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Enhanced Hydrogen and Methane
Storage of Hybrid Mesoporous
Organosilicas

Georgios N. Kalantzopoulos,*® Myrsini K. Antoniou,’
Apostolos Enotiadis,” Konstantinos Dimos,” Enrico
Maccallini,” Alfonso Policicchio®, Elio Colavita® and Raffaele

G. Agostino®

In this study hybrid Mesoporous Organosilicas (HMOs) were synthesized by
using tetra-ethyl-orthosilicate (TEOS) as silica source and 1,4-bis(tri-
ethoxysilyl)benzene (BTB) in various BTB/TEOS ratios. The two extreme
cases of 0 and 100 mol% BTB are compared with partial addition of BTB (25
mol%) and partial absence of TEOS (75 mol% BTB). The synthesized
mesoporous materials are characterized by means of Powder X-ray
Diffraction (PXD), Scanning Electron Microscopy (SEM) and helium
pycnometry for the skeletal density evaluation. The Brunauer-Emmett-Teller
(BET) method is used for the determination of the specific surface area (SSA)
and Non-local Density Function Theory (NLDFT) calculations are applied for
the evaluation of their Pore Size Distribution (PSD). Their hydrogen and
methane sorption properties are investigated with a Sieverts apparatus
under isothermal sorption equilibrium conditions at cryogenic and close to
ambient temperatures, respectively. In hydrogen the combination of phenyl
rings along with pores in the micro-/mesoporous border resulted in
increased sorption capacity. The simultaneous presence of two different
precursors increased the surface inhomogeneity leading to a wider
distribution of adsorption sites close to the micro-/mesopore border regime
that favored the hydrogen sorption properties. The presence of the phenyl
rings doubled the number of methane molecules the material surface can
accommodate. Partial substitution of TEOS by BTB (25 mol%) gave the same
adsorbed methane density as the non-hybrid material consisted of 100%
BTB. The materials exhibited excellent reversibility and sorption stability
over aging. Their sorption performance was evaluated with the Téth model
and was correlated with their structural characteristics. The fraction of
micropores over the total pores was quantitively correlated with the
maximum storage capacity and the adsorbant-adsorbent interaction
strength. Finally, in methane and for low coverage the enthalpy of

adsorption was calculated with the Clausius—Clapeyron equation.
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Introduction

During the recent years significant research has been taking
place substituting energy taping to
alternative, pollutant-free methods that are going to decrease

in carbon-based
the CO, emissions responsible for the climate change.l’ 2 In this
aspect hydrogen (H,) contains 3 times higher energy density
per mass compared to gasoline. At the same time methane
(CH,), that is the main component of natural gas, has lower
carbon footprint than the higher carbon-containing petroleum
derivatives and can be used as an intermediate step in the
fossil-to-hydrogen transition period. The pursue of a material
relatively low
pressures the amount of hydrogen necessary enough to power

that can host in ambient conditions and
an automobile autonomously for 500 km? has been the goal
for numerous research Institutes and industry around the
globe. In this aspect both the U.S. Department of Energy (DoE)
and the European Union Fuel Cells and Hydrogen Joint
Technology Undertaking (FC-HJU) have issued
recommendations on the performance targets required for
materials, fuel cell technology and the complete gas storage
tank system.3' 4

Considerable amount of research has been carried out on
chemical and physical storage of hydrogen up to date.
Chemical storage of hydrogen involves its dissociation and
creation of a hydride through a single- or multiple- phase
> 6 Hydrides with high
storage capacity require substantial amount of energy in order
to release hydrogen back.” When decrease in the desorption
temperature is achieved, the desorption kinetics are usually

transformation in the metals bulk.

decreased and the re-absorption is rather slow due to kinetic
barriers that the rehydrogenation of amorphous phases
employs.8 On the other hand, hydrides that require small
amount of energy for hydrogen release do not exhibit
significant sorption capacities.9 Moreover the hydrogen
absorption mechanism that governs this type of materials
to the multiple phase
transformations involved. These issues can be resolved with

involves slow kinetit:s,6 due
hydrogen physisorption onto porous materials. During the last
years different families of porous solids such as the zeolites,
metal-organic frameworks (MOFs) and covalent organic
frameworks (COFs) have been studied as potential hydrogen10
or methane adsorbents'”.

The zeolites possess well-ordered crystalline structure and
tunable pore size but their relatively restricted specific surface
area (SSA, typically less than 1000 ng"l)12 restrains them from
adsorbing sufficient amounts of hydrogen.13 MOFs have been
extensively studied as hydrogen storage materials with their
adsorption capacity to be attributed to their large SSA.0 1 Ag
a pathway to enhance the surface-to-molecule interaction,
partial functionalization has been applied by doping the MOFs
1516 However,

rather limited amount of experimental work on their sorption

surface with Li" atoms, with promising results.

properties has been done up to date, mainly due to their

. ™ . . 17,18
structural instability in non-ambient pressures.

2| J. Name., 2012, 00, 1-3

The key for enhancing the storage capacity in porous materials
is through reinforcing the interaction between the hydrogen
and the adsorbent’s surface. Proper selection of the building
units and enrichment of the adsorbent’s surface with atoms
that attract hydrogen molecules can strongly enhance the
hydrogen molecule — surface interaction.”® The effect of
surface functionalization and variation of the building
constituents on the adsorption properties has not been
thoroughly examined up to now. A material family that allows
this study is the Periodic Nano-/Mesoporous Organosilicas
(PMOs).2% %

Due to their functionalization, PMOs permit the study and
comprehension of each synthesis parameter effect on the
sorption properties, an ability that had not been examined in
that degree till today. Recently, PMO were synthesized under
basic conditions and their structural and hydrogen sorption
properties were investigated. That study demonstrated that
the adsorbent’s amorphous structure and the use of shorter
surfactant in the synthesis enhance both storage capacity and
strength of interaction between the surface and the
adsorbate.” Similarly, naphthalene-based PMOs
synthesized25 and their hydrogen and methane sorption
properties were investigated26 and revealed enhanced
sorption capacity compared to MCM-41.

In this paper, hybrid PMOs are synthesized by using tetra-
ethyl-orthosilicate (TEOS) as silica source and 1,4-bis(tri-
ethoxysilyl)benzene (BTB) in various BTB ratios. The two
extreme cases of 0 and 100 mol% BTB are compared with
partial addition of BTB (25 mol% BTB) and partial absence of
TEOS (75 mol% BTB). Their hydrogen and methane sorption
properties are investigated with a Sieverts apparatus under
sorption equilibrium conditions. The study aims to evaluate
the effect that single- (non-hybrid Mesoporous Organosilicas)
and double-precursors (HMOs) have on the sorption
properties with hydrogen and methane. The materials
reversibility and sorption stability over time are also evaluated.
Their sorption performance for both hydrogen and methane is
evaluated using the Téth model and correlated with their
structural characteristics. Finally, in the case of methane and
for low coverage the enthalpy of adsorption is evaluated with
the Clausius—Clapeyron equation.

we

Experimental
Reagents

All materials were reagent or analytical grade and were used
as purchased without further purification. Aqueous ammonia
solution 25 wt% was purchased from Fluka (09860),
cetyltrimethylammonium bromide (CTAB) 95% from Sigma-
Aldrich (855820), tetraethylorthosilicate (TEOS) 98% from
Sigma-Aldrich (131903), hydrochloric acid (HCI) 37 wt% from
Merck (1.00317.2500), methanol 99.9+% from Merck
(1.06009.1011), ethanol 99.5% from Panreac (121086.1212),
and 1,4-bis(triethoxysilyl)benzene (BTB) 96% from Sigma-
Aldrich (598038).

This journal is © The Royal Society of Chemistry 20xx
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Synthesis

The hybrid periodic mesoporous materials were synthesized as
follows: 20.53 g H,0, 11.2 g of ammonium hydroxide solution
(25 wt%), and 0.44 g CTAB were stirred for 30 min in a
polypropylene bottle. 2.12 g TEOS were added drop wise and
solution was stirred for another 30 min before ageing at 80 °C
for 96 h. The white powder was collected by centrifugation,
washed thoroughly with water, and air-dried under ambient
conditions. In order to remove the surfactant, and thus to
create open structures, the as-synthesized sample was stirred
for 72 h in a refluxing solution of 20 g HCI (37 wt%) and 140 g
of methanol. The corresponding periodic mesoporous silica
(PMS) was collected by centrifugation, rinsed with methanol
and ethanol, and air-dried under ambient conditions (sample:
PMS). The hybrid PMOs samples were synthesized with the
same protocol by substituting TEOS with BTB. 0.52 g BTB and
1.594 g TEOS were mixed for the preparation of sample PMO-
25, and 1.576 g BTB and 0.534 g TEOS for sample PMO-75,
while 2.097 g BTB and no TEOS were used for sample PMO-
100.

Structural and Textural Characterization Techniques

X-ray powder diffraction (XRD) data were collected on a D8
Advance Bruker diffractometer using Cu Ka (40 kV, 40 mA,
A=1.54178 A) radiation and a secondary beam graphite
monochromator. Diffraction patterns were collected in the 26
range from 2 to 80 degrees, in steps of 0.02 degrees and 2 s
counting time per step.

Pellets of pulverized samples dispersed in KBr were used for
recording Fourier transform Infrared spectra (FTIR) on a Perkin
Elmer GX Fourier transform spectrometer in the frequency
range of 400-4000 cm™. The reported spectra are an average
of 64 scans at 2 cm ™ resolution.

The nitrogen adsorption—desorption isotherms were measured
at 77 K on a Sorptomatic 1990, thermo Finnigan porosimeter.
Specific surface areas (SSA) were determined with the BET
method in the range 0.05-0.25 by taking care that the
pertinent consistency criteria are met?” 28, All samples used for
the surface analysis were outgassed at 473 K for 20 h under
high vacuum (10"5 mbar) before measurement. Non-local
Density Function Theory (NLDFT) pore size distribution
calculations were performed using the commercial software
AS1Win from Quantachrome Instruments. The calculation
method used, was N, at 77 K on silica, cylindrical pores, NLDFT
adsorption branch or equilibrium kernel model.

Scanning electron images were recorded using a Quanta FEG
400 (FEI) scanning electron microscope (SEM). The SEM images
were acquired by using an electron beam of 20 keV. The
images provide the typical morphology of the samples
powders deposited on carbon tape.

This journal is © The Royal Society of Chemistry 20xx
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Hydrogen/Methane Sorption Assessment

The hydrogen and methane sorption measurements were
carried out with an in-house made Sieverts’ apparatus built by
DeltaE S.r.I.”° The volumetric gas storage apparatus consists of
a gas manifold with a series of tubes and valves connecting the
sample holder to the gas reservoirs void volume and pressure
transducers.

Home-made algorithms built by Labview® calculate the
adsorbed and desorbed gas molecules as well as the number
of molecules per square nanometer adsorbed at any given
pressure aliquot. The cryogenic measurements took place
while keeping a fixed volume of the sample-holder in a liquid
nitrogen bath. Typically 250 mg of each sample were inserted
in the sample-holder. All samples were outgassed at 200 °C
overnight prior to measurement.

Hydrogen (99.999% purity) sorption measurements took place
in the pressure range 0 — 7 MPa at 77 K. Methane (99.995%
purity) sorption measurements were carried out in the
pressure range 0 — 4.5 MPa at 286, 298 and 313 K. He
(99.999% purity) pycnometry measurements took place using
He as the probe gas in room temperature and in the pressure
range of (0 — 900) mbar. All pycnometry measurements were
repeated at least 7 times to minimize the experimental error.

Results and Discussion

The XRD patterns of the samples with the different BTB
content are shown in Fig. 1. As seen, the pattern of sample
PMS is typical of materials classified in the P6mm space group
with hexagonal arrangement of uniform pores displaying the
characteristic strong (100) reflection at the low angle region,
followed by the weak, although well resolved, (110) and (200)
reflections. The substitution of TEOS with BTB causes
progressive structure disordering moving from hexagonal
P6mm to partly disordered — hexagonal structures. As the BTB
percentage increases the (110) and (200) reflections become
weaker and finally they are completely absent in the case of
PMO-75 and PMO-100.2* By applying Bragg’s law for the first
reflection peak, the d,oo spacing is found to be 4.2, 4.0, 3.9 and
4.2 nm for the samples PMS, PMO-25, PMO-75 and PMO-100,
respectively. The corresponding unit cell
(ag=2d100/V/3) are listed in Table 1.

The successful incorporation of BTB in the PMO samples is
evident by their FTIR spectra (see Supporting Information Fig.
S1). As observed, two peaks arise in the spectra with
increasing BTB ratio, which are correlated with aromatic
groups, verifying the presence of phenyl rings in the walls of
the periodic mesoporous materials. The peaks at 3062 and
3013 cm™ are attributed to asymmetric and symmetric
stretching vibrations of aromatic C-H bonds, respet:tively.24

dimensions

J. Name., 2013, 00, 1-3 | 3
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Fig 1 X-ray diffraction patterns of the as-synthesized samples.

The nitrogen adsorption-desorption isotherms of the samples
and their corresponding NLDFT pore size distributions (PSD)
are shown in Fig. 2. All the isotherms are classified as Type IV
which is characteristic of mesoporous materials. The specific
surface areas (SSA) were calculated using the BET equation
and were found to be 953, 636, 1052, and 782 mz/g for
samples PMS, PMO-25, PMO-75, and PMO-100, respectively.

4| J. Name., 2012, 00, 1-3

Pore diameters from DFT calculations were found to be 4.1,
3.8, 3.5 and 3.5 nm in order of increasing BTB content,
respectively. If we consider the low mesoporous regime, i.e.
pore diameters below 2.7 nm, both hybrid materials (PMO-25
and PMO-75) have part of their pores in that region. On the
other hand, both non-hybrid materials have narrow PSDs with
PMO-100 having the narrowest PSD of all the samples which
expands between 2.7 — 4.2 nm (Fig 2). Moreover, skeletal
densities (measured by helium pycnometry) and pore volumes
of the samples were evaluated and are listed in Table 1. The
increase of the BTB ratio in the samples does not seem to give
a trend either on the SSA or on the pore volume values.
Although sample PMO-25 exhibits a high grade of ordering
compared to samples with more BTB content, it displays the
lowest values of SSA and pore volume. As expected, by
increasing the BTB ratio, the skeletal density decreases
significantly which is also a proof for the incorporation of the
low-density phenyl rings in the walls of the porous materials.
In addition, the pore diameter is slightly decreased from 4.1 to
3.5 nm, again with the increase of BTB ratio. On the contrary,
when taking into account the estimated lattice parameters from
XRD patterns, the samples have 0.8, 0.9, 1.0 and 1.4 nm wall
thickness in increasing BTB content order, respectively.

This journal is © The Royal Society of Chemistry 20xx
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Fig 2 Nitrogen adsorption-desorption isotherms and the corresponding pore size distributions of the samples calculated using the Non-local
Density Function Theory (insets).
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Specific Pore Pore Lattice
Sample Density (g/cm°) surface diameter volume Crystallinity parameter a,
area (m’/g) (nm) (cm’/g) (nm)
Ordered
PMS 2.8£03 953 4.1 0.79 Hexagonal 4.9
P6mMm
Ordered
PMO-25 19+0.1 636 3.8 0.39 Hexagonal 4.7
P6MmM
Partly Ordered
PMO-75 1.72 £0.06 1052 35 0.75 Hexagonal 45
P6mm
Partly Ordered
PMO-100 1.50 £0.05 782 35 0.49 Hexagonal 4.9
P6mMm

Table 1. Structural and textural parameters of the samples.

The SSA and pore volume values presented in Table 1 show a
direct correlation between them. For each given sample, SSA
varies practically in the same way as pore volume does.
Although all samples have SSA values ranging in the 800 —
1000 mz/g range, PMO-25 exhibits a substantially decreased
SSA and pore volume compared to the rest. It can be that the
partial introduction of BTB over TEOS has induced local
stacking faults lying in the sub-nanometer region. It is plausible
to assume the existence of cavities that are inaccessible to N,
resulting in an underestimation of the SSA when assessed by
N, as the probe molecule. In addition, the low pore volume of
PMO-25 further suggests the presence of cavities that H, can
most likely access but are inaccessible by N,. In the case of the
pycnometry measurements He was used as the probe
molecule that possesses a kinetic diameter of similar size to
the one of H,. When comparing the density value of PMO-25
although it lies between the values of PMS and PMO-75 it is
still closer to the values of PMO-75 and PMO-100 than the
value of PMS as one would anticipate. We believe that this low
density value further suggests the presence of blocked,
inaccessible cavities that make the material appear less dense
than it actually is.

6| J. Name., 2012, 00, 1-3

When we check the mesoporosity, by moving from PMS (100%
TEOS) to PMO-25 (75% TEOS, 25% BTB) the latter has a
considerably wider PSD. In a similar way PMO-75 exhibits
wider PSD compared to PMS and PMO-100. The co-existence
of 2 building units results in a structure with diverse pore sizes
and consecutively diverse adsorption sites. In other words the
hybrid materials possess a wider PSD and wider adsorption
sites diversity close to the micro-/mesopore border regime
which are of high importance for hydrogen and methane
physisorption.

Scanning Electron Microscopy (SEM) provides an excellent
morphological overview of the synthesized materials in the
um-scale. Figure 3 shows the SEM images of one hybrid (PMO-
25) and one non-hybrid organosilica (PM0O-100). The PMO-25
sample shows macroscopic hexagonal shaped crystals merged
with some bulkier crystals of irregular shape and size (Fig. 3,
left) of approximately 1 um diameter (Fig. 3, middle). This
indicates a long range organization of the microscopic ordering
that the XRD patterns revealed. On the other hand the PMO-
100 sample shows a crystal array of irregular shape and size
indicating no long-range periodicity (Fig. 3, right), verifying the
picture that the PXD patterns revealed for the material’s order
in the nanoscale (absence of (110) and (200) reflections).

This journal is © The Royal Society of Chemistry 20xx
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Fig 3 SEM images of PMO-25 (left) and PMO-100 (right). A higher magnification of PMO-25 is provided in the middle.

Hydrogen adsorption isotherms obtained at 77 K for all the
samples are shown at Fig. 4. The amount of adsorbed
hydrogen increases following a Langmuir-type curve and the
desorption isotherms follow the adsorption ones. Desorption
coincides fairly well in the low pressure regime however a
small hysteresis is observed that could be attributed to the
relatively strong adsorbent-adsorbant interaction that these
materials exhibit combined with the relative small surface
coverage in those conditions. In adsorption for pressures
higher than 1.0 MPa the Téth equation fitting describes the
experimental data with precision higher than the Langmuir
equation30. Both PMO-25 and PMO-75 exhibit up to 15%
higher sorption capacity than the non-hybrid materials.
Additionally their sorption capacity appears enhanced in the
low pressure (< 1.0 MPa) regime compared to PMS and PMO-
100. The latter ones exhibit between them comparable
sorption behavior in all the examined pressure range. PMO-75
is the only sample that exceeded 2.0 wt% sorption capacity in
H, at 7.0 MPa. Its higher sorption capacity is attributed to its
larger surface area compared to the other samples. This value
is substantially lower than 9.0 wt% at 5.6 MPa that NU-110 has
achieved and is one of the highest values reported at cryogenic
conditions today31. It is important to note that NU-110 MOF
possesses a SSA of 6143 ng'1 and 2.82 cmsg'1 pore volume,
values that are six and four times higher to those of PMO-75,
respectively. At the same time, the SSA values of the probed
Mesoporous Organosilicas samples (Table 1) are among the
higher SSA values found for their class of materials>?.
Furthermore, excessively large pore apertures like those found
in some MOFs' can make the material more suitable for
applications such as catalysis or selective inclusion of proteins
and less for gas storage applications. The high pore volume
means higher amount of gas stored within the material pore
but not necessarily physisorbed. Once the adsorbant pore
surface is farther than the optimal adsorbent-adsorbant
distance, due to the Lenard-Jones potential33 its effect on gas
density compared to compressed gas34 vanishes.

Measurements were repeated on the same samples kept in air
for 6 months and the results are fully reproducible; these HMO

This journal is © The Royal Society of Chemistry 20xx

materials appear stable while aging at ambient temperature
and being exposed to atmospheric moisture.
In order to get a deeper insight in the molecule — pore surface
interaction, the experimentally obtained data are fitted with
the Toth model *° according to the equation:

K P

(1)

wt% = wt%mex ————=
(1+(K P)bE
where wt%.x is the asymptotic maximum storage capacity, K
is the equilibrium constant, P the pressure and t is a parameter
introduced from Toth in order to describe the homogeneity
grade of the sample surface. Toth equation fitting parameters
of the samples are summarized in Table 2.

The hydrogen and methane excess adsorption values for the
samples at 77 K and 7.0 MPa for hydrogen and at 298 K and
3.5 MPa for methane are listed in Table 3.

Another important parameter to examine when studying
newly developed porous adsorbents is how their performance
is affected after taking into consideration fuel cells minimum
pressure requirementsSS. For the latter a higher than ambient
minimum operational pressure is recommended in case it is
required to vent the system to the atmosphere without a
pump. DoE has issued minimum storage system delivery
pressure targets of 0.5 MPa for 2020 and 0.3 MPa eventually3.

Practically this means that weak low pressure interaction is
desired while maintaining the material’s maximum gas storage
capacity. Table 3 shows the working capacity of each of the
materials. Clearly the hybrid materials store higher amount of
hydrogen in the 0.5-7.0 MPa region compared to the single-
precursor materials.

Moving to the methane adsorption on the HMO samples at RT,
adsorption (close symbols) and desorption (open symbols)
isotherm curves are presented in Fig. 5. The isotherm curves
shape is in agreement with the Type | IUPAC curve and the
overall shape is also representative of the isotherms behaviors
obtained at 286 K and 313 K on the same samples (Fig. 6, here
presented only for the PMO-75 sample). The desorption
isotherm curves follow the adsorption isotherms however a
small hysteresis is observed as it occurred in the hydrogen
adsorption measurements suggesting a strong adsorbent-

J. Name., 2013, 00, 1-3 | 7




Journal of Materials Chemistry A

adsorbant interaction. In the end the loop closes at zero
adsorption indicating that the methane adsorption is a fully
reversible procedure.

)
=
< PMS
H PMO-25 |
0.5 A PMO-75 ]
4 PMO-100

Poq(MPa)

Fig 4 Hydrogen adsorption (full markers) and desorption
(empty markers) isotherms obtained at 77 K and up to 7 MPa
for the Hybrid Mesoporous Organosilicas samples.
between points represent the adsorption data
procedure based on the Toth model.

Lines
fitting

Another possibility is that we observe this hysterisis due to the
slow kinetics of methane adsorption/desorption processes.
This could be the case when the samples show a high
microporosity where diffusion could be a rate-limiting
phenomenon. As we show in the PSD analysis, HMOs have
mainly mesoporous structure (pore sizes are close to 3 nm). As
a matter of fact, a similar behavior is observed in the hydrogen
sorption analysis on the same samples suggesting that an
eventual role of the structure could result in a different
isotherm cycle shape.

Among all the samples, PMS had the lower methane uptake
whereas the phenyl ring containing samples
significantly enhanced sorption capacity compared to PMS.
PMO-25 shows the second better performance with 2.85 wt%
followed by PMO-100 with 3.5 wt% uptake. PMO-75 exhibited
the highest experimental methane uptake of 4.2 wt% at 3.5
MPa. In fact, 100% substitution of TEOS with BTB results in
50% increase in material’s methane sorption capacity.

showed

The aforementioned results suggest that in methane the
synergetic effect of high SSA (PMO-75) and substitution of
TEOS by phenyl rings in the pore walls (PMO-75 & PMO-100)
leads to increased methane sorption capacity compared to
PMS and PMO-25. The enhanced
molecule with the phenyl rings is evident in the low pressure

interaction of methane

regime that PMS has the lowest performance and
consequently is reflected in the K-value of the Toéth fitting
model (Table 2). Table 3 presents the gravimetric and

volumetric methane excess adsorption capacities of the
samples. For the calculation of the volumetric uptakes, the
apparent density (0.17 g/cm3 as calculated in our setup) of the
samples was taken into account.

8 | J. Name., 2012, 00, 1-3

The

evaluation of the adsorbed molecules per nm?
(Nmo|ec/nm2) could indicate the efficacy of the pore surface to
create more than one monolayer and can be evaluated by

using the formula®*;

This journal is © The Royal Society of Chemistry 20xx
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H, Adsorption CH, Adsorption
PMS PMO-25 PMO-75 PMO-100 PMS PMO-25 PMO-75 PMO-100
W% max 3.30+0.02 4.45 *+ 0.05 5.05 + 0.07 3.09 + 0.05 3.50 + 0.90 4.00 £ 0.40 6.40 £ 0.02 4.50+0.20
K(MPa)™ 11.78 + 0.09 61.30+ 0.50 43.40 + 0.40 5.80+0.10 0.20 + 0.05 0.50 + 0.07 0.25+0.01 0.50 + 0.08
t 0.36 + 0.01 0.23 +0.01 0.25 +0.02 0.42 +0.03 0.70 +0.10 0.60 + 0.15 0.72 +0.03 0.90 + 0.02
Table 2. Toth equation fitting parameters of the samples for Hydrogen and Methane adsorption.
H, H, Working Grav. CH, a b CH, CH,4 Working
S | Grav. H; (wt.% Vol. CH Vol. CH
ampie rav. H, (wt.%) Molecules/nm>  capacity (wt%) © (wt.%) ° a v/v) ° a v/v) Molecules/nm>  capacity (wt%) ©
PMS 1.90 5.90 0.88 2.17 6.05 35.73 0.86 1.90
PMO-25 2.03 9.40 1.16 2.69 7.27 36.20 1.58 2.14
PMO-75 2.15 6.05 1.05 4.23 10.92 39.63 1.51 3.63
PMO-100 1.90 7.30 0.95 3.37 8.84 36.55 1.62 2.52

? Apparent densities, skeleton densities and ideal gas law for equivalent CH, volume at standard temperature and pressure (STP) were used for the calculations.

¢ Defined as the difference of methane uptake between 35 bar and 5 bar.

b Apparent densities, skeleton densities and ideal gas law for equivalent CH4 volume at 298 K and 3.5 MPa were used for the calculations.

Table 3. Gravimetric adsorption capacities, number of molecules adsorbed per nm? of the pore surface and working capacities in both hydrogen and methane for each of the
samples. In the methane case, the volumetric excess adsorption capacities are reported too. All values are referred to the maximum analyzed pressure, 3.5 MPa and 7.0 MPa for
methane and hydrogen, respectively.

This journal is © The Royal Society of Chemistry 2015
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Nmolec — N4 Xwt% )
nm? 1020% MWg 5 XSSA

where N, is the Avogadro’s number, wt% the gravimetric
adsorption, MWg,s the molecular weight of the adsorbed gas
and SSA the specific surface area obtained by the BET method.
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Fig 5 Methane excess adsorption (close symbols) and
desorption (open symbols) isotherms obtained at 298 K and up
to 3.5 MPa for all the HMO samples. Lines between points

represent the data fitting based on the Téth model.

(34
T}
°
Lo, H

wt%

Fig 6 Methane excess adsorption and desorption isotherms
obtained at 286 K (yellow), 298 K (pink) and 314 K (green) up
to 3.5 MPa for the sample PMO-75 (markers). Lines between
points represent the data fitting based on the Téth model.

This journal is © The Royal Society of Chemistry 2015

In the case of hydrogen, one monolayer is formed when
approximately 8 H, molecules per nm? are uptaken by the
surface”. Fig. 7 shows the number of H, molecules adsorbed
per nm? of the samples in the 0—7 MPa pressure range. At 77 K
and 7.0 MPa only the PMO-25 sample forms a monolayer of
adsorbed H, on its surface. The other samples accommodate
no more than 6.0-7.3 H, molecules on their surface under the
same conditions.

The favourable effect of microporosity on the adsorbent’s
sorption properties has been demonstrated by both
theoretical®® and experimental works®.  For example,
Co(HBTC)(4,4’-bpy) possesses pores in the 0.5 — 0.8 nm range
and relatively low SSA for a MOF framework (887 ng"1)38.
However the material exhibited 2.05 wt% excess adsorption
capacity at 77 K and 6.5 MPa. In principle, a material
possessing narrow PSD with pore size sufficient enough to
accommodate a monolayer of adsorbant on its surface would
be ideal in terms of adsorbent-adsorbant interaction strength.
However in a real life system it is quite challenging to obtain a
porous network with a narrow PSD. After the post-synthesis
treatment a distribution of pores possessing different
diameters is the most common result. Hence, it makes more
sense to talk about the material’s PSD fraction with a
particular pore diameter regime over the total amount of pore
sizes available.

Sample 2.0-2.5nm 2.5-3.5nm 3.5-4.5nm >4.5nm
PMS 0% 1.5%
PMO-25 4.6% 48.5%
PMO-75 4.5% 54.4%
PMO-100 0% 68.7%

Table 4 PSD fractions of the samples, close to the micro-
/mesopore border regime.

Going back to Figure 2, as we already noted, PMO-25 and
PMO-75 are the only samples containing pores in the micro-
/mesopore border regime (< 2.7 nm). By calculating the ratio
between the area below a given PSD regime and the total
area, it is interesting to correlate the sorption properties with
the pore size of each material in a more direct and quantitative
way. From integration of the area below each PSD Table 4 is
obtained that shows the PSD fraction of each sample in the
low mesopore regions of 2.0 - 2.5 nm, 2.5-3-5 nm, 3.5-4.5 nm
and >4.5 nm. In fact, PMS and PMO-100 (non-hybrid PMOs)
are the only samples without any pores below 2.5 nm (Fig 2).
The BTB-containing samples show an increase in the
percentage of pores within the 2.5-3.5 nm regime as the BTB

J. Mater. Chem. A, 2015, 00, 1-3 | 10
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content increases. At the same time almost 96% of PMS’s
pores lie in the 3.5 — 4.5 nm range. PMO-100 possesses 68.7%
of its pores within the 2.5 — 4.5 nm regime and has no pores
with width below 2.5 nm or above 4.5 nm. On the other hand,
both PMO-25 and PMO-75 have approximately 4.5% of their
pores with diameter in the 2.0-2.5 nm regime and 17.8 and
12.6% of their pores in the 2.0-2.7 nm regime (not shown in
Table 4), respectively. PMO-100 that also has relatively high
fraction of pores in the 2.5-3.5 nm regime has no pores with
diameter smaller than 2.7 nm. These could partially explain
both hybrid materials higher K-value they exhibited in
hydrogen compared to the non-hybrid PMOs. Finally, this pore
size diversity indicates adsorption site heterogeneity as the
low t-value of both hybrid PMOs obtained from the Téth
model fitting shows (Table 3, H, adsorption).

100F ~ T~ T T T T~ T T T T T T §
NE 8.0
=
8  eof
=
o
° 4.0+
£ " PMS
i m PMO-25
= 2.0 A PMO-75
4 PMO-100 |
0 P (U S NS (U ST ST
0 1 2 3 4 5 6 7
Poy(MPa)

Fig 7 Number of H, molecules adsorbed per nm’ versus
pressure for each of the samples (markers). Lines between
points represent the data fitting procedure based on the Téth

model.
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3 [ ¢ PMO-100 ]
g 1o .

(@) I
€ 0.5 .

< I

5 [
ok 4

Peq(MPa)
Fig 8 Number of CH, molecules adsorbed per surface’s nm?
versus pressure for each of the samples (markers). Lines
between points represent the data fitting procedure based on
the Téth model.

the molecule’s diameter is
different theoretical and

Coming back to methane,
approximately 0.375 nm as

This journal is © The Royal Society of Chemistry 20xx
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experimental works have calculated™. Consecutively, for
methane storage, the formation of one monolayer is reached
when approximately 3 molecules per nm? are adsorbed. At the
highest experimental pressure, none of the samples forms a
monolayer (Fig. 8 and Table 3). On the other hand, 100%
substitution of TEOS with BTB results in 100% increase in the
number of methane molecules the adsorbent’s surface can
host (see Fig. 8). In particular, all the samples containing a
certain degree of TEOS show similar values of methane
adsorbed molecules whereas the PMS sample adsorbs a
significantly lower number of methane molecules per nm?.
Despite the insertion of phenyl rings having introduced local
randomness on the structure of these materials (Fig 1) it does
not seem to have any negative effect on the sorption
properties. As it has been recently demonstrated
spectroscopic and theoretical study, methane can interact
simultaneously with faces and edges of phenyl rings. This
interaction actually favors both monodentate and bidentate
configurations of methane molecules around the phenyl
rings4°. The XRD patterns of our materials (Fig 1) suggest that
we have phenyl rings randomly arranged on the surface with
either their edges or faces exposed and accessible to methane.
It is interesting to note that PMO-25 although it contains just a
fraction of phenyl rings compared to PMO-75 and PMO-100 it
exhibits similar methane density on its surface like the BTB-
based adsorbents.

A number of both theoretical and experimental studies have
demonstrated that there is a variety of paramaters combined
together that affect the overall methane adsorption on a
surface™®. Accessible SSA, pore volume, isosteric heat of
adsorption and pore topology should be assessed collectively
to understand the role of a surface on the methane
adsorption. In addition to these, methane has been found to
preferentially adsorb on physically tight spaces“. Although
there is a series of parameters that synergically affect the
methane adsorption we believe that the random arrangement
of phenyl rings on the walls could create a rough surface with
physical cavities that are big enough to interact with a
methane's hydrogen but not large enough to fit N, and affect
the measured SSA. Recently, a detailed study of methane
adsorption on SBA-15 carried out by small angle neutron
scattering (SANS), showed that surface roughness
important parameter that can affect the overall gas storage
capacity45. Combining this with the fact the phenyl rings can
interact with CH, either with faces or with edges it could
partially explain the increased methane density (CH, molecules
per nmz) that PMO-25 exhibits. A logical question that rises is
why PMO-75 and PMO-100 that have higher phenyl ring
concentration do not show increased methane density
compared to PMO-25. Based on Fig 8, it seems that only 25
mol% of BTB is required to double the amount of methane
uptake and to increase the surface coverage. Further
enhancement on methane adsorption could occur once
methane finds itself in a pore with diameter 3 times its kinetic
diameter®*.

All samples' adsorption isotherms were fitted with the Toth
model®® and the results are shown in Table 2. Similar to

in a

is an
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hydrogen, the maximum uptake wt%,,.,, is only presented as
one of the three Toth parameters but is not further analyzed
as it is an extrapolated theoretical saturation capacity in very
high pressures that does not fall within the examined pressure
range. PMS and PMO-75 samples exhibit the lowest K-value,
indicating a weak interaction between the methane molecules
and the adsorbent’s surface. Although PMO-75 sample’s
sorption capacity lies in the lower end of the TEOS containing
samples, the material continues increasing its uptake until the
end of the pressure scale due to its relatively large SSA (Fig. 8).
Its sorption behavior suggests a diversity of adsorption sites
that is reflected in its low t-value. PMO-25 has slightly higher
capacity in the middle of the pressure range suggesting that its
smaller pores could be the driving force enhancing the
methane adsorption compared to the other samples. It
appears that the absence of TEOS (PMS sample) increases the
surface homogeneity and therefore the adsorption sites
homogeneity as it demonstrated in Table 3 and as the PSD
graph suggests in Fig. 2. Table 3 shows the working capacity of
the materials in the 0.5-3.5 MPa pressure regime. Contrary to
hydrogen, in methane the materials working capacity is only
13-25% less than their absolute capacity at 3.5 MPa. PMS and
PMO-75 exhibit 13 and 15% capacity loss, respectively. At the
same time they are the materials with the lowest K-value (0.2
and 0.25 respectively) suggesting a weaker interaction
between the surface and the methane molecules.

The isosteric heat of adsorption was evaluated according to
the Clausius—Clapeyron equation:

InP = - (AH/RT) + C (2)

The formula has been applied on the isotherm curves obtained
on the investigated samples at 285 K, 298 K and 314 K and low
pressures (0.01 MPa — 0.1 MPa). Similar values of isosteric heat
of adsorption, within the error, were found for the two TEOS-
based samples (PMS and PMO-25) and the two BTB-based
(PMO-75 and PMO-100) samples (see Fig. 9). This suggests that
in low pressures and coverages the simultaneous presence of
BTB and TEOS precursors didn't play an important role in the
adsorption capacity of the samples. Under those conditions
the TEOS-based materials exhibited stronger interaction with
the methane molecules.

Sample AH (kJ/mol) Error (kJ/mol)
PMS 15.00 +0.50
PMO-25 14.90 +0.40
PMO-75 12.70 +0.70
PMO-100 12.60 +0.80

Table 5 Calculated isosteric heat of adsorption and its error for
all the samples. The values have been obtained for low
pressures and coverages.
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Fig 9 Isosteric heat of adsorption versus methane amount
adsorbed.

The isosteric heat of adsorption is directly connected with the
interaction between adsorbed molecules and surface®®. When
this interaction is attractive the heat of adsorption increases
with the increase of the loading. When on the other hand the
heat of adsorption decreases with the increase of the loading,
then either there is repulsion between the adsorbant and the
surface or we have a heterogeneous surface. In general, the
adsorbant molecules prefer to be adsorbed by higher energy
adsorption sites and then, as the pressure gradually increases,
to be adsorbed by lower energy adsorption sites. Thus, a
decrease in the value of isosteric heat of adsorption is
anticipated. If though its value remains stable despite the
increase in the loading then we have an energetically
homogeneous surface®.

If we have a closer look at Fig 9, in the 0 — 0.05 wt% regime,
PMO-75 and PMO-100 exhibit a relevantly steep enthalpy
increase which practically remains the same with only a minor
positive slope to be observed in the 0.05 — 0.18 regime. On the
other hand samples PMS and PMO-25 show a decrease in the
enthalpy value in the first coverage region (0 — 0.05 wt%).
Then a small increase in the 0.05 — 0.10 wt% regime follows
and above that coverage it remains stable until the end of the
investigated scale. Practically there is an increase in the
enthalpy value for samples PMO-75 and PMO-100, with PMO-
75 showing a 2-step increase, whereas there is a decrease for
PMS and PMO-25 that afterwards restores its initial value (~ 15
kJ/mol).

Now, the t-value of PMO-100 in methane (Table 2) is high
suggesting a surface with high degree of homogeneity,
whereas the other samples have a lower t-value suggesting
they have more heterogeneous surfaces. At the same time, the
K-value from Toth also provides information on the binding
energy between adsorbate and surface. However, it is
important to point out that, the Toth parameters are used to
describe the isotherm macroscopically whereas the isosteric
heat of adsorption evaluation applied here focuses specifically
on the 0-1 bar regime and it is a tool to help us get an insight
on the interplay between adsorbant and adsorbent in those

This journal is © The Royal Society of Chemistry 20xx
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low coverage conditions. To sum up, the shape of the graphs in
the 0-0.05 wt% regime suggests a competition between
attractive and repulsive interaction with the repulsive effect
being stronger in the BTB-based samples under those
temperature, pressure and surface coverage conditions.

Our materials have lower values of isosteric heat of adsorption
compared to PCN-14 (18.7 kj/mol)47 or UTSA-20 (18.2 kj/mol)47
that exhibit some of the highest reported values up to day.
However, PMS and PMO-25 have similar isosteric heat of
adsorption as NU-125 (15.1 kj/mol)48 and other high
performing CH, sorbents such as UTSA-7649, NOTT-101 and
UTSA-80a° that have values in the 15-16 kj/mol regime. NU-
11148, an adsorbent with particular high SSA (4930 ng'l) lies
at the 14 kj/mol regime.

Conclusions

In this study, PMOs having BTB, TEOS or a mixture of them
(hybrid PMOs) as precursors were synthesized and
characterized by means of XRD, BET, IR, SEM and He
pycnometry. Their hydrogen and methane sorption capacity,
kinetics and reversibility were investigated with a Sieverts
apparatus. XRD, IR and He pycnometry verified the successful
incorporation of the phenyl rings into the material. The
increased amount of BTB in the starting ratio was correlated
with a decrease in the material density and increase in its
degree of amorphousness. The sample with 75% substitution
of TEOS by BTB (PMO-75) was found to possess the highest
SSA compared to the other samples. The hybrid materials
demonstrated enhanced sorption properties in hydrogen in
pressures up to 7.0 MPa and at 77 K. The highest hydrogen
storage capacity was found when TEOS was exchanged by 25
mol% with BTB. The examined materials exhibited excellent
reversibility over multiple adsorption-desorption cycles. In
methane, the synergetic effect of high SSA with substitution of
TEOS by phenyl rings in the pore walls led to increased
methane sorption capacity. All the phenyl ring-containing
samples exhibited enhanced sorption capacity with the hybrid
PMO-75 sample having the highest adsorption capacity
compared to the other samples. The combined use of
precursors led to materials with wider PSD and higher fraction
of pores close to the micro-/mesopore border regime
compared to the single-precursor materials, allowing the
formation of smaller pore sizes that consequently favor the
adsorption interaction. Quantitative correlation of the PSD
with the materials sorption behavior verified that careful
tailoring of the material’s PSD is required to increase the
adsorbent-adsorbant interaction. The Toth fitting model
suggested that all the TEOS containing samples showed similar
but not high degree of surface homogeneity. For low pressures
and surface coverages, similar values of isosteric heat of
adsorption were found, within the error, for the two TEOS-
based samples (PMS and PMO-25) and the two BTB-based
(PMO-75 and PMO-100) samples. The results of this study
suggest that research should focus in optimizing the synthesis
of porous networks aiming in increased SSA bearing in mind
that tailored pore size and suitable selection of building units

This journal is © The Royal Society of Chemistry 20xx
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need to be strongly taken into consideration depending on the
diameter of the adsorbant fluid and the polarity degree of its
bonds.
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