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Freezing/melting behavior of water confined in th@nopores of activated carbon
materials has been evaluated using differentialrsiog calorimetry (DSC) at different
water loadings, and after the application of areexdl stimulus. Under atmospheric
pressure conditions, the DSC scans show a depmnessibe freezing/melting point of
confined water compared to the bulk system. Intergly, water confined in narrow
micropores (pores below 0.7 nm) does not exhibyt pimase transition, i.e. it is non-
freezable water. Inelastic neutron scattering (INigja confirm the presence of a
distorted molecular assembly in narrow micropovdsreas synchrotron X-ray powder
diffraction data (SXRPD) demonstrate the non-frekzaature of the water confined in
these narrow-constrictions. Similar experimentseuridgh-pressure CHjives rise to a
completely different scenario. Under high-presscoaditions methane hydrates are
formed with a water-to-hydrate yield of 100% foethnder-saturated and saturated
samples, i.e. in the presence of an external stisneven water in narrow micropores is
prone to experience a liquid-to-solid phase tramsit These results confirm the
beneficial role of carbon as a host structure tommte nucleation and growth of
methane hydrates with faster kinetics and a higiedd compared to the bulk system
and to other porous materials.
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1. Introduction

The freezing/melting of water in the confined eowiment of nanoporous materials is a
very important phenomenon to understand dailygii@cesses such as the deterioration
of outdoor buildings under extreme temperature itmms, the performance of liquid-
phase batteries upon a drastic temperature atieradir in the formation of natural
hydrates in seawater sediments. It is widely askm the literature that the strong
adsorption potential in narrow cavities and thespnee of steric restrictions give rise to
important changes in the molecular assembly streci@and an associated decrease in
the water activity compared to bulk water [1]. Téeslterations are reflected in
anomalous phenomena, for instance in the freezeltfrg performance. A simple
capillary theory such as the Gibbs-Thomson equatoable to predict a shift in the

freezing temperature as a function of the poretwiguation 1).
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whereTy, is the bulk freezing temperatung,s andy,,, are the corresponding wall-solid
and wall-fluid surface tensions,is the molar volume of the liquid,is the latent heat
of melting in the bulk andH is the pore width. This classical thermodynamiaagipn
anticipates a shift in the freezing temperature dogiven liquid that depends on the
nature of the porous solid, through the wall-sohtid wall-fluid interactions.
Traditionally a decrease in the freezing tempeeathas been observed for water
confined in porous silicas and silica-based madger[&,3]. Following the Gibbs-
Thomson equation, Morishige et al. reported a péyfdinear relationship between the
melting point depression and the capillary condgmsafor nitrogen at 77 K, and
indirectly, with the pore size width [3]. Howevdéhjs behavior is not straightforward in
the case of other porous solids, e.g. carbon nadéderGrand canonical Monte Carlo
simulations for methane adsorbed in different psrmaterials (from graphitic carbon
to hard walls) with slit-shaped morphology antitgzh a different scenario [4].
Theoretical predictions anticipate that the fluidhwnteractions determine the direction
and magnitude of the shift in the freezing temperatin other words, an increase in the
freezing temperature relative to that of the bsliedicted for strongly attractive walls

(e.g., graphitic carbon), whereas the oppositestghace for hard walls with very low



fluid-wall interactions. Indeed, Watanabe et alsaed an increase in the melting
temperature (~ 16-20 K) for benzene confined inplgitec micropores, in close
agreement with GCMC [5]. Taking into account thellmgen bonding ability of water,
apriori, it is easy to anticipate a different performafarewater confined in the porous
structure of carbon materials, compared to metloamenzene.

Despite the importance of water adsorption in carbm@terials, the number of studies
dealing with the evaluation of these freezing/meltprocesses is rather scarce. liyama
et al. observed that under confined conditions wexdibits a much ordered structure
compared to bulk liquid water but with a smallember of nearest-neighbor molecules
[6,7]. In-situ small-angle X-ray scattering (SAXSudies and Reverse Monte Carlo
simulations confirm the water adsorption mechanianma hydrophobic environment
(e.g., carbon cavities) through cluster-like asdesab[8,9]. The water adsorption
mechanism in carbon materials can be explained tuehe low water-carbon
interactions and the strong intermolecular inteoast (20 kJ/mol) that promote
clustering [7]. Neutron scattering experiments @ftev confined in carbon nanotubes
also reported a novel and unique dynamic behaviarater under sub-nanometer axial
confinement, related to the appearance of wateecotds with a coordination number
of about two [10,11]. Despite these anomalous emés, there are no studies in the
literature dealing with the evaluation on how thefd@d-wall interactions can
affect/modify the freezing/melting performance oditer under confined conditions. A
similar situation happens upon an external stimulespite the importance of the
freezing/melting behavior of water-methane mixturesder a confined carbon
environment and the associated methane hydrateafanmidissociation, the number of
studies reported in the literature using DSC ieaascarce. The understanding of these
crystal nucleation processes in carbon materiaseatremely important taking into
account that activated carbon constitutes the mpashising material to date to store
high-pressure methane in the form of hydrate, aspewed to other materials such as
zeolites or MOFs [12-18]. These confined hydratepared artificially are considered a
potential solution to store and transport natues, d.e. the so-called solidified natural
gas.

With this in mind, the main goal of this manuscrijgt the evaluation of the
freezing/melting performance of water adsorbed Imgh-surface area activated carbon
under different water-supplying conditions. Thegpegiments will be performed under

atmospheric  pressure  conditions, to evaluate theuidi water-to-ice



formation/dissociation in confined nanospaces, ander high-pressure methane, to

evaluate the liquid water-to-methane hydrate foiomadlissociation.

2. Experimental section

A high-surface area activated carbon (PPAC) wapgresl using petroleum pitch as the
carbon precursor through a chemical activation eodt detailed description of the
synthesis process can be found in our earlier W@k Briefly, the synthesis involves
the activation of the pyrolyzed petroleum pitch hwipotassium hydroxide (KOH)
(KOH: carbon precursor ratio of 6:1) at 1073 K fin under a nitrogen flow (50
ml/min), followed by a washing step using HCI angDHuntil complete removal of the

chemical agent (neutral pH).

The loading of the activated carbon with water wasied out using a humidifier under
a 100% relative humidity. The amount of water pilsaabed is denoted as,R.e. mass

of water per mass of dry carbon. The preparatiah®faturated sample was performed
by placing the activated carbon inside the hunediind following the water uptake
(weight increase) daily until constant weight. Undaturated samples were prepared in
a similar way but collecting the samples at differeme intervals (before saturation).
Finally, oversaturated samples were prepared tlrdhbg incorporation of additional
water to the fully saturated carbon using a calédazanicropipette until the desired,R

Textural properties of the synthesized samples weatuated by gas physisorption: i)
nitrogen adsorption at 77.4 K and ii) carbon diexiddsorption at 273 K. Gas
adsorption measurements were performed in a honde-fodly automated manometric
apparatus designed and constructed by the Advaviegerials Group (LMA) and now
commercialized by Gas to Materials (www.g2mtech.xomefore the adsorption
measurements, the samples were subjected to aassirig step for 4 h at 523 K under
ultra-high vacuum (18 Pa). Nitrogen adsorption data were used to deternfi) the
total pore volume (Y at a relative pressure of 0.95, (ii) the BET-sfesurface area
(Sset) and (iii) the micropore volume Q¢) using the Dubinin—Radushkevich (DR)
equation. The difference betweenand W is considered to be the mesopores volume
(Vmesd- CO, adsorption data at 273 K were used to determieentdrrow micropore

volume (Mcoy) after application of the DR equation.



Two different differential scanning calorimetersSD) were used in this study:

1.-DSC measurements without any external stimulasvperformed in a DSC Q100
apparatus (TA Instruments) using hermetically skadduminum pans. A typical
experiment consists of a cooling-heating cycle urieml/min N. The sample is first
cooled from 293 K down to 183 K at a cooling rateloK/min. Once at the lower
temperature, an isothermal step is performed fmirg followed by a heating step (rate
of 1 K/min) back to 293 K.

2.-For the DSC measurements under high pressurasurements were conducted
using a micro-differential scanning calorimeter@®C, Setaram Inc.) equipped with
high pressure cells. The high pressure cells cémstaind up to 15.4 MPa. The HP-DSC
has an operating temperature range from 393 K dewr228 K. In this work,
measurements were conducted by pladih@0 mg of activated carbon loaded to the
desired water ratio (i inside the DSC furnace. The cell containing thengle was
tightly sealed and placed in the equipment. In otdeavoid the effect of air on the
experimental results, the cell was purged withdkperimental gas composition for a
minimum of 3 times. Next, the cell was pressuringith methane gas (99.997% purity,
General Air) to 12.5 MPa. The cell was left forewfminutes (up to 3 minutes) to
ensure that there was no gas leak. A gas leak foaat ¢he overall results of the heat
traces. After this step, the sample underwent hgadnd cooling cycles for hydrate
formation/dissociation. In each cycle, the sampbes wmeated from room temperature
conditions to 303 K at a rate of 0.5 K/min. The péarwas left under these conditions
for 3 hours to achieve equilibrium. Next, the saenphs cooled from 303 K to 233 K at
rate of 0.15 K/min for hydrate formation. Followitkis step, the sample was heated
back to 303 K at rate of 0.15 K/min to observe liyelrate dissociation peak. This
heating and cooling steps were repeated for an@thbgcles.

Synchrotron X-ray powder diffraction data (SXRPDgres collected on the powder
diffraction endstation of the MSPD beamline at $yontron ALBA in Spain, using a
MYTHEN detector and a wavelength of 0.4227 A. Thpeziments were performed in
an ad hoc capillary reaction cell (fused silica capillarmner diameter 0.7 mm, outer
diameter 0.85 mm). Before the experiment the watteradsorbed carbon samples were

placed inside the cell, which was connected viagllary line to a gas-handling and a



vacuum line. An Oxford Cryostream 700 was useddotrol the temperature of the

sample.

Inelastic neutron scattering (INS) measurementsewgerformed at the VISION
beamline (BL-16B) of the Spallation Neutron Soul@&@NS), Oak Ridge National
Laboratory (ORNL), USA. About 200 mg of thex® pre-adsorbed activated carbon
was loaded in an Al sample holder connected to satgadling system. The blank
sample was first evacuated for 2h at 253 K andesyuently cooled down to 5 K. Once
at this temperature, the INS spectrum was collefdedeveral hours (the background
for the instrument and sample holder is negligibleéhis case since the hydrogenous
sample scatters neutrons very strongly). Afteridaekground measurement, the carbon
sample was loaded with GHit 275 K up to 8.0 MPa. The dosed sample was doole

down to 5 K and the INS was re-measured for sevenais.

3. Results and discussion

3.1. Textural characteristics of the activated carbon

The high-surface area activated carbon (PPAC) weysaped from a petroleum residue
(VR) using KOH as a chemical activating agent. Aaded description of the synthesis
conditions can be found elsewhere [12,19]. Brigfhg synthesized activated carbon has
a widely developed porous structure combining ahhpgoportion of micro- and
mesopores (Figure S1). The BET apparent surface iararound 3700 ffy with a
micropore volume, \», of 1.20 cmg™ and a narrow micropore volumecdb, of 0.60
cm’g? (Figure S2) (see Table S1 for a summary of theutak properties). The
selection of the PPAC activated carbon is basethermexcellent performance exhibited
by this material as a host structure to promotenthaeation and growth of confined
methane-hydrate nanocrystals [12,19]. Under proggverimental conditions, this
material is able to store more than 60 wt.%,0ithe form of gas hydrate. To our
knowledge, this is the best result described inlifegeature so far for high-pressure

methane storage.

3.2. Water adsorption isotherms at 298 K in sample PPAC



Figure S3 shows the water adsorption/desorptiaimésms for sample PPAC up to 0.88
and 0.94 relative pressure. As expected, the veatsorption isotherms exhibit a type
[l behavior characteristic of porous networks watlsmall fluid-surface affinity (XPS
analysis of sample PPAC reports an atomic composiif 97.3% carbon and 2.7 %
oxygen). Despite the high hydrophobicity of sampRAC, water isotherms exhibit a
sudden increase in the amount adsorbed aboyee @y, attributed to the filling of the
micropores and small mesopores. The total amousdrbadd at 0.88 relative pressure is
0.2 g/g, while at 0.94 this value goes uplid g/g. At this point it is important to
highlight that at saturation (in the presence d@%0humidity) the amount adsorbed
reaches a value as high as 2.4 g/g (ot/gnin close agreement with the total pore
volume obtained from the Nadsorption isotherms. This agreement reflectswiadér at
saturation (R = 2.4) must be filling narrow/wide micropores asrall mesopores in
PPAC.

3.3. Confined water in the absence of an external stimulus

3.3.1. Differential scanning calorimetry (DSC) analysis of confined water

The freezing - melting performance of water cordiria the cavities of the PPAC
sample has been evaluated after loading with @iffiewater ratios, R(gram HO per
gram of carbon). Table 1 reports the different watdios evaluated, from under-
saturation (R < 2.1), to saturation (R= 2.4) and oversaturation conditions,(R4.1).

Table 1. Description of the different water ratios, Ry, evaluated.

Under-saturated Saturated Over-saturated
sample number 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Rw (8H20/8ppac) 0.02 0.03 0.08 0.15 0.22 0.46 0.64 0.85 0.95 1.2 1.7 2.1 2.4 4.1

The main goal is to perform a progressive filliffglee porous network, from narrow to
wide micropores and small mesopores in order to fgether insight into the
freezing/melting processes in each of these cavitie is widely accepted in the
literature that freezing proceeds via homogeneawudeation under non-equilibrium
conditions with a large supercooling, independédrihe pore size, whereas the melting

process is well-described by the Gibbs-Thomson temud20]. Figure 1 shows the



different DSC profiles obtained during cooling amdrming in the temperature range
183 K to 293 K, for the different samples evaluatdthe freezing and melting

temperature for the bulk water, using the samepegent (see Figure S4), is included as
a reference. Bulk water exhibits a sharp freeziegkpat 255 K, whereas melting takes

place at 275 K (onset at 273 K), in close agreemahtthermodynamics.
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Figure 1. DSC profiles for cooling and warming of8 confined in the nanoporous structure of activated

carbon materials up to saturation.

The DSC profiles for the water-loaded PPAC sameidsbit two well-defined regions.
Below a certain Rratio (sample 1 up to 7;,& 0.6) the DSC profile is completely flat
both for cooling scan, down to 183 K, and the mgltscan, back to 293 K. This result
constitutes clear evidence on the anomalous pe#iocen of water confined in
nanoporous activated carbons. Even under largecsolnng conditions (183 K),
confined water is not able to experience the tiawhtl freezing/melting processes.
Interestingly, the R ratio for this unusual performance correspondshi narrow
micropore volume (¥o,) deduced from the Cadsorption data at 273 K, i.e. 0.6%mn
or 0.6 g/g. Apparently, water confined in narroncropores under high confinement
conditions is not able to experience a liquid-tbestransition, i.e. it is non-freezable
water. The presence of atypical dynamic features donfined water in carbon
nanotubes has been widely described in the literatwsing neutron scattering
techniques [10,11]. The presence of a novel anquendynamic behavior is related to
the appearance of water molecules characterized bgordination number of about
two, promoted by the sub-nanometer axial confindmiemrthermore, this observation

is in close agreement with theoretical predictiossg grand canonical Monte Carlo for



another probe molecule, methane [4]. GCMC simutatipredict the absence of
freezing transitions for pore widths below %13on graphitic systems, i.e. pores with
only 4 adsorbed layers of methane.

Above the critical R ratio, cooling scans start to develop an exothepeak at around
229 K that grows progressively with the amount cdtev pre-adsorbed up to a
maximum in the saturated sample (sample numberQ&npared to bulk water, the
freezing of water confined in the cavities of tlotivaated carbon takes place at a much
lower temperatures (229 K vs. 255 K). Importanthg freezing temperature for the
confined water is independent of the amount prexddsl, i.e. independent of the kind
of cavity filled with water (either wide micropores small mesopores). A similar
insensitivity to the pore width was described f@enbene melting in carbon materials
but in the microporous range (pore range 0.75-2 [5]. The kinetic super-cooling
required in under-saturation conditions perfecity Wwith the Gibbs-Thomson equation
described above. Based on these observations,amngpeculate that water confined in
narrow micropores is non-freezable, whereas exeeser above this critical R
(located preferentially in wide micropores and dnmaksopores) exhibits a rather
similar kinetic super-cooling effect. Taking intocaunt the hydrophobic nature of the
carbon surface, the presence of rather small fhad-interactions will justify the
observed shift to lower temperatures, in accordamitde GCMC [4]. A shift to lower
temperatures was also described by Sliwinska-Batito at al. for water confined in
activated carbon fibers [21]. However, at this pains important to highlight that in
systems with a higher hydrophilicity (e.g. silicas)d larger fluid-wall interactions, the
observed shift in the water freezing is also negatihus anticipating the complexity of
the freezing/melting process [2]. Additional paraene such as the pore geometry and
polarity of the probe molecule may account for éheéscrepancies [21,22].

Concerning the melting behavior, a single, broacC¢ak can be observed at 240 K
for sample 8 and above. Compared to melting of budker (273 K), the melting of
confined water is promoted at lower temperatureslose agreement with the Gibbs-
Thomson equation. Last but not least, the diffeeebetween the freezing and the
melting temperature for confined waterl (1 K) clearly anticipates the presence of an
important hysteresis loop, similar to that desatibefore for silicas [2]. This hysteresis
is associated with the nature of both processedewtelting is generally a one-step
process, freezing involves first a nucleation dmghta crystal growth around the initial
cluster or nucleus [2]. In addition, freezing isst@chastic process that is controlled



kinetically, which means that depending on the domk of the experiment like
amount and arrangement of the water, cooling rashp, nucleation may happen at
different temperature points. On the contrary, mgltis an equilibrium process
controlled thermodynamically that provides reabmfation about the phase transition.
For these reasons, the melting process is genarafig to quantify temperature and
enthalpy values for the phase change.

The situation is more complex for the oversaturattple (R = 4.1), i.e. when water
is pre-adsorbed in micropores, mesopores and laggeties. As it can be observed in
Fig S4, oversaturation gives rise to a completefierdnt scenario. Excess water in
PPAC (located preferentially in large macropored amternal surface) freezes at a
higher temperature compared to bulk water (266 K288 K), whereas confined water
preserves the contribution at 229 K. In other wpkdsile the surface of the activated
carbon acts as a nucleation platform promoting shied-ice phase formation, under
confinement conditions the reverse effect takeseylavith a partial inhibition of the
freezing process. A similar situation takes placeird) warming, with the confined
water melting taking place at 240 K and the extiesngace melting taking place at 273
K.

To further explore the behavior of confined watewards freezing/melting, the
associated melting enthalpyAH,) has been evaluated for the different water-loaded
samples. The enthalpy values have been comparad wusithe calculations the total
amount of water pre-adsorbed (kJ/mol) and aftemadization using the total amount
of "freezable" water, i.e. the water present in avithicropores and mesopores,

excluding the water in narrow micropores.

Table 2. Enthalpy of melting calculated from the DSC expemts and onset

temperature for the melting process.

-AHm, -AH
Sample R, gu20/0ppac Tm, K
kJ/mol kJd/mol
8 0.85 240.15 0.72 2.36
0.95 240.25 0.73 2.36
10 1.22 240.15 0.77 2.29

11 1.71 240.25 0.71 2.39




12 2.15 241.25 0.74 2.36
13 2.4 241.25 0.76 2.32
bulk water - 273.15 5.99 -

* Normalized excluding the amount of water in narnmicropores

As it can be appreciated in Table 2, the meltingcefconfined in wide micropores and
small mesopores is quite independent of the watsdihg ratio (and indirectly of the
pore size) with a single peak located at aroundZ¥0 K. Interestingly, the melting
enthalpy is rather constant for the different logdiatios, with an average value close to
-0.72 kJ/mol. This result suggests that once tltecar R, is reached, any additional
water added to the porous network is prone to &eegith a similar enthalpy value.
Since this AH,, is far below the value obtained for bulk water.9% kJ/mol), the
enthalpy values were recalculated considering d@hé& water pre-adsorbed in wide
micropores and mesopores, i.e. the water susceptiblfreeze. Even under this
assumption, enthalpy values do not exceed -2.36d{Ji.e. even though pre-adsorbed
water can freeze and melt, the enthalpy of thisgss is far from the bulk process (61%
lower). The insensitivity of the melting enthalythe pore width and its smaller value
compared to the bulk is in close agreement witlviptes measurements for benzene
confined in microporous carbons [5]. The presenfealm anomalous molecular
assembly with a lower number of near-neighbor watelecules, and a smaller number
of hydrogen bonds, can justify the much lower elphabtained. However, at this
point it is important to highlight that a similantbalpy value (-2.43 kJ/g) was obtained
by our research group for purely mesoporous carbaterials in the pore size range 5-
20 nm with less confinement constrains (data notsl). Similar studies described in
the literature by Handa et al. for porous Vycorsgldave reported also a reduction in
the melting heat of water, although to a lesseereki(16-48% smaller for Vycor glass
vs. 89% smaller in this work) [2]. In the specifiase of silicas the lower enthalpy was
attributed to the presence of bound, non-freezatdeer even in large micropores and
mesopores (around two-three monolayers of bounerv§®3,24]. This assumption
cannot be ruled out to justify the results obtaif@dcarbon materials, although the

presence of bound water seems less probable implydbic environments.

3.3.2. Inelastic neutron scattering of confined water



One of the most powerful techniques to evaluatepdgréormance of water in confined
nanospaces is inelastic neutron scattering (IN$$ &llows evaluating the librational
and vibrational modes of water molecules at cryaggmperatures (5 K) in confined
environments. Due to the restricted space of watemarrow cavities, a significant
inhibition of the intermolecular motions is expet{d0,11]. The INS spectra reported
in Figure 2 is dominated by the vibrational (0-4@\W and librational modes (40-110
meV) at low energy transfer, while high-frequencyi®ending modes can be observed
above 110 meV. The INS spectra have been meastfed aising two different BD
pre-loadings to evaluate the performance of deigi@éravater confined in narrow
micropores (low loading; R = 0.6) and wide micropores + small mesopores (high
loading; Ry =2.4).

PPAC+D,0O (low loading)

J vibrational modes . .
PPAC+D,0 (high loading)

2 librational modes

Intensity (a.u.)

O-H bending

0 —7r . r - rrrrr 1t 1t 1 1T 17

0 20 40 60 80 100 120 140 160 180 200
Energy transfer (meV)

Figure 2. Inelastic neutron scattering spectra efOconfined in the porous structure of

PPAC sample at low loading (R 0.6) and high loading (R= 2.4). Experiments are

performed at 5 K.

Figure 2 clearly shows that the® dynamics do not exhibit important changes in term
of energy transfer between the two types of coufiwater, i.e. no shifts could be seen.
However, a general suppression of the structunahohycs can be found over the whole
energy transfer range evaluated, this effect beinge drastic in the specific case of the
H-O-H bending modes. The suppression of the H-Cehlding modes, preferentially in

the low energy tail is in close agreement with riegults described by Kolesnikov et al.



[20] for water confined in nanotubes. These restdtsirm that below the critical JRof
0.6, deuterated water is present in the narrowtieavof the activated carbon although
with different rotational, librational and bendingnamics compared to,D in wider

micropores and mesopores.

3.3.3. Synchrotron X-ray powder diffraction (SXRPD) evaluation of confined water

To further evaluate the nature of confined watet toe liquid water-to-ice conversion,
sample PPAC pre-adsorbed with different water logsli{R,<0.6 and R=2.4) has been
submitted to a cooling scan down to 173 K usingita-synchrotron X-ray powder
diffraction. The main goal of this experiment wasascertain the temperature range for
the liquid water-to-ice formation and the nature tbé ice crystals formed under
confined conditions. Previous studies describedthe literature for silica and
carbon/silica materials did not provide a clearwasrs about the crystallographic
structure of the confined ice nanocrystals, eithdric ice (}) or hexagonal ice crystals
with a high proportion of defect sites [3]. FigBeshows the SXRPD profiles for the
PPAC at low and high water loading at temperatuzeging from 298 K down to 173
K. At this point it is important to highlight th#te reported temperatures corresponds to
those measured at the cryocooler end located 0.&am the PPAC capillary, i.e. a
certain shift between the measured temperaturghtandeal temperature is expected in

our experimental setup.

Cooling
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Figure 3. Synchrotron XRPD profiles for the PPAC activatedboa pre-adsorbed with

a low (upper panel) and high (lower panel) watettent.

As expected, the XRPD pattern of the sample coimigiiwvater in narrow micropores
(under-saturated sampley, R 0.6), does not exhibit any liquid-to-ice trarmitiover the
whole temperature range evaluated. Only at religtil@v temperatures (200 K and
below), small peaks can be seen. These peaks camdmabiguously assigned to
hexagonal ice () with a certain distortion, the main contributioagpearing at 6.2°,
6.8°, 7.0° and 10.5°, corresponding to (100), (0QX)1) and (110), respectively. This
result is very interesting because even thoughameat observe any change in enthalpy
during the DSC scan down to 183 K, SXRPD resulmaskthat some water can be
converted to ice but only at relatively low temparas and to a very small extend (very
low yield).

An increase in the amount of water incorporatedtaugaturation gives rise to well-
defined hexagonal ice peaks already at "high" teaipees (ca. 243 K), in close
agreement with the DSC analysis reported in Fi@4dor oversaturated PPAC (taking
into account the temperature shift due to the difie experimental setup). Last but not
least, it is important to highlight the presencehekagonal ice §) in the confined
nanospace of carbon at temperatures as low as 1P2eKious studies in the literature
using porous silica and hydrogels have reportedptesence of exclusively cubic ice

(Ic) at these temperature conditions [25,26].



3.4. Confined water in the presence of an external stimulus
3.4.1. Differential scanning calorimetry (DSC) analysis of confined water under high-
pressure methane

The freezing/melting performance of water pre-adedr PPAC samples has been
evaluated in the presence of an external stimuleisin the presence of high-pressure
methane. Under these conditions the behavior offireeth water must be
altered/modified due to the possibility to nuclea®all nanocrystals of methane
hydrate. These experiments have been performed) @asiather DSC equipment (see
experimental section for further details) able torkvat high pressure, although with a
limited temperature range (down to 233 K). For siaée of clarity, the experiments
have been restricted to three samples, i.e. satuRPAC (sample 13;,R= 2.4), and
oversaturated samples (sample 147=R.1, and a new sample incorporated, sample 15;
Ry = 11). Figure 4 shows the DSC profiles for thee¢hselected samples after pre-
adsorption with water (upper panel), similar sarmptethe presence of 3.5 MPa £H
(middle panel) and in the presence of 8.0 MPa; @bwer panel). Bulk water is
included for the sake of comparison. The firstafegxperiments (in the absence of high
pressure methane-upper panel) was performed inr daodbave a direct comparison
between the two DSC equipments used in this sflicig. comparison is important since
the high-pressure system has lower sensitivity reigdires a larger amount of sample
with the corresponding changes in the freezingimgiperformance. These differences
are clearly reflected in Figure 4, upper panel.eXpected, the saturated samplg R
2.4) exhibits a perfectly flat profile during caadj and warming, in close agreement
with experimental results described above for thieero DSC. Water confined in
micropores and small mesopores can only freeze3at R or below, outside the
temperature range of the actual DSC equipment. Bsngversaturated (samples 14 &
15) exhibit some sharp DSC peaks in the temperaturge 268 K - 253 K due to the
freezing of water located in large cavities (maom@s and external surface), the
freezing of this water being promoted comparedhi® lbehavior in bulk water. The
promotion of the freezing process in the presenfcaativated carbon is in close
agreement with the results described above usmgtiier equipment. Furthermore, the
presence of 2-3 peaks during the cooling procest briattributed to the larger amount

of water (larger droplets) used in the actual expents. Interestingly, all these



differences vanish in the warming step with a ®ngklting peak located at 273-274 K,

independently of the pre-adsorption ratio and th&finement effects.

T Cooling
Exo
P..:0 MPa
El
A
2
o
< Bulk water
]
I
Sample 15; R 11
A Sample 14; R :4.1
Sample 13; RW:2.4

Temperature (K)

— T T T T T T T
248 253 258 263 268 273 278

T 1
283 288 293

T Cooling
Exo
P..: 3.5MPa
El
s
2
o
£
©
% ” Bulk water
Sample 15; Rw: 11
M Sample 13; R : 2.4

T T T T T T
248 253 258 263 268 273 278
Temperature (K)

T T 1
283 288 293

r Cooling
Exo
8.0 MPa

= Bulk water
=}
8
3
o
?E Sample 15; R ;11
T

J Sample 14; R 4.1

-

Sample 13;R : 2.4

T T T T T
248 253 258 263 268 273 278
Temperature (K)

T T 1
283 288 293

Warming
x Bulk water

Exo
P, OMPa
Sample 15; szll

—

3

s

2

o

E

[}

T Sample 14 R : 4,1
Sample 13;R : 2.4

T T T T T T T T 1
248 253 258 263 268 273 278 283 288 293

Temperature (K)

Warming
T Bulk water
Exo
P 3.5MPa
3
s
2 e
o Sample 15; R 11
=
<
[}
T
Sample 13; R, : 2.4
T T T T T T T T 1
248 253 258 263 268 273 278 283 288 293
Temperature (K)
Warming
Bulk water
Exo
8.0 MPa
- Sample 15; szll
3
s
g
= Sample 14; R :4.1
5 N r—p—
o}
i V
Sample 13; Rw:2.4
T T T T T T T T 1
248 253 258 263 268 273 278 283 288 293

Temperature (K)

Figure 4. DSC profiles, cooling (left column) and warminggfrt column), for sample

PPAC at different pre-adsorption ratiosyjRand under different methane pressure

conditions, i.e. 0 MPa (under atmospheric pressonglitions), 3.5 MPa and 8.0 MPa.

Interestingly, the scenario changes drasticallgrathe incorporation of methane at

high-pressure. At 3.5 MPa the saturated samplegleaf8) changes from a flat profile



(in the absence of an external stimulus) to theclbgment of two freezing peaks, a
sharp contribution at 266 K and a broad contributad 254 K. An increase in the
pressure to 8.0 MPa produces the complete disagpesrof the 254 K contribution,
and the growing of a single sharp peak at 268 kirAilar sharp contribution can be
observed at 8.0 MPa for samples 14 and 15 at ar@6bdK. In addition, sample 15
with a large excess of water exhibits a broad dmuntion at 262 K. A comparison of the
DSC profiles before and after incorporation of hgessure methane suggest that the
contributions at 265-268 K must be associated \h#h methane hydrate formation
(these contributions are favored at high presswvbgreas the broad contributions at
lower temperatures must be associated with confivegdr. At this point it is interesting
to highlight that the saturated sample (sampled&SElops this confined water freezing
peak only in the presence of 3.5 MPa, while it doelsat atmospheric pressure (a flat
DSC profile was obtained). Either the incorporatairmethane promotes the freezing
of the water confined in micropores and mesopdresuding narrow micropores) at a
higher temperature or the incorporation of highsptee methane promotes the mobility
of water confined in narrow cavities to larger ¢ea (where it may be susceptible to
freeze).

All these changes taking place in the presencegf-pressure methane can be more
clearly appreciated in the melting profiles. Wherea the absence of an external
stimulus water exhibits a single DSC contributidrasund 273 K, due to the melting
of ice in large cavities and external surface (as#ynples above saturation show this
contribution), the scenario changes under highsomres conditions. At 8.0 MPa,
saturated sample (R= 2.4) exhibits a single sharp melting peak at R8onset at 283
K). This contribution could be attributed to the limg of the methane hydrate in
confined cavities. The presence of a simple coutio is preserved in the sample with
micropores and mesopores filled with water, (R 4.1). Only samples with a large
excess of water (R= 11) exhibit a second contribution at 273 K doertelting of ice
water, in close agreement with the results in thik phase.

These results confirm that i) confined water exkiba different freezing/melting
performance under high-pressure methane conditipresgmples with a water ratio,R

< 4.1 exhibit a single hydrate peak, thus anticigata complete water-to-hydrate
conversion (no ice can be appreciated), iii) fregzand melting of confined methane
hydrate is shifted to higher temperatures (+12 Knfelting) compared to confined ice,

iv) stability of confined hydrates is rather simita bulk hydrates, in close agreement



with thermodynamics (see Table S2 for a comparddotie dissociation temperatures
for bulk and confined (from this study) methane fiayes), and v) water confined in
micropores and/or narrow mesopores, (R 2.4) is prone to suffer a liquid-to-solid
phase transition, preferentially water-to-hydradaly in the presence of an external
stimulus. In other words, high-pressure methanabis to disrupt the intermolecular
bonding interactions between water molecules and/orodify the fluid - wall
interactions from the Gibbs-Thomson equation, tlltering the freezing/melting
performance of confined water. The similar stapilitf confined and bulk methane
hydrates observed in the DSC scans towards digsmtia in close agreement with the
phase diagram deduced experimentally for modelorarbaterials [27]. However, a
closer look at Figure 4 and Table S2 shows thapitkegshe similar performance,
melting of confined hydrates in carbon takes plegel K below the bulk system (283
K vs. 284 K), thus suggesting that confinement &fehave some influence on the
water activity, i.e. confined hydrates are slighégs stable. Monte Carlo simulations of
methane clathrates confined in slit-shape poregipated a certain instability versus
bulk hydrates, in agreement with our data, althothghdepression in the dissociation
temperature with the inverse of the pore width doubt be confirmed with our data
[28]. Contrarily to carbon materials, gas hydratesfined in silicas exhibit a much
lower stability compared to the bulk system, thesdciation taking place at a much
higher pressures or lower temperatures [29,30]t bas not least, it is important to
highlight that the results described in Figure @ mr close agreement with the high
water-to-hydrate yield described in the literatdoe the PPAC material and other
micro/mesoporous carbon materials and the low yaddthined for bulk water under
static conditions [12,30]. As a summary, Figureshbws a schematic drawing of the
different situation taking place in each of the pls evaluated before and after
incorporation of high-pressure methane.

As described above, the evaluation of the meltinghapy can provide valuable
information about the water-to-hydrate process e fpresence of high-pressure
methane. To this end, Table 3 compares the mekinpalpy for saturated and
oversaturated PPAC samples considering exclusitvedy melting peak at 284 K
attributed to the methane hydrate dissociation.itAsan be observed in Table 3, for
samples with a single contribution in the DSC peofsee samples 13 and 14 in Figure
4 lower panel), the melting enthalpy gives a valtiea. 52 kJ/mol, independently of the

applied methane pressure. This enthalpy valuesis pieserved after a second cycle



(samples called-2). Interestingly, this value isperfect agreement with the melting
enthalpy estimated for the bulk hydrate under simelkperimental conditions [31]. The
excellent fitting with the theoretical value isagreement with a complete conversion of
water-to-hydrate, independently of the confinenwmmtditions (either water confined in
narrow micropores or water in wide micropores/smadisopores). This observation is
really important to understand the role of the wgavities in the methane hydrate
formation/dissociation process. Although nanocigstgrown in these restricted
nanospaces are difficult to be identified using wartional techniques (including
synchrotron XRPD), these results clearly highligitat all water confined in micropores
and mesopores (R< 4.1) is prone to convert to gas hydrate with ehhygeld [12].
Contrary to silicas where a layer of liquid wateassumed to separate the solid hydrate
from the pore walls, in the specific case of casdme hydrophobic nature of the
surface must promote the complete conversion dubaeamproved wettability of the
hydrate [29]. These results confirm our previousuagptions when using activated
carbon materials as a host structure and explanstiperior performance of carbon
materials versus other nanoporous solids such dal-organic frameworks-MOFs,
zeolites, or silicas to store methane in the fofngas hydrate [12-19,32]. Assuming -
53.1 kJ/mol as the theoretical value, DSC signals loe used to estimate the phase
transition yield, these values being close to 180€4hose samples with water confined
in micropores (saturated samples; R2.4) or micro/mesopores (oversaturated sample;
Ry = 4.1). Samples with a large excess of water ($adfpy R, = 11) become similar to

bulk water with a small yield (below 10%).

Table 3. Enthalpy of melting calculated from the DSC expenms for the methane
hydrate peak and the water-to-hydrate yield assgntie theoretical enthalpy for
methane hydrate.

sample Rw, Pressure, [—AHm(hydrate), Water-to-hydrate
number Or20/OpPAC MPa kJ/mol conversion, %
13-1 2.4 3.5 51.9 97.7

13-2 2.4 3.5 50.0 96.0



13-1 2.4 8.0 52.5 98.9

13-2 2.4 8.0 51.5 96.9
14-1 4.1 8.0 52.0 97.9
14-2 4.1 8.0 52.4 98.6
15-1 11 8.0 4.4 8.3
15-2 11 8.0 4.4 8.4
Bulk water -1 - 3.5 4.4 2.3
Bulk water -2 - 3.5 4.5 2.4
Bulk water -1 - 8.0 7.1 3.7
Bulk water -2 - 8.0 7.8 4.1

DAHm(hydrate)corresponds to the methane hydrate enthalpy détswotobtained

from DSC scans. Theoretical GHydrate melting enthalpy is -53.1 kJ/mol [31]

In order to get a better understanding of the alous freezing/melting performance in
the saturated sample (R 2.4), mainly the absence of water mobility te #xternal
surface to justify the DSC contributions in thegamece of high-pressure methane, the
DSC experiments have been cycled under alternaligh-pressure/low-pressure
conditions. Figure S6 confirms the above mentiomesults. Under high-pressure
conditions the DSC profile shows a sharp peak &tR@&luring the cooling scan, this
peak shifting to higher temperature during warmi285 K). As described above, these
contributions must be unambiguously attributed tetlrane hydrate formation and
dissociation, respectively. Upon depressurizatibthe chamber, i.e. in the absence of
methane, the DSC profile becomes completely fladweler, the freezing/melting
signals are fully recovered upon a subsequentessprization at 8.0 MPa. The absence
of any significant shift in the freezing and maeifintemperatures confirm the
reversibility of the process and, indirectly, tHesance of water mobility under high-
pressure conditions, i.e. methane hydrates nucteatnd growth must take place in
micropores and mesopores (including narrow micreparvith sizes below the hydrate
unit cell, ca. 1.21 nm). The absence of water nitgldilas also been evaluated using N
as a guest molecule under high-pressure conditkigsre S7 show the DSC scan for
the PPAC saturated sample before and after preason with 8.0 MPa N The
absence of any water-to-ice transition in both scaooling and heating, despite the

large amount of water incorporated (2.4 g/g) cleadows that water remains confined



in micropores, even under high pressure conditipesjt remains non-freezable in the
temperature range evaluated.

Last but not least, the cyclability has also begaliated under consecutive DSC
experiments, always under high-pressure conditibrggire S8 shows that the melting
of the methane hydrate is independent of the cydhde the freezing process shifts to
higher temperatures in the second cycle due towek-known memory effect in
crystallization processes. It is important to hight that no water-to-ice transition could
be observed after different cycles, i.e. the watdnydrate process is fully reversible

and with a high yield (i.e. up to nearly 100%) aftensecutive cycles [33].

3.4.2. Inelastic neutron scattering spectra (INS) of confined water under high-pressure
methane

The structure of confined gas hydrates has beeluated using inelastic neutron
scattering. As described in previous papers, INS ipowerful technique for the
evaluation of the confined hydrates due to thenstrecattering signal of hydrogen
atoms and the possibility to identify the free-tmtaal mode of Cll entrapped in small
hydrate cages [12]. Figure 5 shows the INS spefcirahe original PPAC carbon
material, the PPAC sample after a low, (R0.6) and high loading of 1O (R, = 2.4)
and the DO pre-adsorbed carbon after incorporation of higgsgure methane (8 MPa).
It was observed that the inelastic neutron scatjespectrum of the original carbon
before and after adsorption op@ is rather flat due to the small scattering of¢agbon
skeleton and the deuterium atoms. However, the dptra change drastically after
incorporation of high-pressure methane. For lowed dnmgh-D,O loadings, i.e. for
samples with PO pre-adsorbed in narrow micropores or samples WD pre-
adsorbed in micropores and small mesopores, thadM&her similar. In both cases a
strong band can be clearly appreciated at 0.99 me¥i, some shoulders at 2.3 meV
and 3.3 meV. These bands have already been obdervedtural hydrates [34] and can
be unambiguously attributed to the rotational titemss of methane from the ground
state to the different excitation states [12].

In summary, INS results clearly prove the formatioh methane hydrates in the
confined nanospace of PPAC activated carbon, it of the pre-adsorption ratio.
The similarity between both spectra demonstratesrtiportant role of narrow cavities

(those filled at low loading) in the methane hydrédrmation process. Although the



size of these cavities (below 0.7 nm) does nowalloe formation of perfect crystals
(taking into account that the crystal unit celar®und 1.22 nm), the presence of some

defective crystals with similar characteristics ttee bulk crystal could explain the

obtained results [35].

PPAC
PPAC+D,0
PPAC+D,0 (low loading)+ CH,

60+

. PPAC+D,0 (high loading)+ CH,

Energy transfer (meV)

Intensity (a.u.)

Figure 5. INS spectra of sample PPAC at 5 K before and afigsrporation of RO,
and the effect of pressurization with methane 8RaNh the sample with low (R<0.6)

and high (R = 4.1) BO loading.

3.4.3. Synchrotron X-ray powder diffraction of confined water under high-pressure

methane

To end up, the crystallographic properties of tlafined gas hydrates have been
evaluated using in-situ synchrotron X-ray diffracti To this end, the samples pre-
adsorbed with water (R= 0.6 and R = 2.4) and evaluated in section 3.3.3, after
cooling to 173 K were pressurized with 4.5 MPa dtimane (maximum pressure that
we can reach with the polymeric capillaries usethatsynchrotron). Figure 6 show the

SXRPD pattern for both sample before and afterrpm@tion of methane.
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Figure 6. Synchrotron XRD profiles for the PPAC activatedomar pre-adsorbed with a

low (upper panel) and high (lower panel) water eahbefore and after incorporation of

4.5 MPa CH.

As described above, the XRD pattern of the underated PPAC carbon (R= 0.6)

exhibited only small peaks corresponding to distrhexagonal ice. The absence of
XRD peaks (excluding the background) was attributethe presence of non-freezable
water confined in narrow cavities. In fact, the exiaxe of any significant signal in the

DSC profile for the aforementioned sample rulestbatpossibility of a liquid water to



amorphous ice phase transition, as suggested ilitehegture for silicas with cylindrical
pores [36,37]. This hypothesis is clearly demonesttafter incorporation of an external
stimulus, i.e. under high-pressure methane. Althoulge conversion process is
extremely slow at the low temperature of the meament (173 K), a slight increase in
temperature (up to 243 K under 4.5 MPasL#lves rise to the sudden development of
sharp peaks attributed to the sl structure of tie¢hame hydrate. This result confirms
that under these conditions,(R 0.6), water is indeed confined in the poresaalth it

is non-freezable (even at 172 K), unless an extestimulus is applied, in close
agreement with the DSC data. For the saturated Isatig situation is rather similar.
The XRD pattern of the PPAC saturated with watgr £¥R2.4) at 173 K already exhibits
well-defined peaks corresponding to hexagonalasedescribed above. In this specific
case, upon pressurization with methane and a siiginease in temperature, the ice
peaks grow and starts to convert to sl methaneabtgdalthough with slower kinetics

due to the experimental setup, the conversion hBEd@§6 to methane hydrate at 273 K.

4. Conclusions

Differential scanning calorimetric (DSC) measuretsem a high-surface area activated
carbon (PPAC) under different water-supplying ctinds clearly show that the
performance of confined water towards a freeziniingephenomenon highly depends
on the amount of water incorporated and the presenaot of an external stimulus.
Under atmospheric pressure conditions water addomnbenarrow cavities does not
exhibit any liquid-to-solid phase transition, iieis non-freezable water. On the other
hand, water in larger micropores and small mes@igrprone to form ice, although at a
much lower temperature compared to bulk water. ®h&ervation is in close agreement
with the temperature depletion predicted by theb&ibhomson equation. Under high-
pressure conditions, the scenario changes drdgtitalthe presence of high-pressure
methane the total amount of water pre-adsorbedijded water in narrow cavities, is
prone to exhibit a liquid-to-solid transition, matte hydrates being formed with a yield
close to 100%. The optimal performance is obtawét an adsorption ratio of R=
4.1, while larger values of Robecome detrimental due to the significant bloclofghe
pores by water and the associated slow nucleatiogti€s (low water-to-hydrate yield).

These results clearly explain the excellent pertoroe of activated carbon materials



saturated or slightly oversaturated towards methstoeage in the form of solid

hydrates, as compared to other nanoporous systehsas zeolites and MOFs.
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