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Abstract

Recent theoretical predictions indicate that functional groups and additives could have a
favorable impact on the hydrogen adsorption characteristics of sorbents; however, no definite
evidence has been obtained to date and little is known about the impact of such modifications on
the thermodynamics of hydrogen uptake and overall capacity. In this work, we investigate the
effect of two types of additives on the cryoadsorption of hydrogen to mesoporous silica. First,
Lewis and Brensted acid sites were evaluated by grafting aluminum to the surface of mesoporous
silica (MCF-17) and characterizing the resulting silicate materials surface area and the
concentration of Brensted and Lewis acid sites created. Heat of adsorption measurements found
little influence of surface acidity on the enthalpy of hydrogen cryoadsorption. Secondly,
platinum nanoparticles of 1.5 nm and 7.1 nm in diameter were loaded into MCF-17, and
characterized by TEM. Hydrogen absorption measurements revealed that the addition of small
amounts of metallic platinum nanoparticles increases by up to two-fold the amount of hydrogen
adsorbed at liquid nitrogen temperature. Moreover, we found a direct correlation between the

size of platinum particles and the amount of hydrogen stored, in favor of smaller particles.
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1. Introduction

Hydrogen-based technologies can provide the basis for reducing our societal dependence on
dwindling fossil fuel reserves, significantly decrease greenhouse gas (GHG) emissions, and
achieve a more secure energy future.' In this way, the use of hydrogen as a fuel would be
beneficial at both the environmental and geopolitical levels. As described by Klebanoff ez al.,”
proton exchange membrane (PEM) fuel-cells that convert hydrogen chemical energy into
electrical power are already finding use in the first fuel-cell vehicles, and also commercial use in
portable power, telecom backup power, material handling equipment and fuel-cell mobile
lighting. A considerable amount of research has been devoted to various methods of storing
hydrogen for these disparate applications. For light-duty fuel-cell vehicles, the current
commercially available vehicles use fully wrapped high strength carbon fiber (type III or IV)
pressure vessels® storing compressed hydrogen gas at 350 or 700 bar.”

While allowing the roll-out of the first hydrogen fuel-cell vehicles, high pressure storage of
hydrogen limits the range of these vehicles, which could be improved by finding storage
methods with higher gravimetric and volumetric storage densities. The hydrogen storage density
can be improved by exploiting the attractive forces between hydrogen and other atoms through
chemical binding to other elements in complex metal hydrides,”® chemical hydrides,”® inside a

% or by physisorption on large

solid metallic matrix as atoms in interstitial metal hydrides’'
surface area materials.'"'? Here, we focus on physisorption of molecular hydrogen on large
surface area materials at cryogenic temperature, an approach called cryoadsorption.
Cryoadsorption is based on the binding of H, molecules to porous solids with large surface
areas (i.e., usually greater than 500 m?/g). Most attention has been focused on activated carbons
and metal-organic framework (MOF) compounds, although nanocarbons, zeolites, microporous
polymers, and other materials have also been actively investigated over the past two decades.'""!?
Since adsorption bonding arises from relatively weak van der Waals attractions of the H;
molecules to the sorbent surfaces, the enthalpies of molecular adsorption are usually ~ 2 — 10
kJ/mole H, (in the physisorption range). This requires the sorbent material to be cooled to
cryogenic temperatures (e.g. < 100 K) for significant hydrogen storage capacities to be realized,
which is a practical inconvenience with added system complexity and cost. It is believed that an

enthalpy of desorption of ~ 15-20 kJ/mole H, is optimal for the light-duty fuel-cell vehicle
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application, which would enable hydrogen storage near room temperature. Petitpas and co-
workers have recently reported a detailed thermodynamic analysis of the cryoadsorption

hydrogen storage method."

The use of cryo-adsorption for hydrogen storage for fuel-cell vehicles has been analyzed in
an engineering sense, comparing a hydrogen storage system based on adsorption with the
FreedomCAR/Fuel Technical Targets.'* While the primary deficiencies of the cryoadsorption
approach are the gravimetric and volumetric storage densities, such a system is attractive from
other standpoints such as cycle life, fuel purity and kinetic response. The work presented here is
directed to improving the storage density of adsorption systems through chemical additives, in

particular additives that may increase the gas-solid interaction in the physisorption regime.

We choose mesoporous silica as a substrate for this study, as this material can be easily

functionalized in various ways. Prior hydrogen adsorption studies have been reported for

15,16 17,18

undoped mesoporous silica, zeolites based on the silica backbone and clusters supported
on silica substrates.'”?° Although the hydrogen storage capacity of mesoporous silica itself is
unremarkable, this material serves as a convenient model system whose surface can be
selectively modified. In particular, mesoporous silica type MCF-17, a high surface area material
commonly used in academic research as a catalyst support, can be modified with different
elements through a grafting procedure in order to give functionality to the silica surface while
maintaining the structural integrity of the framework. Modifying mesoporous silica with Al
introduces high concentrations of strong acid sites to the high-surface area material, thereby
providing a conceptual path to a high-capacity catalytically tuned hydrogen storage material, if

acid sites indeed promoted hydrogen adsorption.

Thus, we seek to understand if modifying surface acidity of high surface area (i.e. 10°-10°
m?/g) mesoporous silica improves the physisorption storage capacity or increase hydrogen’s heat
of adsorption on the grafted silica surface. Several past studies focused on the effect of surface
acidity on the hydrogen sorption capacity of activated carbon.”'** However, little information
was provided about the nature of the acid sites, possibly due to the relatively complex pore
structure of the carbons. In this study, we selected a well-defined silica substrate to assess both
Breonsted acid and Lewis acid functionality on the hydrogen physisorption. Through these

experiments, we evaluate if creation of a Lewis acid site, that can accept electron density from
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molecular hydrogen, can increase the adsorption energy. Similarly, we evaluate if a Bronsted
acid site, which increases the local gradient of electric charge, can polarize an incoming
hydrogen molecule, thereby increasing molecular hydrogen adsorption. In addition, we explore
the addition of Pt to mesoporous silica, and compare the results with prior studies of Pt
nanoparticles (NPs) on activated carbon,” Pd NPs on carbon template composites’ and Ni
nanoparticles on carbon nanotubes.” Thus, the mesoporous silica allows study of three distinct
types of additives: Bronsted acid sites, Lewis acid sites and metallic sites. The strategy for

introducing acid sites onto the mesoporous silica is shown in Figure 1.
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Figure 1. Introduction of surface Bronsted Acid and Lewis Acid sites via grafting aluminum
onto the silica surface.

In this approach, aluminum is substitutionally grafted onto the silica surface,”**’ forming 3-
fold coordinate and 4-fold coordinate Al sites. Note that this is a surface functionalization,
distinct from AI-Si zeolites in which Al is distributed throughout the silica backbone. The
unoccupied 3p orbital at the 3-fold Al sites can accept electrons, thereby acting as electron-
accepting Lewis acid sites. For 4-fold coordinated Al, the aluminum creates a surface anionic
complex with oxygen ([AlO4]) that can bind protons, forming strong Brensted acid sites. Both
types of acid sites exist on the surface at the same time with varying populations that can be
quantified. Previous work on the hydrogenation of ethylene®® has shown that Pt nanoparticles
supported on mesoporous silica have high catalytic activity. We use this system as a test of

enhanced binding of H; in the cryoadsorption regime via introduction of metal sites.
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2. Experimental

Synthesis of MCF-17, Al-modified AI-MCF-17, and Pt Nanoparticles.

In the present study, mesoporous silica was prepared using a sol-gel route as described
elsewhere.”! Briefly, 1,3,5-trimethylbenzene (TMB), a pore swelling agent, HCI and a triblock
copolymer (Pluronic P123) are combined in solution and stirred for 2 hours at 40 °C.
Subsequently, TEOS (tetracthyl orthosilicate) is added to the solution with stirring for an
additional 20 hours. The sol-gel is then produced by adding NH4F and raising the temperature to
100 °C. After 24 hours of aging at 100 °C, the solution is cooled to room temperature and the
resulting solid is filtered and calcined at 550 °C in air for 4 hours. Nitrogen physisorption
measurements confirmed the mesostructured MCF-17 silica with an average pore diameter of 16
nm and a total surface area of ~ 600 m”/g.

The introduction of Lewis and Brensted acid sites is achieved by grafting alumina onto the
silica structure using a well-established method.”®*” Briefly, MCF-17 is aluminated by making a
slurry of the solid with anhydrous AICI; in absolute ethanol. The slurry is stirred overnight and
the resulting support is separated from ethanol by rotary evaporation. Finally, the Al-modified
MCF-17 (i.e. AI-MCEF-17) is dried at 130 °C and calcined in air at 550 °C. By varying the
amount of AICl; added to the starting material, we could vary the total amount of aluminum sites
in the support and thus vary the amount of Lewis and Brensted sites. All Al-modified
mesoporous materials were further ion-exchanged to the H' form to introduce acidic
functionality on the aluminosilicate framework (stirred in 1M ammonium nitrate aqueous
solution for 6 hours).

Platinum nanoparticles were produced using the colloidal method in the presence of a
capping agent. Briefly, a platinum salt (H,PtCls or H,PtClg) is dissolved in a diol solution. Upon
heating, the platinum ions are reduced to metal triggering a mass nucleation. Using this

3234 e prepared two sizes of Pt nanoparticles with 1.5,

technique, adapted from the literature,
and 7.5 nm particle diameter. Subsequently, the particles were loaded onto MCF-17 by

sonication, as shown schematically in Figure 2.
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Figure 2. General scheme of platinum nanoparticle loading into mesoporous silica by sonication
of Pt NPs colloidal solution with mesoporous silica.

Surface area and hydrogen cryvoadsorption measurements:

Specific surface area (SSA) measurements were performed with a Micromeritics ASAP 2020
porosimeter using nitrogen as the probe molecule. The total surface area of the samples was
evaluated by the Brunauer-Emmett-Teller method, whereas the average pore size was determined
using the Barret-Joyner-Halenda algorithm of the desorption branch of the isotherm. The
micropores total volume is derived from the t-plot method.

Hydrogen uptake isotherms were obtained on a few hundred milligrams of sample using a
Micromeretics ASAP 2020 (i.e. same system as for the SSA measurements) at liquid nitrogen
temperature. The samples were evacuated on the degas port to remove the water contained in the
sample (450 °C for pure oxide, 150 °C for Pt loaded material) prior to uptake measurements.
Temperature-dependent hydrogen uptake measurements provided the heat of adsorption.

To obtain accurate measurement of hydrogen uptake on the samples at elevated temperature, ca.
in the range of -50 °C to -90 °C (Julambo chiller), we proceeded with 3 to 4 grams of sample.
After each isotherm measurement, the sample was kept on the analysis port where it was
degassed under vacuum at 450 °C in order to remove any physisorbed hydrogen from the
previous experiment. After evacuation at high temperature, the sample was allowed to cool down
under vacuum, and the partial pressure in the reactor is recorded before the next experiment (2
pbar). Subsequently, the isosteric heat of adsorption for hydrogen is evaluated at constant

coverage using the following relationship:
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din(p)

W ; Equation 1

AH,; = —R [

where AH,q is defined as the isosteric heat (enthalpy) of adsorption, R is the gas constant, p is the
pressure, T is the temperature, and 0 is the coverage (0 < 6 < 1, 1 corresponding to a full

monolayer). In practice, for a constant coverage, In(p) is plotted against 1/T and yields a straight

line for which the slope is equal to AH‘m/ R

Transmission Electron Spectroscopy:

Transmission electron microscopy (TEM) measurements of the nanoparticle samples were
performed using a JEOL JEM2100F TEM operated at 200 kV. Samples for TEM measurements
were prepared by drying a drop of diluted colloid dispersion of the synthesized nanoparticles on
a commercial TEM grids. A sample of 200 nanoparticles was used to evaluate the size

distributions of the nanoparticles.

3. Results and Discussion

Effect of Acid Sites on Hydrogen Adsorption

To evaluate the effect of acid sites on the adsorption of hydrogen, we have produced three
samples; pure MCF-17 (with no acid sites), AI-MCF-17-A (10:1) and AI-MCF-17-B (40:1)
where the ratio in parenthesis refers to the nominal ratio of Si to Al in the structure, to be
determined by experiment. Thus, we have produced two different samples, one highly
concentrated in surface aluminum where we have nominally 10 silicon atoms to one aluminum
atom, and a low concentration sample with nominally 40 Si atoms for one 1 aluminum atom. ICP
experiments allowed us to evaluate the actual Si:Al ratio in the silicate mesostructure, while
pyridine adsorption was performed to evaluate the concentration of Lewis and Brensted sites in
the AI-MCF-17 samples. Using a molar extinction coefficient of 1.13 cm/umol for Brensted sites

and 1.28 cm/umol for the Lewis sites (see Supplementary Information for details), we were able
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to determine the concentration of each site in the different samples. Figure 3 shows the pyridine
FTIR data, and Table 1 reports the results for actual Si:Al ratios, material surface areas and the

amounts of Lewis and Brensted sites created on the surface of mesoporous MCF-17.

Table 1. Physical characteristics of the mesoporous silica samples including the ratio of Si:Al,

surface area, Lewis and Brensted site concentration.

Samples Nominal Actual SSA [Lewis] [Brensted]
Ratio Ratio (m?*/g) (umol/g) (umol/g)
(Si:Al) (Si:Al)
MCEF-17 N/A N/A 622.1 N/A N/A
Al-MCF-17-A 10:1 11:1 498.5 198.1 238.8
Al-MCF-17-B 40:1 57:1 322.8 151.9 161.5

T T T T T T T

— AI-MCF-17-A (11:1)
— AI-MCF-17-B (57:1)

Absorbance (a.u.)

1440 1460 1480 1500 1520 1540 1560
-1
Wavelength (cm )

Figure 3. Quantification of Lewis and Brensted acid site in AlI-MCF-17 samples, FTIR
absorbance spectra of pyridine adsorbed on AI-MCF-17-A (top curve) and AI-MCF-17-B
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(bottom curve), the letters B & L indicate wavelength specific pyridine adsorption on Brensted
and Lewis sites, respectively. FTIR measurements of MCF-17 indicated no pyridine is present.

Pyridine adsorption shows a higher concentration of acid sites for both Lewis and Brensted
types for the “high” Al concentration sample AI-MCF-17-A compared to the “low” Al
concentration sample Al-MCF-17-B. The fractional surface coverage of Lewis/Bronsted acid
sites is estimated to be 7.1 107/8.6 10” for AI-MCF-17-A and 8.4 107/9.0 10" for AI-MCF-17-
B. Hydrogen adsorption isotherms were measured for these samples at liquid nitrogen

temperature (-196 °C). The results for total amount of H, absorbed versus pressure are presented

in Figure 4.
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Figure 4. Hydrogen uptake measurements performed at -196 °C (liquid nitrogen) comparing
three samples: pure MCF-17, AI-MCF-17-A (11:1) and AI-MCF-17-B (57:1).

Rather surprisingly, the isotherm data shows a decrease in the total uptake of hydrogen as a
function of the number of acid sites. However, upon a closer examination, it becomes evident

that most of the loss in hydrogen adsorption can be directly linked to the reduction in the total
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surface area due to the presence of acid sites. Therefore, we compared the samples in terms of
surface coverage, dividing the surface area occupied by 1 hydrogen molecule (ca. 0.124 nm?)**~*
per the total surface area of the sample (implicitly assuming that we can form a monolayer of

H;). The results of this normalization are presented in Figure 5.
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Figure 5. Surface-area normalized hydrogen adsorption in term of hydrogen coverage on the
different supports.

As we can see from Figure 5, the intrinsic coverage of hydrogen is the same for each
sample, with a maximum of 6 = 0.25 at atmospheric pressure. This finding already indicates that
the presence of acid sites, either Bronsted or Lewis sites, has little effect on hydrogen
cryoadsorption. Kazansky et al. measured the -196 °C hydrogen adsorption isotherms for a series
of isostructural sodium-based faujasite zeolites with different Si/Al ratio.”” The hydrogen
capacity increased in the following order: NaY (Si/Al =2.4, 56 Na' cations per unit cell) < NaX
(Si/Al = 1.4, 80 Na' cations per unit cell) < NaX (Si/Al = 1.2, 94 Na' cations per unit cell) <
NaX (Si/Al = 1.05, 87 Na' cations per unit cell). As expected, there is a direct correlation
between the number of sodium cations in the faujasite structure and the number of sodium ions

in the unit cell. However, when normalized by the number of sodium ions present, the authors

10
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found that the amount of hydrogen adsorbed increased with decreasing Si/Al ratios, i.e. the
introduction of more aluminum sites within the zeolite structure enhances the hydrogen uptake.
DRIFTS spectra indicate that the increase of aluminum content in the framework results in larger
low-frequency shifts of the hydrogen stretching bands, consistent with the stronger adsorption of
hydrogen on these zeolites. The authors hypothesize that, in addition to the sodium sites, the
negatively charged oxygen atoms of the zeolite framework contribute significantly to the
interactions with hydrogen.

To probe whether the presence of acid influences the enthalpy of hydrogen adsorption AH,,
we also measured AH,q on these three silica samples. The experiments are performed at low
temperatures, between -50 and -90 °C, with AH,q determined from the slop of In(p) vs 1/T at a
constant coverage (see Equation 1). The absolute values of near-zero coverage heats of

adsorption are presented in Table 2.

Table 2. Heat of Adsorption, AH,q, at near zero-coverage, as calculated using equation 1.

Sample AH,q (kJ/mol Hy)*
Activated Carbon 8.5
MCEF-17 4.5
Al-MCF-17-A (11:1) 4.9
Al-MCF-17- B (57:1) 2.9

*4bsolute values of AH,4 are shown. Since the hydrogen adsorption is an exothermic process, the actual

AH,, values are negative.

To confirm the validity of our experimental approach of using a low-pressure (1 atm)
system and temperatures above cryogenic temperatures to determine 4H,q4, we first calibrated our
method by measuring 4H,q for a known sample of activated carbon. Our data indicate that AH,q
for this sample of carbon is 8.5 kJ/mol H,, which is in good agreement with the literature value
for this type of samples (9 kJ/mol H,).*®* With the method thus validated, we measured the
enthalpy of adsorption of hydrogen for MCF-17, obtaining the value 4.5 kJ/mole H,. This value
serves as a reference to compare the effect of surface acidification on the binding of hydrogen to

mesoporous silica.

11
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Table 2 shows that neither the Lewis nor Brensted sites produced concurrently by aluminum
grafting significantly increases the enthalpy of cryoadsorption AH,q of hydrogen to the
mesoporous silicate. The sample with the highest acid content, AI-MCF-17-A (11:1) has a 4Hyq
value of 4.9 kJ/mole H,, slightly higher than that observed for pure MCF-17 (4.5 kJ/mole Hs).
The less acidified sample AI-MCF-17-B (57:11) gave a AH,q value of 2.9 kJ/mole H,, even less
than that for the unacidified mesoporous silica. Although the exact reason for this decrease in
AH,q 1s unclear, it is possible that this is due to the differences in Al-clustering in materials with
a different content of Al in silica.

It is worth noting that zeolites (aluminosilicate materials) have been reported®® to have an
isosteric heat of adsorption typically in the range of 6 - 7 kJ/mole Hj, although values as high as
15 kJ/mole H, have been observed.” Our results suggest that this is mostly due to the smaller
physical confinement of microporous zeolite versus the larger mesopores of the AI-MCF-17
samples synthesized and examined in our study. In fact, the existence of micropores is widely
accepted to be an important factor in the adsorption of hydrogen, whereas mesopores do not
promote H, adsorption.

Summarizing the surface acidification portion of this work, we found that surface
acidification with either Bronsted or Lewis acid sites does not significantly enhance hydrogen
cryoadsorption to mesoporous silicate, and the associated AH,q associated with these acid sites
fall well below the value ~ 15-20 kJ/mole H, needed for practical hydrogen sorption storage
systems to operate near room temperature. The lack of surface acidity influence found here for
mesoporous silica runs counter to the positive influence of surface acidity found for activated

carbon samples,” >

where classic acidic moieties such as carboxylic acid were reported to
promote hydrogen binding.

The different behavior of acid-site functionalized mesoporous silica and microporous
carbons could be explained by the significant difference in pore sizes. It is well known that only
micropores (pore sizes less than 2 nm) are efficient for hydrogen storage, whereas pores above
2 nm do not contribute much toward hydrogen adsorption at 77 K.*! In fact, most of the studies
suggest the pore sizes smaller than 1 nm are the most efficient in promoting strong H»-surface

interactions.*” It is believed that smaller pores display stronger surface-H, interactions due to an

efficient overlap of potential fields from both sides of the pores, effectively stabilizing the

12
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hydrogen molecules and trapping them into the small slit spaces. For carbons, the strongest

interactions are found for pores of ~0.6 nm, which results in the highest heats of H, adsorption.

Effect of Platinum Loading on H, Physisorption

Two sets of MCF-17 samples loaded with platinum were prepared using colloidal synthesis
approaches, followed by sonication to infiltrate the nanoparticles (NPs) inside the silica pores.
The size distribution was evaluated using TEM imaging (~200 particles were examined in the
survey) and ICP-AES elemental analysis was performed to determine the precise amount of

metal in the two samples.

13
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Figure 6. TEM images of platinum nanoparticles: A) 1.5 nm, B) 7 nm, C) high resolution 1.5
nm, and D) high resolution 7 nm.

Table 3 summarizes the characteristics for both samples, Pt-MCF-17-A (with 1.5 nm diameter Pt
particles) and Pt-MCF-17-B (with 7.1 nm diameter particles).

14
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Table 3. Physical characteristic of Pt loaded silica samples.

Samples Support Pt size nm (o) Pt loading (wt.%)
Pt-MCF-17-A MCF-17 1.5 (£0.3) 0.39
Pt-MCF-17-B MCF-17 7.1 (x0.9) 0.29

Although the total amount of Pt to be loaded on the sample was aimed to be the same (so as
to isolate the effects of nanoparticle size alone), there were nonetheless mass loading
discrepancies as the larger particles were more difficult to load into the mesopores of MCF-17
with a pore diameter ~ 16 nm. After a degas under mild conditions (150 °C) to prevent excessive

sintering of the particles, the samples were both tested for their H, adsorption properties. The

experiments were performed at liquid N, temperature, and the results are shown in Figure 6.
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Figure 6. Hydrogen isotherm at liquid nitrogen temperature for platinum loaded samples and

mesoporous silica MCF-17.
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Using less than 0.4 weight percent (wt.%) of platinum in the sample improves the hydrogen
uptake compared to pure MCF-17 at all pressures. In fact, the hydrogen quantity adsorbed per
weight of sample corresponds to 0.26 wt.% H for pure MCF-17 and 0.55 wt.%H for MCF-17
loaded with 1.5 nm Pt particles at 1 bar pressure and liquid nitrogen temperature. Overall, the
weight penalty arising from the addition of platinum is overcome by the greater improvement in
excess hydrogen adsorption. A similar trend is observed for the 7 nm particles, but to a lesser
extent (improvement from 0.26 wt.%H to 0.31 wt.%H at 1 bar H,). To correct for the differences
in Pt loading between samples Pt-MCF-17-A and Pt-MCF-17-B, we have normalized the
hydrogen uptake curves to their respective platinum mass, with the results shown in Figure 7.

1-6 T T T T T 1
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Figure 7. Mass-normalized hydrogen adsorption isotherms for samples containing platinum
nanoparticles.
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When normalized for the Pt mass, the gain achieved by adding 1.5 nm platinum is still
greater than when adding 7.1 nm particles to the sample, and the differences are more significant
as the pressure increases. Formation of a Pt hydride is not known to take place under such mild
conditions of pressure and temperature, so the increase in hydrogen absorption is not due to Pt

reaction with hydrogen. Additionally, the lack of hysteresis between the two steps of the

16
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isotherms (adsorption and desorption) indicate that the improvement is unlikely due to the
formation of a platinum hydride.

Our discussion of the enhancement mechanism begins with the reactivity of platinum with
hydrogen. Platinum, in many physical forms, is known to dissociate hydrogen, for example bulk
Pt(111),* stepped Pt surfaces* and also as embedded Pt NPs.* Hydrogen—deuterium exchange

4345 Thermal

experiments show H-H bond breaking on Pt even at cryogenic temperatures.
desorption studies show that the atomic hydrogen produced is relatively thermally stable on Pt,
with desorption as H, over the range 170 — 420 K for Pt(111).%* Thus, for the cryo H;
absorption isotherms shown on Figure 6, the Pt NPs are able to dissociate hydrogen, and the
hydrogen atoms produced do not desorb from the platinum surface. However, the adsorbed
hydrogen atoms are likely to be mobile.

Adsorption directly to platinum cannot by itself account for the Pt-induced H adsorption
increase seen in Figure 6. At 1100 mbar, the 1.5 nm diameter Pt particles, with mass loading of
0.39 weight percent, induce an increase in hydrogen adsorption of 0.3 wt. %, or 6.20x10™ grams
for the 0.2067 gram Pt/MCF-17 sample. Assuming 80% of the surface area of the 1.5 nm Pt
particles is available for hydrogen adsorption (assuming 20% of the surface area is bound to the
mesoporous silicate), and taking the H atom saturation coverage for Pt to be 1.2x10" H

* we calculate that saturation coverage of the 1.5 nm diameter Pt particles can only

atoms/cm’,
account for 2.39x10° grams or 0.385% of the H mass added to the sample at 1100 mbar. Even
assuming complete atomic dispersal of Pt in the silicate substrate and assuming formation of a
hypothetical hydride with a metal to hydrogen ratio of 1:2, such a scenario can only account for
8.26x10° grams of H, or 1.33% of the total amount of H added to the Pt-MCF-17-A sample in
Figure 6.

Thus, while it very likely that Pt is covered with H at 77 K in the isotherms of Figure 6, that
amount of adsorbed hydrogen cannot account for the large increase in hydrogen uptake. The
surface area presented by the Pt NPs, combined with the hydrogen pressures (hundreds of mbars)
of Figure 6, does allow for a sufficient rate of hydrogen dissociation at the exposed Pt surfaces to
generate the H mass increase seen for the experiments of Figure 6. However, the majority of the
adsorbed hydrogen cannot reside on Pt for the reasons stated above.

We must therefore consider H diffusion from the Pt NPs to the surrounding MCF-17 silicate

substrate at 77 K. It turns out the behavior of hydrogen atoms on silicate surfaces at cryogenic

17
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temperatures is a problem of astrophysical interest.*®*® It is generally accepted that silicate
surfaces, in the form of interstellar dust, are responsible for the production of molecular
hydrogen, the most abundant molecule in the interstellar medium. In this process, hydrogen
atoms in the vacuum of space are concentrated on silicate dust grains at a temperature of ~ 10 K,
where they may diffuse and find each other, desorbing as H,. It is thought that production of H;
from H atoms directly in the vacuum has too low a probability to account for the amount of H,
observed. When a mixed Fe;S104/Mg;Si0y silicate material is intentionally exposed to beams of
atomic H and atomic D at ~ 5K and subsequently warmed to 10 K, the atoms diffuse on the
surface and form HD which then desorbs over the temperature range ~ 10 - 25 K. ****  Thus,
weakly physisorbed H atoms can exist on silicate surfaces when exposed to a source of hydrogen
atoms. However, since such weakly physisorbed atoms desorb for temperatures below ~ 25 K,
such species cannot be contributing to the hydrogen mass gain seen in the 77 K isotherm of
Figure 6. Thus, we believe that for the conditions of Figure 6, most of the atomic H generated at
the nanoparticulate Pt surfaces and diffusing onto nearby silicate ends up desorbing from the
material, with no net increase in the amount of hydrogen stored in the silicate. In order to
register the mass uptake increase in Figure 6, some fraction of the adsorbed H species must be
bound in such a way as to be stable at 77 K.

It is possible that hydrogen diffuses from Pt away and into the oxide surface to for an O-H
complex within the silicate structure. However, Jing et al.* have reported that (MgFe)SiOy,
exposed to atomic D at 15 K does not generate D,O in subsequent thermal desorption, which one
might expect to the be produced if O-D moieties were being created by silicate exposure to D
atoms. However, it is noteworthy that the model of Cazaux and Tielens™ of the astrophysical
problem explicitly considers the existence of both weakly physisorbed and chemisorbed states of
H on silicate. The weakly physisorbed states desorb below 20 K, but the chemisorbed H atoms
survive to higher temperatures. It is also noteworthy that Sasamori et al.’' have directly
stabilized atomic H at 300 K in [(CHj3)3Si]sSisOy9, which is the trimethylsilylated derivative of
the silicate anion.

The diffusion aspect of our speculated mechanism is reasonably supported by prior studies.
Conner Jr. et al.’> showed that hydrogen can diffuse on the surface of carbon in the presence of

transition metals such as Pt and Pd. More recently, Karim and co-workers™ have shown that Pt
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NPs can induce H-H bond breaking at 343 K and that the resulting H atoms can diffuse across a
Ti0; support to reduce iron oxide.

The increase in hydrogen uptake seen in Figure 6 cannot be accounted for by a Pt-induced
increase in surface area, which would lead to more H, molecular binding. We have measured the
surface area of Pt/MCF-17 for the 1.5 nm and 7.1 Pt additive and found added Pt reduces the
surface area of MCF-17 by 8.2 and 6.4%, respectively. This result is consistent with the well-
established findings that metal additives decrease both the specific surface area and the pore
volumes of hosts as seen for Pd/C composites,54 Pd, Pt, Ni and Ru in mesoporous carbon,’® Pt on
AX-21°% and Pt in microporous carbons.”’®

A running controversy in the literature relates to the requirements on the oxide used in
supported Pt NPs for the promotion of hydrogen activation and surface transport away from the
metal surface. One theory is that the oxide needs to be reducible (e.g. Ti(IV) or other transition
metals) to promote transport by providing a driving force for hydrogen to migrate on the oxide
surface through a redox reaction involving the metal center. Our experimental results seem to be
more consistent with the recent results by Karim er al.>> and suggest that hydrogen can migrate

in the vicinity of the Pt particle on non-redox active oxides, such as silica surface.

4. Conclusions

A systematic study of additives was performed to investigate the impact of acidic sites, or
the presence of metal particles, on the hydrogen storage properties of mesoporous silica (MCF-
17). It was found that the presence of Lewis and Brensted sites has little effect on the quantity of
hydrogen adsorbed. Similarly, the acidic sites have little impact on the hydrogen heat of
adsorption. Thus, Lewis and Brensted acid sites are unable to stabilize hydrogen molecules
inside the pores of MCF-17. In contrast, addition of small amounts of Pt nanoparticles
significantly improves the storage capacity of MCF-17, up to a factor of two. We found that
smaller Pt nanoparticles (1.5 nm diameter) have a greater effect on the hydrogen quantity
adsorbed than the larger 7.1 nm diameter Pt particles. In this case, the enhancement in hydrogen
storage capacity more than compensated for the weight penalty introduced by adding a high-
mass additive such as Pt. As a result, the hydrogen uptake increases by a factor of 2.1, from 0.26

wt.% H for pure MCF-17 to 0.55 wt.%H for MCF-17 loaded with 1.5 nm Pt particles at 1100
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mbar. These results are consistent with a recent report by Yin et al. on SBA-15 modified with Pt
NPs,” with the Pt NPs of 3.7 nm displaying higher hydrogen absorption capacity compared to Pt
particles of 7.7 nm. This suggests that nanosizing and nanoconfinement can beneficially affect
the hydrogen sorption properties of solid-state materials, and could be used as efficient strategies

to improve the performance of hydrogen storage materials.
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