 at the Hydrate Ridge offshore Oregon, founding the occupancy rate
of methane molecules in large cages and small cages were about 0.99 and 0.80, respectively.
Lu et al. [105], with powder X-ray diffraction and 13C-NMR, characterized the structure,
gas content, composition, and distribution of guest molecules in a complex natural hydrate
sample recovered from the Barkley canyon on the northern Cascadia margin, providing
direct evidence for the natural occurrence of structure H hydrate. Kida et al. [119] inves-
tigated the sediment samples recovered from three different areas in the eastern Nankai
Trough area, in which the 13C- NMR chemical shifts of encaged CH4 molecules showed that
the crystallographic structure of the nature gas hydrate is sI, corroborating the PXRD data.

In addition, 13C-NMR can be used to study the thermodynamics of clathrate hy-
drate [120–122]. Fleyfel et al. [120,121] investigated the hydrate formation and decom-
position process in the metastable region with 13C-NMR, and obtained the equilibrium
pressure-temperature curve for CH4-C3H8 hydrate. Seo et al. [122] used 13C-NMR to
study the effect of structure H-forming hydrocarbon, including 2,2-dimethylbutane and
methylcyclohexane, on the equilibrium condition of CH4-C3H8 hydrate.

Moreover, several researchers used 13C-NMR to study the kinetics of hydrate forma-
tion, dissociation and inhibition of clathrate hydrates [79,104,123–125]. Kini et al. [123]
measured the growth rates of CH4 + C3H8 structure II hydrates in a custom-built nonspin-
ning probe via 13C-NMR, and developed a simple surface reaction model, which related
growth rate to pressure and particle size. Dec [124] studied the thermally activated de-
composition of CH4 + C2H6 structure I hydrate with 13C-MAS-NMR, where large cages
encaging C2H6 were found to decompose more rapidly than small cages encaging CH4.
Similarly, Kida et al. [125] investigated the dissociation behavior of methane–ethane mixed
gas hydrate coexisting structures I and II with powder X-ray diffraction and 13C-NMR, and
revealed an anomalous behavior that sI hydrate increased at the initial step of dissocia-
tion and then disappeared, which was associated with the dissociation rate of the initial
methane–ethane mixed gas hydrate. Lee et al. [104] synthesized sII gas hydrate with a
mixture of methane, ethane, propane, n-butane, and isobutene, and studied the effects of
ethylene glycol as inhibitor on pure methane hydrate and synthetic mixed gas hydrate.
Lee et al. [79] confirmed the inhibitory effect of 1-propanol on methane hydrate and carbon
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dioxide hydrate with 13C-NMR spectroscopy, and quantitatively analyzed the influence of
1-propanol concentration on the hydrate cage occupancy.

2.3. X-ray Diffraction (XRD)
2.3.1. Theoretical Basis of XRD for Gas Hydrate Analysis

Diffraction describes the scattering of waves by a matter, including electromagnetic
radiation or radiation such as neutrons with wave-like characteristics. The diffraction
degree of the wave is related to the characteristic size of the matter. When the characteristic
size of the matter is on the order of the radiation wavelength, the degree of diffraction
reaches a maximum. If radiation interacts with a regular array of obstacles, interference
patterns can be observed. Since a single crystal has a three-dimensional ordered lattice,
when exposed to radiation, diffraction patterns of distinct Laue spots can be obtained. The
relative location of these spots predicts the crystal symmetry and size parameters of the
unit cell according to Bragg’s law,

2dsin θ = nλ (3)

where d is the characteristic spacing distance of the lattice, θ is the angle between the
incident radiation and the crystal plane, n is an integer, and λ is the wavelength of the
radiation. As powder samples are composed of many microcrystals with random or
statistical directions, the same principle holds. Unlike testing single crystals, what is
obtained on the two-dimensional detector when testing powder samples is not distinct
Laue spots, but Debye-Scherrer rings, which can provide information about the symmetry
and content of the unit cell [126,127].

X-ray is an electromagnetic wave with a typical wavelength in the region of 10−10

m of the same order as the crystal lattice. X-ray was discovered by a German physicist,
Laue, in 1912 by using a crystal as a grating. When the X-ray enters the crystal, the outer
electrons in the crystal atom will be excited and transition to a higher energy state. Photons
with a wavelength of about 0.1 nm will be emitted as excited electron transitions back to
the ground state. Thus, each atom acts as a new X-ray source, irradiating X-ray scattered
waves. Due to the periodic arrangement of atoms in the crystal, there will be spatial
interference. The overlapping of the scattered waves can enhance the intensity in some
scattering directions and neutralizes each other in others, resulting in diffraction. The
direction in which the scattered wave mutually enhanced is the diffraction direction, which
is determined by the symmetry, the lattice parameters, and atomic position of the unit cell.

As clathrate hydrates are crystalline solid compounds, XRD can be used to determine
hydrate structure types, measure the particle size and lattice parameters of the hydrate
crystal, identify various guest molecules, and calculate cage occupancy, etc. The peak
positions of hydrate XRD pattern represent different crystal faces (the hkl coefficient),
respectively. This information will show the structure of hydrate and lattice parameters.
The intensity of these peaks affords more detail information, such as atom occupancy,
which will help calculate cage occupancy of guest molecules.

In XRD analysis of gas hydrate, a low temperature condition is required to keep
clathrate hydrate stable during detection. The XRD technique can be divided into single-
crystal X-ray diffraction and powder X-ray diffraction (PXRD). Single-crystal XRD with
high precision can directly obtain the periodic atomic arrangement inside the crystal;
thereby, the lattice parameters, structure type, and occupancy rate can be easily obtained.
Udachin et al. [21] once carried out structural analysis of hydrate samples recovered from
Cascadia margin based on single-crystal XRD diffraction. However, high-quality single crys-
tal hydrates are difficult to synthesize, so the application of single crystal XRD in hydrates
is limited. Therefore, powder X-ray diffraction is more commonly used in the qualitative
and quantitative analysis of hydrates. PXRD technique only gives the macroscopic average
information of the crystal, so only by means of Rietveld structural refinement, quantitative
information such as cage occupancy can be obtained. Specific refinement methods will be
introduced in detail in subsequent sections.
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2.3.2. Application of XRD to Clathrate Hydrate Characterization

As mentioned above, there are three main types of gas hydrate structures, correspond-
ing to different lattice parameters and space groups. XRD is one of the most accurate
techniques for hydrate structure identification. The positions of Raman characteristic peaks
of different hydrate structures are too close to be clearly separated each other for some
guest molecules (e.g., CH4), and the application of NMR spectrum for hydrate structure
identification is indirectly through the chemical shift of certain molecule, sometimes over-
lapped each other. The crystallographic methods, for example XRD, the diffraction pattern
is directly related to the lattice structure of a crystal, yielding information on regular array
of atoms, especially for host water lattice of gas hydrate. The hydrate of different structure
type is with different space group and different XRD pattern, which can be used to identify
hydrate structure type directly. We summarized representative XRD patterns of ice and
different type of hydrates in Figure 8.
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XRD is always used in examining hydrate structural changes with temperature, pres-
sure, and composition. Udachin, et al. [130] measured the lattice parameters of single
crystal CO2 hydrate at different temperatures and found thermal expansion of hydrate
lattice. Machida, et al. [131] studied structural changes of H2 hydrate under high pressure
up to 80GPa, and found a denser structure than filled ice Ic structure above 55–60 GPa ex-
ists. Hirai et al. [132] used time-resolved XRD and Raman to study the structure transition
of CH4 hydrate at high pressure. They found sI hydrate transformed to sH, and then sH
hydrate suddenly collapsed to a methane filled ice Ih structure. Takeya, et al. [10] found
in mixed CH4-C2H6 hydrate, as the initial fractions of C2H6 increased from 0 to 100, the
structure of sI, sI + sII, sII, sI + sII, and sI were observed successively. Hirai, et al. [11]
summarized the structural changes of CH4-C2H6 mixed hydrate at different concentration
and pressure, which contain sI, sII, sH, and their coexistence. Similarly, Lee, et al. [133]
studied structure transition of mixed CH4 + N2 hydrate, and found this mixed hydrate
changed structure from sI to sII at 25.24–28.51 mol% (CH4 concentration in gas).

XRD is also applied to estimate cage occupancy of gas hydrates. Takeya et al. [16]
adopted PXRD combined with the ab initio methodology (direct-space technique and
Rietveld refinement). By analyzing the C−H bond, they determined the position of the
guest molecule in the crystal and calculated the cage occupancy. Cai, et al. [134] studied
sH hydrate of 2,2-dimethylbutane-methane hydrate with PXRD and calculated the cage
occupancy. Takeya, et al. [135] analyzed the sI C2H4 hydrate with PXRD and calculated the
cage occupancy, which is consistent with the Raman results.
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2.4. Neutron Diffraction
2.4.1. Theoretical Basis of Neutron Diffraction for Gas Hydrate Analysis

Neutron diffraction is the Brag diffraction that occurs when neutrons with a De Broglie
wavelength of about 1 Å pass through a crystalline material. Its basic principle, experimen-
tal method and data processing method are similar with XRD, and the XRD method for
cage occupancy estimation of gas hydrate can be extended to neutron diffraction.

The difference between neutron diffraction and XRD is mainly reflected in the follow-
ing aspects. Neutrons generate nuclear scattering by the action of matter and nucleus, while
incident X-rays interact with electrons outside the nucleus to produce scattered waves. The
scattering factor of neutron diffraction varies with the atomic number and can only be deter-
mined experimentally, and its scattering factor does not decrease with the hkl coefficient, so
more unit cell information can be obtained. The scattering factor of XRD increases with the
atomic number and decreases with the hkl coefficient. Neutron diffraction can be used for
isotope discrimination because different isotopic has different amplitude, while there is no
difference between isotopes in XRD. Neutron diffraction produces magnetic scattering of
atoms which have magnetic moments, while XRD has extremely weak magnetic scattering.
In terms of absolute intensity measurement, neutron diffraction can be directly measured,
especially for powder, while XRD is difficult.

From the above differences, we can see the advantages of neutron diffraction in
hydrate research:

(1) Light elements can be clearly detected, nearly 2/3 of the atoms in hydrate are hydro-
gen atoms, and the hydrate structure is determined by hydrogen bonding interac-
tions [136]. However, a large proportion of hydrogen will cause high backgrounds.
Thus, hydrate samples are always deuterated [20,137,138].

(2) It can identify the isotopes and elements with similar atomic number and can dis-
tinguish the crystallographic positions of different isotope, while XRD cannot. So,
isotope can be used in neutron diffraction to trace in hydrate formation.

(3) For high pressure gas experiments, high resolution neutron diffraction is more suitable
than conventional XRD. High pressure gas will show a great absorption in XRD, while
neutron diffraction does not absorb much through the reactor material. The gas
pressure of neutron diffraction can even reach 600 MPa [20].

(4) Neutron diffraction frequency coverage is larger than X-ray diffraction, allowing for
more detailed analysis of hydrate information [139].

The interpretation of the neutron diffraction data is similar to that of X-ray diffraction
data. Rietveld refinement and MEM (Maximum Entropy Method) are commonly used to
obtain the structure type of gas hydrate and further solve the structural parameters such as
unit cell constant and cage occupancy. The Rietveld structural refinement is, by computer
processing, based on the known main information of crystal structure. Using the least
square method to calculate the intensity of thousands of measurement points under the
overlap of multiple parameters, so as to best match the measured values. The MEM is
to determine the maximum information entropy under some constraints and obtain the
density distribution under condition of maximum information entropy and then calculate
the crystal structural parameters based on its density distribution [138].

2.4.2. Application of Neutron Diffraction to Clathrate Hydrate Study

Neutron diffraction can be applied to identify the hydrate structure. As is shown
in Figure 9, tee main structure of the gas hydrate is summarized. Halpern, et al. [140] inject
CO2 to Ar hydrate and observed the structure transformation from sII to sI. Murshed, et al. [60]
studied in situ formation of CH4-C2H6 mixed gas hydrate via neutron diffraction and ob-
tained phase fraction changes of sI/sII/Ice during the whole process.
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Figure 9. Neutron diffraction patterns of gas hydrate [138,141,142].

Similar to XRD, neutron diffraction is also applied to estimate cage occupancy of
gas hydrate. W.F.Kuhs, et al. [20] used high-resolution neutron diffraction to study the
nitrogen hydrate from the polar ice cap. For the first time, the compressibility of the hydrate
and position and angle of the guest molecules in the cages were obtained, and the cage
occupancy was measured. Igawa, et al. [143] used the RIETAN-EP program for Rietveld
analysis. After refinement, the PRIMA program was used for MEM analysis, and the nuclear
density distribution was calculated. The nuclear density distribution of Xe’s deuterated
hydrate was obtained by using the VESTA program. Hoshikawa, et al. [137] combined the
method of Rietveld and MEM, and studied the deuterated methane deuterated hydrate
(CD4·xD2O, sI). They obtained its atomic site information and atomic occupancy rate, and
according to these, cage occupancy of deuterated methane in large and small cages was
calculated. Tulk, et al. [144] used the Rietveld method to measure the cage occupancy of
CD4 deuterated hydrate (sH). The average occupancy of CD4 in large, medium, and small
cages was 3.1, 0.90, and 0.89, respectively. This result provided necessary information
for the refinement of the intermolecular potential energy parameters of water–methane
hydrophobic interaction in hydrates. Igawa, et al. [138] studied the deuterated hydrate of
carbon dioxide with MEM method. Assuming that large cage occupancy is 1, they obtain
the small cage occupancy. Hoshikawa, et al. [145] evaluated cage occupancy of the mixed
CH4-C3H8 gas hydrate.

3. Methods for Cage Occupancy Estimation of Gas Hydrate
3.1. Method Based on vdWP Theory

The vdWP theory was first proposed by van der Waals and Platteeuw at 1959 [146].
In 1963, McKoy and Sinanoglu [147] improved this theory with Kihara potential. In 1966,
Nagata and Kobayashi [148] applied vdWP theory into calculation of mixed gas hydrate.
In 1972, Parrish and Prausnitz [149] applied vdWP theory on gas hydrate of more species.
The theory has the following assumptions: (1) hydrate free energy and cage occupancy
are independent; (2) a cavity can only contain one guest molecule, which cannot diffuse
between cages; (3) no gas molecule interaction and host lattice deformation; (4) theoretical
data are identical; and (5) not affected by quantum effects. The model is expressed as

∆µH
w (T, P) = −RT[νs ln(1 − θs) + νl ln(1 − θl)] (4)
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where ∆µH
w (T, P) is the chemical potential difference between the empty gas hydrate

lattice and the stable ice lattice, commonly using 1297 J·mol−1 in sI hydrate [19,150] and
883.8 J·mol−1 in sII hydrate [104]. The above values are for reference only, because the
value of ∆µ given by different literatures are different [151,152]. νl and νs represent the
ratio of large cage and small cage to the number of water molecules in the hydrate lattice,
respectively. In sI hydrate, there are six large cages, two small cages, and 46 water molecules
in a structure cell, so νs = 1/23, νl = 3/23. While in sII hydrate, there are eight large cages,
16 small cages, and 136 water molecules in a structure cell; thus, νs = 2/17, νl = 1/17.

Using Raman spectroscopy or 13C-NMR, we can scan and quantitatively analyze the
hydrate sample. As mentioned above, the area of the Raman characteristic peak is related
to the number of guest molecules and its Raman scattering cross-section; peak areas of
the 13C-NMR spectra are directly related to relative amount of carbon atoms; thus, the
hydrate can be quantitatively analyzed. These relative intensities can be used as the basis
for relative cage occupancy.

Based on Equation (1), we can obtain the relative cage occupancy via Raman spectroscopy

θl,i

θs,j
=

Al,i

As,j
× νs

νl
×

σj

σi
×

ηj

ηi
(5)

where the subscripts l and s represent the large cage and the small cage, respectively, i and j
represent the different molecules, θ means cage occupancy, A is the peak area (integral inten-
sity) of a Raman characteristic peak for guest molecules in cages, σ is the Raman scattering
cross section, and η is instrumental efficiency of the optical and electronic response.

The difference of η can be neglected. For the same kind of molecule, assuming σs
and σl to be identical, νs/νl can be obtained according to the hydrate structure (which is
the ratio of the small cage number to the large cage number, the sI hydrate is 1/3, and
the sII hydrate is 2). The Raman peak area of the guest molecule in the large and small
cages can be calculated by the Raman spectra, and using Equation (5), we obtain θl/θs.
NMR is similar to Raman spectroscopy, and the relative cage occupancy θl/θs can also be
determined by the ratio of the peak areas in the spectra.

The cage occupancy of a single component hydrate can be obtained by the combination
of Equations (4) and (5).

For multiple component hydrates, we take the C3H8 + CH4 mixed hydrate as an
example. In this hydrate, C3H8 is not encased in a small cage. According to Raman spectra
and Equation (5), we obtain θl,CH4 /θl,C3H8 and θs,CH4 /θl,C3H8 . We should note that, for
different kind of molecules, their σ ratio is not 1. It can be measured by scanning their
mixed gases of different known compositions. Similar to Equation (4), we obtain:

∆µH
w (T, P) = −RT

[
νs ln

(
1 − θs,CH4

)
+ νl ln

(
1 − θl,C3H8 − θl,CH4

)]
(6)

where νs = 2/17, νl = 1/17, and ∆µH
w (T, P) = 883.8 J·mol−1. Combining Equations (5) and (6),

we obtain their cage occupancies.

3.2. Calibrated Quantitative Analysis of Raman Spectroscopy

Qin and Kuhs [153] propose a calibration protocol to quantify the cage occupancy of
gas hydrates via Raman spectroscopy. This method corrects the common Raman method
using synchrotron powder diffraction and Raman peaks of water molecules in hydrate.
This can make the result more accurate, especially for calculating occupancy of different
cages and in mixed hydrate. Different from the method in Section 3.1, this method used
water molecules as reference substance. Firstly, they deal with the single component of
methane hydrate, ethane hydrate, carbon dioxide hydrate, and their cage occupancy. Using
Raman spectra, the peak area of guest in large and small cages, and the peak area of O−H
stretching vibrational bands in the 2830–3600 cm−1 region (which means peak area of
water molecules in hydrate) can be obtained. Using synchrotron powder diffraction, they
obtained large and small cage occupancy of the three single hydrate. Using these data, they
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obtain the quantification factor of quantitative calculation of different guest molecules in
different cages and framework water molecules. Through these factors, the corrected cage
occupancy can be calculated according to the Raman spectrum.

They synthesized pure hydrate of CO2, CH4, and C2H6. Assuming that the Raman
spectra of host molecules in pure sI CO2, CH4, and C2H6 hydrates are independent of the
guest species, two scaling factors are introduced

CCM = AH
C /AH

M (7)

CEM = AH
E /AH

M (8)

where CCM and CEM refer to the scaling factor of CO2 to CH4 and C2H6 to CH4, AH
C ,

AH
M, and AH

E represent the integration area of O−H bands of pure hydrate spectra in
2830–3600 cm−1, respectively. These scaling factors can normalize these spectra. As these
hydrates are also measured by XRD and NMR, their absolute cage occupancy and relative
Raman cross section in different cages are accurately measured. On the basis of Equation (1),
the relative Raman quantification factor (F-factor, F = ση) of CH4 or C2H6 in large and
small cages to water can be obtained

FL/FH = AL × NH/
(

AH × NL

)
= AL × 46/

(
AH × 6 × θL

)
(9)

FS/FH = AS × NH/
(

AH × NS

)
= AS × 46/

(
AH × 2 × θS

)
(10)

As Raman bands of CO2 in different cages cannot be resolved, Raman cross-sections
of CO2 are assumed to be identical. The relative F-factor ratio of CO2 can be obtained by

FC/FH
C = AC × NH

C /
(

AH
C × NC

)
= AC/AH

C × 46/(6 × θCL + 2 × θCS) (11)

where L and S means large cage and small cage, A is integration area of corresponding
peaks, and N is molecular number.

As uncertainty of these relative F-factors between guest and host molecules is within
±6%, they can be used to determine cage occupancy combined with Raman spectroscopy.

For CH4 or C2H6, absolute cage occupancy in large and small cages can be expressed as

θL = AL × 46/
(

AH × 6
)

/
(

FL/FH
)

(12)

θS = AS × 46/
(

AH × 2
)

/
(

FS/FH
)

(13)

For CO2, total cage occupancy is obtained by

θC = AC × 46/
(

AH
C × FC/FH

C

)
/8 (14)

3.3. Refinement Method of Powder Diffraction of Gas Hydrate

Rietveld structural refinement is widely used in the processing of powder diffraction
data. It is based on the known main crystal structure. The crystal atomic structure model is
established by a computer program, and the calculated value of its diffraction pattern is
obtained. By adjusting the peak shape, peak position, lattice constant, atomic parameters,
atomic occupancy, temperature factor, and other parameters, the calculated values of the
pattern are continuously adjusted. The least square method is used to minimize the sum
of the squares of the difference between the calculated value and the sample measured
value. In this way, we can achieve the best match between the corrected pattern and the
actual measured pattern, and we can regard the structure of calculated corrected pattern
as the structure of actual measured sample. This method not only gives the structural
characteristics of the crystal but also the position and occupancy of each atom in the unit
cell. Therefore, it can be used to estimate the cage occupancy of gas hydrate [134,154].
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Takeya et al. [16] combined the direct space method with Rietveld analysis and applied
them to clathrate hydrates. With the direct-space technique program, the space group was
fixed according to the known structures I, II, and H. For simplification, the virtual chemical
species, Wa and M, whose atomic scattering factors are equal to the sum of those for H2O
and CH4, −CH3, or −CH2, were used instead of these atomic groups. Cage occupancies
were used as free parameters in the refinement.

The cage occupancies determined by this method are shown in Table 4. The results of
single crystal XRD and 13C-NMR spectroscopy are also in this table. These results are in
good agreement.

Table 4. Comparison on cage occupancies obtained with PXRD refinement and other methods [16].

Hydrate Structure Cage Guest Molecule
Cage Occupancy

from PXRD
Refinement/%

Cage Occupancy
from Single

Crystal XRD/%

Cage Occupancy
from 13C-NMR/%

CO2
sI small cage CO2 69 71 –

large cage CO2 99 100 –

C2H6
sI small cage C2H6 12 5.8 –

large cage C2H6 98 100 –

C3H8
sII small cage C3H8 0 0 –

large cage C3H8 92 100 –

MCH + CH4

sH small cage CH4 100 82 –
middle cage CH4 91 81 –
large cage MCH 100 100 –

NH + CH4

sH small cage CH4 79 – 86
middle cage CH4 88 – 87
large cage NH 100 – 100

TBME + CH4

sH small cage CH4 77 – 75
middle cage CH4 85 – 89
large cage TBME 98 – 100

4. Conclusions

Among the four instrument methods mentioned in this review, Raman spectroscopy
is most widely used for determining hydrate cage occupancy. Its confocal technology
can focus on a small area with the size of few microns, which means a small amount
of sample and the detailed distribution of the cage occupancy. 13C-NMR is a reliable
quantitative method for hydrates of carbon-containing guests, such as hydrocarbons and
carbon dioxide. Diffraction techniques give more detailed structural information. The XRD
is cheap and can accurately determine the unit cell parameters. Neutron diffraction is better
for detecting light elements than XRD but not convenient to use. The crystallographic
methods (including XRD and neutron diffraction) require the information of guest species
before cage occupancy calculation, while the spectroscopic methods (including Raman
and NMR) can identify the guest molecules directly and estimate the cage occupancy.
This review can help estimate the amount of natural gas hydrate resource and evaluate
the energy storage efficiency in form of clathrate hydrate (methane, hydrogen, carbon
dioxide, etc.).
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