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ABSTRACT: The stability field of the C, hydrogen hydrate in the pressure—temperature phase af HOH, UoidHOH,
diagram of the water—hydrogen system is studied by volumetry under hydrogen excess. This

stability field is confined by the sII hydrate stability field at the low-pressure side; by the liquid ,
stability field at the high-temperature side; and by the C, hydrate stability field at the high-pressure
side. The pressure of the C, «> C, phase equilibrium is temperature-independent in the studied
temperature range from —20 to +18 °C. The corresponding equilibrium line in the phase diagram
terminates at the nonvariant quadruple point “C, hydrate + C, hydrate + liquid H,O + H, gas” (or
Q;) at 7.7(3) kbar and +22(2) °C. The volume change accompanying the C, — C; phase

transition, and the -~

H

volumetry. Thermodynamic considerations are used to estimate the hydrogen content H,/H,0 = /
0.53(S) and 0.23(S) of the C, and C, hydrates, respectively, near the Q; point. ‘o s 10

1. INTRODUCTION

Water ice and hydrogen are among the basic building materials
of many planets and satellites. Therefore, the phase trans-
formations of ice and the hydrogen effect on these trans-
formations may play a key role in the evolution and interior
structure of icy celestial bodies.'

Apart from dissolving in water ices, various gases can form
distinct compounds with H,O. Such compounds are called gas
hydrates, and they belong to the rich family of clathrates, in
which the host species (H,O in our case) forms a strong
tetrahedrally bonded framework with cages.” The guest
molecules enter such cages, but only weakly interact with the
host framework. H,O molecules in gas hydrates and ices are
bonded together by the hydrogen bonds so that the so-called
“ice rules” are satisfied, with the interaction with guest molecules
being the van der Waals one.

Unlike hydrates of most gases, which readily form at the
pressure of few tens of bars,” hydrogen hydrates were not known
for a long time because of much higher pressures needed for
their formation. Only in 1993 did Vos et al.’ make the first
observation of the hydrate formation in the water—hydrogen
system in the pressure interval 7.5—300 kbar. Two crystalline
hydrogen hydrates were discovered: a rhombohedral C, hydrate
(hydrogen filled ice II), stable at pressures up to 25.5 kbar, and a
cubic C, hydrate (hydrogen filled ice I.), stable at higher
pressures. The composition of these phases was estimated on the
basis of Raman spectroscopy and visual observations. The
molecular ratio X = H,/H,O of the C, hydrate between 7.7 and
25.5 kbar was found to be X = 1/6 (or 1.8 wt % H,), and that of

the C, hydrate was Xc = 1 (or 10 wt % H,).”

-4 ACS Publications  ©2019 American Chemical Society
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Later, in 1999, Dyadin et al.” measured the melting curve of
ices in a hydrogen atmosphere by differential thermal analysis at
pressures up to 8 kbar and discovered another clathrate hydrate
at hydrogen pressures from 1 to 3.6 kbar. In 2002, Mao et al.’
identified the crystal structure of this hydrate, called sII, as a type
2 clathrate with a cubic unit cell containing 136 H,0 molecules.
This hydrate has a nonstoichiometric nature and, depending on
the temperature and pressure, up to 48 molecules of hydrogen
(or 3.8 wt % H,) can enter the host H,O structure.>® The T—P
boundaries of the stability field of this hydrate were
constructed”’ previously.

Recent studies on quenched and recovered to ambient
pressure samples revealed new hydrogen hydrate, called C,, at
the intermediate pressure region between the sII and C,;
hydrates.® X-ray®™"' and neutron'”"’ diffraction studies on
the C, hydrate demonstrated that its crystal structure presents a
clathrate of a new type. Similar hydrate was later found in the
CO,—H,0 system under high pressure.'” A discovery of a new
structural type of clathrate stimulated a series of theoretical
works.'*7!¢

The complete pressure—temperature phase diagram of H,O
under hydrogen pressure should include the stability field of the
Cy hydrate. The melting curves of solid phases were previously
studied,” and the monovariant ternary “sII hydrate + C, hydrate
+ H, gas” and “liquid H,O + C, hydrate + H, gas” equilibria
(further referred to as the sIl < C, and C, <> L phase transition
lines) were located earlier.” In this paper, we report on the
volumetric in situ study of the hydrogen—water system, which
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allowed us to locate the monovariant ternary “C, hydrate + C,;
hydrate + H, gas” equilibrium, further referred to as the Cy < C,
phase transition line, thus completing the construction of the
phase diagram of H,O under up to 10 kbar pressure of hydrogen.

Hydrogen molecules can be removed from the H,O network
of the C, hydrate by pumping out a gas emitted by metastable
recovered C, samples at T = 77—130 K.*'? It was suggested to
name the resulting empty H,O network of the C; hydrate “ice
XVII”."” The H,0 molecules in the hexagonal crystal structure
of ice XVII form pentagonal rings, which in turn form infinite
open helical channels along the z axis, as shown in red at the left
in Figure 1. The structure possesses chirality, and the space
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Figure 1. Comparison of the P6,22 (left)"® and P3,12 (right)®"*
structural models for the C, hydrate in the H,O—H, system. Oxygen
positions and hydrogen bonds for the host H,O sublattice (ice XVII)
are shown by red and green, and the chains of guest H, molecules are
shown by blue. For clarity, only one resulting helical channel is shown,
with the rest being obtained by elementary translations corresponding
to a unit cell, shown in gray. The shortest H,—H, intermolecular
distances, also shown in blue, are 1.55 and 2.88 A for the left and right
structural models, respectively.

group of ice XVII is P6,22 or P6522, depending on the chiral
direction."'™"® Because the diffraction does not distinguish
between the enantiomorphic space groups, P6,22 could be
chosen as an exact space group of ice XVII for convenience.
Theoretical calculations'*'>'* and in situ neutron diffraction
experiments on the C, hydrate in the D,O-D, system'’
demonstrated that the guest molecules (blue spheres at the left
of Figure 1) form one-dimensional spirals inside the helical
channels around the 6, screw axis. If the 6,22 space group is
assumed for the full crystal structure of the C, hydrate, including
guest H, molecules, the resulting distance between the neighbor
positions of the guest molecules would be about 1.55 A. This
value is unusually low comparing to the sII,'” C, and C,
hydrogen hydrates,” where the H,—H, distances are about 2.9,
3.0, and 2.3 A respectively. Thus, a blocking effect should occur
between the neighbor H, positions in the P6,22 crystal structure
of the C; hydrate, effectively emptying the adjacent positions
around each H, molecule. This consideration imposes an upper
bound of 0.5 on the occupation factor for such position type,
limiting the composition X¢ < 0.5 of the C, hydrate."*'%"" Also,

as the composition approaches its maximum allowed by crystal
chemistry value, a long-range order should develop in the
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arrangement of the guest H, molecules. Instead of all H,
positions being occupied with the same 50% probability, an
alternating pattern of empty and occupied sites should develop,
resulting in a symmetry breaking. The corresponding scenario of
the guest molecule ordering was proposed,”'* and the resulting
crystal structure is depicted at the right of Figure 1.
Regretfully, the hydrogen content of the C, hydrate cannot be
determined by direct thermal desorption measurement on
recovered samples, because, first, a considerable part of H,
desorbs during pressure release even at liquid nitrogen
temperature”'® and, second, when the C, hydrate is stored in
liquid nitrogen the N, molecules are absorbed.'*'” At present,
several different routes were employed to determine the H,/
H,O content of this hydrate. A lower bound Xc, = 0.13 was

imposed by thermal desorption of quenched and recovered
samples.® Ab initio'> and molecular dynamics'* calculations,
performed for fixed Xc, = 0.5, demonstrated the stability of the

C, hydrate with respect to other possible hydrates. A value of X¢,

~
~

0.25 was reported for the freshly quenched sample as
estimated by the intensity ratio of the H, and H,O Raman
bands, and X, values as high as 0.4 or even 0.5 were reported for

ice XVII refilled with hydrogen at the low pressure—low
temperature conditions.'’ A composition of D,/D,0 = 0.5 of
the C, hydrate in the D,0—D, system was determined by in situ
neutron diffraction measurements.'”> The accuracies of these
values can hardly be estimated, but are unlikely to exceed 10%.

If the H,/H,O content of the C, hydrate is indeed close to 0.5,
then the structural model for this hydrate should have a lower
symmetry than that of ice XVIIL Thus, an accurate composition
determination of the C, hydrate is essential for the character-
ization of its full crystal structure.

Because of the difficulties in the X determination mentioned

above, it could be reliably determined only by in situ methods.
Volumetry is one of such methods, which has the advantage of
being model-independent, and which proved its usefulness in a
series of similar problems.”*'®

Our previous efforts to determine the hydrogen content of the
phases at the nonvariant quadruple Q, point at P = 3.6 kbar and
T = +1 °C’ were made before the C, hydrate was discovered. It
was incorrectly assumed that the Q, point represents the “sII
hydrate + C, hydrate + liquid H,0O + H, gas” equilibrium,”
instead of the correct “sII hydrate + C, hydrate + liquid H,O +
H, gas” one,® and the molar volume of the C, hydrate was used
in the calculations instead of the correct C, one, resulting in
inaccurate hydrate compositions. In present paper we reconsider
the hydrogen content of the phases at equilibrium at the Q,
point, following the discovery of the correct nature of this point.

In present paper, we also employed in situ volumetry to
construct the Cy <> C, equilibrium line, and to determine the
volume change at this phase transition. Given this volume
change, we calculated the composition of the C;and C, hydrates
at their equilibrium from thermodynamical considerations.

2. EXPERIMENTAL DETAILS

The piston—cylinder high-pressure chamber,'” used for in situ
volumetry, is schematically depicted in Figure 2. The loading
procedure consisted of several steps. First the device was cooled
to about —20 °C via an external thermostat. The double distilled
water was frozen and powdered in an agate mortar under liquid
nitrogen temperature. The ice sample weighting typically 1-2 g
was put in a bronze ampule (3), weighed, and put into the shaft
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Figure 2. PVT apparatus for in situ high-pressure volumetry: 1, gas
compressor up to 1.5 kbar; 2, beryllium bronze capillary; 3, bronze
capsule with sample; 4, movable beryllium bronze piston; S, composite
conical sealings, consisting of rubber and bronze O-rings; 6, bottom
plug with current leads (not shown is an external housing, restricting the
backward movement of the plug); 7, steel support; 8, hydraulic ram; 9,
platinum resistive temperature sensor; 10, micrometer gauge for
chamber displacement measurement with respect to piston 4; 11,
manganin four-probe resistive pressure gauge; 12, cooling jacket with
inlets (external thermal insulation is not shown); 13, resistance
measurement circuit (not shown); 14, beryllium bronze inner cylinder;
15, thermal insulation.

of the high-pressure vessel with an inner diameter of 12.2 mm
and a usable volume of about 10 cm®. Hydrogen gas of 99.999%
purity was supplied at a pressure of about 1.5 kbar by a gas
compressor (1) via a beryllium bronze capillary (2). Further gas
compression was realized by movement of the beryllium bronze
piston (4), which cut off the external gas supply (2) and
effectively kept the total hydrogen amount in the high-pressure
chamber constant. Hydrogen was always in excess, serving both
as a reagent and as a pressure transmitting medium. For clarity,
we omit the H, subscript hereafter, using P instead of Py. The

chamber movement with respect to the upper piston was
measured with an accuracy of +£0.01 mm by using a micrometer
(10), which gave the overall accuracy of about +0.1 mm? of the
volume change (absolute volume cannot be determined in
present setup). The temperature of the vessel was stabilized to
an accuracy of +0.5 °C, and measured by the resistance sensor
(9). The pressure inside the chamber was measured by a four-
probe manganin resistance gauge (11). The sensitivities of each
used gauge were calibrated in a separate high-pressure chamber,
being typically dR/(RydP) = 2.41—2.46 X 107° bar™". The
temperature correction of the manganin gauge resistance was
measured at ambient pressure in the temperature range between
—20 and +55 °C, resulting in a maximal pressure correction of
AP(—20 °C) = +700 bar. The gauge resistance was about R, =
100 Q, which, given the +0.002 € accuracy of resistance
measurement, gave the overall pressure sensitivity of 10 bar.
Pressure irreproducibility, caused by an irreversible change in R,
at the end of the experiment, was typically about 100 bar.

The second loading step consisted of ice exposition to a
hydrogen pressure of P = 1.5—2 kbar at T = —20 °C for 0.5 h,
which was necessary for the complete ice I — sII hydrate
transformation.” At the third step, a pressure of P = 4—7 kbar
and temperature of T = —20 to +18 °C were reached in the
chamber, allowing the C; hydrate to form and to equilibrate with
the surrounding gas.” When no significant pressure drop was
detected during 0.5 h, we assumed the sII — C; transformation
to be complete and proceeded with volumetry measurements.

3698

This also ensured the absence of gas leakages, which could
otherwise dramatically affect the volumetry results.

3. RESULTS AND DISCUSSION

3.1. The C, < C; Phase Transition and the
Corresponding Volume Change. We constructed the
compression and decompression V(P) isotherms, and the
P(T) isochores at heating. The isotherms were used to locate
the C, < C, phase equilibrium and to measure the
corresponding volume change, and the isochores were used to
construct the melting lines of the corresponding hydrates.

The isotherms were constructed via a stepwise piston
displacement, followed by a 2—3 min sample equilibration. In
the absence of phase transformations, the pressure drift was
smaller than 10 bar during that time, and after that we proceeded
to the next point. If a phase transformation has started, which
manifested itself in a higher pressure drift, we waited until the
pressure drift rate dropped below 10 bar per 2—3 min before
further piston displacement. The pressures of the Cy — C, and
C, = C, phase transformations were assumed to be respectively
the lowest and the highest pressures after phase transition onset.
The volume changes were determined at these very pressures.

Typical compression—decompression isotherms are shown in
Figure 3. The systematical shift between these isotherms is

02 ¢ . m,,,=1.800 g1
04 N\ T=13°C

°c 0.6

(&]

o 08
.00
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&

Figure 3. Typical compression and decompression isotherms in the
H,0—H, system near the C, <> C, phase transition. The red lines show
linear fits to the V(P) dependencies near the transitions, and the red
arrows indicate volume changes at the corresponding pressures.
Absolute volume value is arbitrary.

probably explained by an uncontrollable displacement (a
backlash) of a bottom plug ((6) in Figure 2) at the first
moment of the decompression process.

A summary of the measured volume changes is presented in
Table 1.

The conditions of the Cy; = C; and C; — C, phase transitions
are shown by the filled and open triangles respectively in Figure
4. The C,, <> C, phase transformation is accompanied by a large
baric hysteresis, similar to the I < sII and sIl & C,
transformations, studied earlier.”” Because the formation of
the C; and C; phases occurs inside the stability fields of the
respective phases, the C, < C,; equilibrium curve, which
separates these two stability fields, should also separate the
experimental points of the Cy — C, phase transformation from
the points of the reverse one.

We observed the following indications that the hysteresis of
the Cy <> C,; transformation is asymmetric, and the C; = C,
phase transition is closer to equilibrium:

(1) The points of forward Cy — C, transformation have much
larger scatter (see Figure 4).
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Table 1. Volume Changes at the C; — C, and C; — C, Phase
Transitions, Observed at the V(P) Compression and
Decompression Isotherms

transition P, kbar T, °C AV, cm®/mol H,0
Cy,— C, 8.43 7 —-1.11
C, = Cy 7.30 7 0.76
Cy,—= C, 8.60 18 —-0.94
C, - C, 7.19 18 0.80
Cy,— C, 8.09 13 —-1.02
C, - C, 7.37 13 0.74
Cy— C; 8.57 -13 —0.86
C, - Cy 7.08 -13 0.74
Cy— C, 9.62 -20 —-1.01
C, = C 7.24 -20 0.79
Cy— C, 791 -3 -0.92

50 T T T T

w0l HZO-H2 Liquid+H,

Isochores

30+ € C—~C, transit?ons
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20+ ternary equilibria -
W | O quadruple points
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Figure 4. Phase diagram of H,O under high hydrogen pressure. The
black curves show the ternary equilibria, and the triangles show the
conditions of the phase transformations, presently observed at the V(P)
isotherms. The blue curves are the P(T) isochores at heating. The solid
squares show the Q, and Q, nonvariant quadruple points.”” The open
square shows the Q; quadruple point, located in present work.

(2) During the cycling C, - C; — C, — Cj, the pressure of
forward transition at the second pass was significantly lower than
that in the first one.

(3) Once started, the forward C, — C, transformation
proceeded at more or less constant speed, as monitored by a
pressure decrease, until it is complete. Accordingly, the
slowdown of the observed pressure decrease rate was associated
with the transformation end. The reverse transformation
demonstrated different behavior: once started, it slowed down
quickly, and continued only after further piston displacement.

We drew the equilibrium C,; <> C, line at the phase diagram
(Figure 4) so that it was closer to the C; — C, transformation
points. Within experimental uncertainty, this line has a slope of

(d—T) = oo and is located at P = 7.7(3) kbar.
P/ o,

To construct the melting curves of solid phases, we performed
the P(T) isochore measurements by heating the high-pressure
chamber at a constant rate typically about 5—10 min/°C. The
resulting isochores are shown in Figure 4 by the blue curves.
Assuming the melting process to proceed without significant
overheating, we drew the melting curve of the C; hydrate so that
it passed through the Q, nonvariant quadruple point located
previously” at P = 3.6 kbar and T = +1 °C, and through the
onsets of melting at the isochores. The resulting curve has a

slope of(j—ITJ)C = 5.5(5) K/kbar at Q,, close to the previous

estimate 6.5 K/kbar,” and intersects with the Cy <> C, line at the

Q; nonvariant quadruple point at P = 7.7(3) kbar and T =
+22(2)°C, as shown in Figure 4 by the open square. Having this
point located, we drew the melting curve of the C, hydrate
through this point and the kink at the rightmost isochore in
Figure 4. The slope of the C, hydrate melting curve was found to

be (d—T) = 6.8(5) K/kbar and that of the C, hydrate was
/e

dp

(d_T) = 5.0(5) K/kbar at Q,.
CyeL

No statistically important correlation was observed between
the T and AV ¢, values given in Table 1. A fit of the AV ¢,

values with a linear function of P gives AV, ¢ = —0.89(5) cm®/

mol H,O at 7.7 kbar.

3.2. Volume and Entropy Changes at the Hydrate
Melting. 3.2.1. The Q, Point. This quadruple point was located
in our previous work” at P = 3.6 kbarand T = +1 °C, where it was
incorrectly identified as the “sII hydrate + C, hydrate + liquid
H,0 + H, gas” quadruple point. The volume change,
accompanying the sII — C, transition, was measured to be
AVg_c,=—2.01(3) cm*/mol H,0.

The difference in the hydrogen content of two phases is
determined by a volume change, accompanying the phase
transition between them. To determine the absolute value of the
hydrogen content of one phase, one should know, however, the
content of the other. In this paper, we rely on the absolute value
of X, estimated in section 3.3.

The volume changes corresponding to the liquid — hydrate
phase transformations could hardly be measured, because these
phase transformations are accompanied by a large overcooling of
about 20° and simultaneous formation of metastable gas-poor
high-pressure ices, so that single-phase state of the sample could
never be reached then.”® Fortunately, these volume changes can

be calculated provided the j—i slopes of ternary equilibria curves

were established. The curves of the sIl & L, sIl & Cj, and L &
C, equilibria were constructed in the pressure—temperature
phase diagram of the system,” and their slopes were estimated as

(d_T) = 89 K/kbar, (d—T = 65K/kbar and
ddIeC, P

dp )C0<—>L

(d—T) = —1.5K/kbar at Q,. In present study, we

dP /L esn

reconsider (%) = 5.5(5) K/kbar (see previous section).
CyeL

The slopes of the equilibrium curves in a pressure—
temperature phase diagram of a binary system are known to
follow the Clausius—Clapeyron relations,”" which allows us to
construct the conditions of self-consistency around Q, point:

(d_T) _ AVgic,
dp sll<C, ASsH—»CD

(d_T) _ A"'/VCO—>L
dP e i ASc .

(d_T) _ AVL—WII
dp Leosll ASL—)sII
AVgc, + AVo o + AV g =0

ASq_co+ ASCO—>L + AS =0 (1)

S.

The results of solving this system of equations with respect to
unknown variables is shown in Table 2 below:
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Table 2. Volume and Entropy Changes, Accompanying the
Phase Transformations near the Q, point (P = 3.6 kbar, T =
+1°C)

AV, cm®/mol H,0

transition AS, J/(K mol H,0)

sIl = C, —2.01(3) —2.26(3)
Co—L 1.61(5) 29(2)
L — sII 0.40(5) -27(2)

3.2.2. The Q; Point. Present experimental data suggest that
the Q; point is located at P = 7.7(3) kbar and T = +22(2)°C.
The slopes of the phase equilibria curves which meet at Q; are

(%)cuecl =% (%)CIHL = 6.8(5) K/kbar and

(%) = 5.0(5) K/kbar. Taking into account the exper-
Loy

imental volume change AV, _ ¢ =—0.89(5) cm®/mol H,O (see

section 3.1), it is possible to compose and solve the self-

consistency conditions for the Q; point in analogy to eq 1. The

result of solving the system of equations with respect to

unknown variables is shown in Table 3 below:

Table 3. Volume and Entropy Changes, Accompanying the
Phase Transformations near the Q; point (P = 7.7(3) kbar
and T = +22(2)°C)

transition AV, cm®/mol H,0

AS, J/(K mol H,0)

Cy— C, —0.89(5) 0
C,—>L 3.4(10) 50(15)
L—-C, -2.5(10) —50(15)

3.3. Hydrogen Solubility in Liquid H,O. To estimate the
hydrogen content Xc and X, of the Cy and C, hydrates, the

pressure dependence of the equilibrium hydrogen solubility in a
liquid X; should be characterized first. Then, the volume
changes at hydrate melting, estimated in the previous section,
can be used to determine AX;_,c and AXj_,c.

Hydrogen solubility in liquid water was measured”” up to 1
kbar for temperatures from 0—100 °C. The maximal observed

solubility was about X; = HHE) & 0.015. The rest of this section
2

discusses an extrapolation of the hydrogen solubility in water up
to high pressures of 8 kbar.

The equation of state for pure water was accurately measured
in the pressure range of interest,” as shown by the black curve in
Figure 5. Hydrogen dissolution in water causes volume
expansion of # = dV;/0X; = 26 cm®/mol H,. " Regretfully,
no studies of pressure dependence of  were published up to
date. To model the pressure dependence of  we assumed the
ratio of 3 to the molar volume of hydrogen-free water V?ZO to be
pressure-independent. Equivalently, the bulk modulus of
hydrogen solution in water is assumed to be independent
from its hydrogen content X; . The f(P) dependence obtained in
this way is shown by the red curve in Figure S.

According to the equation of state of hydrogen gas*® (the
green curve in Figure S), at pressures higher than 3 kbar, the
hydrogen molar volume V; becomes smaller than f, and the

gas
overall AV for the reaction

H,0(liquid) + X; H, — H,0 X X; H,(solution) (2)

becomes positive. Thus, further hydrogen pressure increase
destabilizes hydrogen solution in water according to le

50 T T T . : . i
45 V*°(20°C) [23] 1
40 m (H, in H,0) [24,25]
——(P), present estimate
— 35F J
o
S
-
[0
o
o
e
o
~
10+ ]
5 B -
0 L L ! | X ) )
0 1 2 3 4 5 6 7 3

P, kbar

Figure S. Pressure dependence of the molar volumes for liquid H,O
(black symbols and curve)® and hydrogen gas (green curve),”® volume
expansion f of liquid H,O caused by hydrogen dissolution in it at
ambient pressure (red square),”** and present estimate of the S(P)
dependence (red curve).

Chatelier’s principle. The equilibrium X; (P)dependence has a
maximum at about 3 kbar and a decrease at higher pressures.
Consider the Gibbs energy G(X;, P) for the reaction (eq2) as
a function of X at certain pressure P and fixed temperature. An
equilibrium value of X; (P) corresponds to a minimum of such G.
Assuming that the G(P,) is known for any X;, the G(P) can be
constructed at particular pressure: G(P) = G(P,) + Xy [ f(P) —

VgH;S(P) dP. Note that X;(P) can be in principle determined
unambiguously provided that the G(P,) is known for any X,

and given the value of [}A(P) — V;ZS(P) dP. Particularly, if

ﬁjﬁ(P) - V;@(P) dP = 0 at certain pressures P; and P,, then

XL(PI) = XL(PZ)'

Would the solution be diluted, its Gibbs free energy would be
G(P,) = const X; + RTX; In X, and the equilibrium solubility
X, (P) = const exp(/gngHazs(P) — pB(P) dP/RT) can be derived
aG(P) _

ax,

To extrapolate the literature data* for hydrogen solubility in
liquid H,O to higher pressures, we plotted X;(P) against
Pyexp( gngH;S — fdP/RT), as shown at the left of Figure 6. The

nonlinearity of these plots is a manifestation of the nonideal

from the condition

T T T T T T T T T T

——22]
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Figure 6. Literature data for hydrogen solubility in liquid H,O (open
circles and solid curves)®* and present extrapolation to higher pressures
(dashed curves and squares).
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behavior of hydrogen solution in liquid H,O. It should be noted
that the dependence of P, exp(/go‘/'gfS — BdP/RT) as well as X,

on P is nonmonotonic: both quantities reach a maximum at
about P ~ 3 kbar, and both decrease at higher pressures. In
general, each value of P, exp( / EUV;ZS — B dP/RT) as well as X;,

results from two different values of P — one above and one below
the maximum solubility pressure. Thus, the curves shown at the
left of Figure 6 pass through each point on the plot two times.
Because both P(Q,) and P(Qs) are above the pressures of
maximal hydrogen solubility in water, these points appear on the
plot at the second pass on the respective curves. The
corresponding X; dependencies on P at T = 0 and 20 °C are
shown at the right of Figure 6. Based on these dependencies, we
estimated X; (Q,) ~ 0.020 and X; (Q;) =~ 0.007.

The volume of pure liquid H,O without hydrogen at the
conditions of Q, quadruple point is Vszo( Q,) = 16.00 cm®/mol
H,0.” The volume of saturated hydrogen solution in liquid can
be estimated as V,(Q,) = Vi*° + X = 16.46 cm?/mol H,O.
The respective volumes at Q are LZO(QQ,) = 15.04 cm®/mol
H,0 and V;(Q;) = 15.20 cm®/mol H,0.

We will now introduce a “reduced volume” V™! for a liquid
saturated with gas as following: Vi = Vv — XLV?;S, with
analogous definition for all solid phases. The total volume
change during the phase transformation between the two phases,
which can be measured experimentally by volumetry, is equal to
the difference of their reduced volumes, e.g., AV, g = Vi
V™ and so on.

Using the values V?;S(Qz) =20.72 cm®/mol H, and V;ZS(QS) =
15.90 cm®/mol H, from the literature equation of state of H,,*
the reduced volumes of liquid are evaluated at Q, and Q:
Vit (Q) = Vi, — X, Vgi= 16.05 cm®/mol H,0 and ViH(Q,) =
15.09 cm®/mol H,0.

3.4. Hydrogen Content of the Hydrates. Using the
reduced volume of a liquid, calculated in the previous section,
and given the volume changes accompanying the melting of
hydrates, obtained in sections 3.2.1 and 3.2.2, it is straigtforward
to compute the reduced volumes of hydrates: V' = Vi™ +
AV g =16.5 cm’/mol H,0 and V¢! = Vi — AV = 14.5
cm®/mol H,0 at Q; VE:I =iy AVi_c =126 cm®/mol H,0
and Vo = Vi — AV = 11.7 cm®/mol H,0 at Q,.

The molar volume of sII hydrate at Q, Vi = 21.77 cm®/mol
H,O was obtained earlier” by extrapolation of in situ X-ray and
neutron diffraction data.”®'” Thus, the content of the sII
hydrate at Q, is X;(Qy) = (Vig — Var')/VES = 0.26(2). This
value is considerably less than the maximal allowed by crystal
chemistry value X{ji* = 48/136 & 0.353, and also somewhat less
than the previous estimate X;(Q,) = 0.32,” based on incorrect
assumptions. Given the earlier estimation of X;;;(Q,) = 0.207(5)
at the nonvariant Q, quadruple point “ice I, + sII hydrate +
liquid H,O + H, gas” (P = 1.07 kbar T=—10 °C),” it follows that
X, only slightly increases with pressure along the sII hydrate
melting line.

To obtain the molar volume of the C;, hydrate at Q, and Q,
we collected all available data on X-ray and neutron in situ
diffaction™"'? at P = 3—7.3 kbar and T = —103 to +7 °C. The
resulting data set can be fit with a linear dependence V, [cm?®/
mol H,0] = 21.60—0.07P [kbar] + 0.002T [°C], which gives
Ve, (Q) =21.35 cm®/mol H,0 and V, (Q3) = 21.10 cm®/mol

H,O0. The corresponding hydrogen content of the C, phase at
Q is X¢,(Q) = (Ve,— Val)/ Ve = 0.33(2), and at Qs it is
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Xc,(Q3) =0.53(5). One can see that the hydrogen content of the
C, hydrate considerably depends on the P—T conditions,
particularly, at Q, the hydrogen content is considerably less than
the maximal allowed value Xg™ = 1/2. When compared to the
literature data'® X (0.3 GPa, 175 K) = 1/2, it follows that X,
considerably depends on temperature.

We also collected all available XRD data for the C,
hydrate®*”” and linearly fit them with the following equation:
V¢, [em*/mol H,0] = 15.94—0.09P [kbar] + 0.001T [°C],
which gave us V¢, (Q3) = 15.30 cm®/mol H,O. The hydrogen
content of the C; hydrate at the Q; point can be calculated then:

X (Qs) = (Ve,— T/Ef{)/VgH;S = 0.23(S). Because this value is

close to the maximal one allowed by crystal chemistry X¢™=1/6
~ 0.167, it follows that the C; hydrate, unlike the sII and C,
hydrates, is a nearly stoichiometric compound. This result agrees
with our previous estimate of the C, hydrate hydrogen content

from 1.5 to 2 wt % (X, = 0.13—0.18), measured by thermal
desorption on the samples quenched at 20 kbar,”*® and with the
Raman-based estimate X = 0.1-0.2°.

The results on individual phases are summarized in Tables 4

and S.

Table 4. Equilibrium Compositions and Molar Volumes of
Different Phases in the H,O—H, System at the Q, Point

phase X V, cm®/mol H,O
liquid 0.02(1) 16.46
SII 0.26(2) 21.77
Cy 0.33(2) 21.35
H, gas () 20.72

Table S. Equilibrium Compositions and Molar Volumes of
Different Phases in the H,O0—H, System at the Q; Point

phase X V, em®/mol H,0
liquid 0.01(1) 15.20
C, 0.53(5) 21.10
C, 0.23(5) 15.30
H, gas &S] 15.90

The dependence of the hydrogen content of hydrates on
pressure along their melting line is shown in Figure 7.
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Figure 7. Hydrogen content of solid phases in the H,O—H, system
along their melting lines as a function of hydrogen pressure. Present
estimates are shown by the red squares.

DOI: 10.1021/acs.jpcc.8b12083
J. Phys. Chem. C 2019, 123, 3696—3702


http://dx.doi.org/10.1021/acs.jpcc.8b12083

The Journal of Physical Chemistry C

4. CONCLUSIONS

We performed in situ volumetric study of H,O under high
hydrogen pressure up to 10 kbar, effectively completing the
construction of the H,O—H, phase diagram in this pressure
range (Figure 4). The obtained volumetric data are used to

determine the j—i slopes of the phase transformations of the C,

hydrogen hydrate to the neighbor phases, and also volume and
entropy changes, accompanying these transformations (Tables 2
and 3).

The literature data were analyzed to obtain the molar volumes
of the Cy and C, hydrates at their equilibrium, which, combined
with our volumetric data, allowed us to reliably determine the
hydrogen content of these hydrates near quadruple points along
their melting curve (Table S and Figure 7).

The composition of the C, hydrate, similar to that of the sII

hydrate, considerably depends both on pressure and temper-
H

H,0
0.33(2) (Table 4) to the nearly stoichiometric value 0.53(5) =~
1/2 (Table S). At such high X, the hydrogen molecules in the
Cy phase should be ordered, which supports the trigonal crystal
structure of this phase suggested earlier.'*

The composition of the C; hydrate is found to be X =
0.23(5) at its lower pressure of stability (Table 5), which is close
to the stoichiometric value X, = 1/6, reported in the literature®

ature. Along the melting curve, Xe, changes from

for this phase at its highest pressure of stability. This suggests
that the C,; hydrate has nearly constant composition within its
stability field (Figure 7).
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