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Abstract This paper reports the synthesis, structure, and
hydrogen adsorption property of Li-doped mesoporous sil-
ica (MPS) with a 2D hexagonal structure. The Li-doping
is achieved by impregnation of the cylindrical mesopores
with an ethanol solution of lithium chloride followed by heat
treatment. Detailed characterization by solid-state NMR,
TG-MS, and FT-IR suggests that, during the heat treatment,
lithium chloride reacts with surface ethoxy groups (=Si-
OEt) to form =SiOLi groups, while ethyl chloride is re-
leased into the gas phase. The hydrogen uptake at 77 K
and 1 atm increases from 0.68 wt% for the undoped MPS
to 0.81 wt% for Li-doped MPS (Li-MPS). The isosteric
heat of adsorption is 4.8 kJ mol~!, which is consistent with
the quantum chemistry calculation result (5.12 kJmol™!).
The specific hydrogen adsorption on Li-MPS would be ex-
plained by the frontier orbital interaction between HOMO
of hydrogen molecules and LUMO of =SiOLi. These find-
ings provide an important insight into the development of
hydrogen storage materials with specific adsorption sites.

Keywords Hydrogen adsorption - Li doping - Mesoporous
silica - Quantum chemistry calculation

1 Introduction

Hydrogen is important as a clean, renewable energy source

with high energy density (Schlapbach and Ziittel 2001). To
realize a hydrogen-based fuel economy, a safe and efficient
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method of hydrogen storage is required. Physisorption of
hydrogen on porous solids such as carbon, metal-organic
frameworks (MOFs), and zeolites have attracted special at-
tention because fast kinetics and reversibility of adsorption
are expected. The major drawback of the physisorption is
the low adsorption uptake due to the weak interactions with
hydrogen molecules. The isosteric heat of adsorption of hy-
drogen on porous materials is reported to be 5-10 kJ mol !
(Murray et al. 2009; Jhung et al. 2007), whereas Lochan
et al. proposed that the magnitude of ideal binding energy
should be in the range of 20 to 40 kJ mol~! for physisorp-
tion of hydrogen at 298 K (Lochan and Head-Gordon 2006).
To enhance the interaction between hydrogen molecules and
adsorbents, it is essential to incorporate specific adsorption
sites that have strong binding energies to hydrogen mole-
cules (Belof et al. 2007).

Alkali metal cations are known to act as adsorption sites
that interact with hydrogen without dissociation, as sug-
gested by theoretical (Barbatti et al. 2001; Vitillo et al. 2005)
and experimental (Wu 1979; Bushnell et al. 1994) investiga-
tions. In particular, Li cation has a strong binding energy to
hydrogen molecules (7.8 to 22.6 kI mol~!) (Barbatti et al.
2001). Goddard group reported that Li-doping into carbon
materials and MOFs could increase the hydrogen uptake up
to 6.0 wt% at 273 K and 100 bar by theoretical investigation
(Han and Goddard 2007, 2008; Han et al. 2007). Experi-
mentally, Hupp group succeeded in Li-doping into MOF by
framework reduction through direct contact of MOFs with
solid alkaline metals (Mulfort and Hupp 2007, 2008; Mul-
fort et al. 2009). The Li cation can be also introduced to
the anionic sites of MOFs by ion exchange reactions (Nouar
et al. 2009; Himsl et al. 2009; Yang et al. 2008). These
methods for Li-doping can increase the hydrogen uptake and
isosteric heat of adsorption, but require special organic link-
ers to be integrated in the frameworks.
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Recently, we reported a facile method for the Li-doping
of ordered mesoporous silica (MPS) by impregnation of the
mesopores with an ethanol solution of lithium chloride fol-
lowed by heat treatment (Chino et al. 2005). During heating
above 673 K, Cl anion was released in the form of ethyl
chloride, leaving Li cations in the mesopores. Interestingly,
reversible adsorption of hydrogen on Li-MPS was observed
at room temperature under atmospheric pressure; the ad-
sorbed amount of hydrogen became 4-5 times larger than
that on non-doped MPS. Based on ESR analysis, unpaired
electrons trapped on the silica surface were assumed to be
specific adsorption sites for hydrogen molecules. This as-
sumption is, however, inconsistent with the previous reports
that the hydrogen adsorption on surface dangling bonds or
defects of carbon (Orimo et al. 1999), boronnitride (Tang
et al. 2002), or carbonnitride (Ohkawara et al. 2003) materi-
als are generally irreversible. Further investigations are nec-
essary for deeper understanding of the mechanism of spe-
cific hydrogen adsorption property of Li-MPS.

In this paper, detailed studies of the structure and surface
character of Li-MPS, reaction path during heat treatment,
and hydrogen adsorption capability at 77 and 87 K are pre-
sented. The presence of ethoxy (=SiOEt) groups on silica
surface is found to be essential for Li-doping, and an effi-
cient doping is achieved by promoting surface esterification
during the impregnation step, i.e., by simply increasing the
temperature. Based on the experimental results, a model on
the surface of Li-MPS is constructed and their interaction
with hydrogen molecules is investigated by quantum calcu-
lation.

2 Method
2.1 Sample preparation

Mesoporous silica (MPS) was prepared by hydrolysis of
silicon alkoxide in the presence of cationic surfactants
under acidic conditions. Tetraethoxysilane ((C2Hs50)4Si,
abbreviated as TEOS) was mixed with an acidic aqueous
solution of  hexadecyltrimethylammonium  bromide
(CH3(CH3)5sN(CH3)3Br, abbreviated as CTAB), and the
mixture was stirred for 2.5 min at room temperature. The
molar ratio of the reactants was TEOS:CTAB:H,O:HCI] =
0.10:0.11:100:8.0 (Miyata et al. 2002). After the reaction at
353 K for 2 days, precipitates were recovered by filtration,
washed with distilled water, and dried at 333 K. Calcina-
tion of the as-synthesized samples was conducted in an air
atmosphere in a muffle furnace at 813 K for 6 h at a heat-
ing rate of 2 K min~!. For Li-doping, MPS was refluxed
at ca. 353 K in a saturated LiCl/ethanol solution under N,
atmosphere for 1 day, followed by filtration and drying in
air for overnight (denoted as LiCl-MPS) (Chino et al. 2005).
Li-MPS was obtained by heating LiCl-MPS at 773 K at heat-
ing rate of 4 Kmin~! for 4 h in argon flow (100 cm® min~1).
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2.2 Characterization

Powder X-ray diffraction (XRD) measurements were per-
formed using MO03X-HF22 (Mac Science Co.) equipped
with a Cu Ko radiation source (wavelength of 0.15406 nm).
Nitrogen adsorption—desorption measurement at 77 K and
hydrogen adsorption measurement at 77 and 87 K were
performed using AUTOSORB-1 (Quantachrome Co.). The
samples were pre-treated at 573 K for 8 h under vacuum.
Specific surface areas were calculated by the Brunauer—
Emmett-Teller (BET) method. Pore size distributions were
calculated from the adsorption branch by the Barrett—
Joyner—Halenda (BJH) method. Fluorescent X-ray spec-
troscopy (XRF) measurement was performed using a JEOL
JSX-3200 at 5-30 kV and 0.0125-0.3 mA under vacuum for
the quantitative analysis of chloride. The inductively cou-
pled plasma atomic emission spectrometry (ICP-AES) mea-
surement was performed using P4010 (Hitachi) for the quan-
titative analysis of Li species. The thermogravimetry-mass
spectrometry (TG-MS) measurements were performed to
analyze the gaseous species released from the samples dur-
ing the heat treatment using a thermo gravimetric analyzer
Thermoplus TG8120 (Rigaku) equipped with a mass spec-
trometer (Anelva). Solid-state magic-angle spinning (MAS)
NMR spectra were recorded using JEOL CMX-300. 13C
CP/MAS NMR spectra were recorded at a resonance fre-
quency of 75.57 MHz with a contact time of 1.5 ms and a
recycle delay of 5 s. 7Li MAS NMR spectra were recorded
at a resonance frequency of 116.79 MHz with a pulse width
of 1.0 us and a recycle delay of 5 s. Adamantane and 1.0 M
LiCl solution were used as references (at 37.85 ppm and
0 ppm, respectively, relative to tetramethylsilane) for ’Li
and 13C NMR, respectively. Fourier-transform infrared (FT-
IR) spectra were obtained using Magna 560 equipped with
an MCT (mercury cadmium telluride) detector at a nominal
resolution of 2 cm™! using wafers of samples in KBr.

2.3 Quantum chemistry calculation

In this study, density functional theory (DFT) calculation
was performed using three parameter functional of Becke,
Lee, Yang, and Parr commonly noted (B3LYP) (Becke
1993). Atomic orbital basis sets were used 6-31+g(d,p) for
geometry optimization and frequency calculation of mod-
els, and 6-311+g(3df,2p) for single point calculation. The
Gaussian 03 package (Frisch et al. 2004) was used to under-
take the molecular orbital theory calculations.

3 Results and discussion

3.1 Structural characterization

Figure 1 shows the XRD patterns of MPS, LiCl-MPS, and
Li-MPS. Undoped MPS exhibits three peaks that are in-
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Fig. 1 Powder XRD patterns of (a) MPS, (b) LiCI-MPS, and (c)
Li-MPS

Table 1 Structural parameters of MPS and Li-MPS

dio Pore Wall Surface Pore

d-spacing diameter thickness area volume

[nm] [nm] [nm] [m*g~"] [ecg™]
MPS 3.70 2.8 1.43 1076 1.06
Li-MPS  3.74 2.7 1.65 1032 0.97

dexed to a 2D hexagonal structure, and no structural de-
terioration is observed even after LiCl impregnation and
subsequent heating (Fig. 1 left). The pattern for LiCI-MPS
(Fig.1(b)) shows no peak of LiCl crystals at higher angle
region, implying that LiCl is well dispersed in this sam-
ple. The nitrogen adsorption—desorption isotherms of MPS
and Li-MPS are shown in Fig. 2. Both are the IUPAC Type
IV isotherms with hysteresis, confirming the presence of
mesopores. MPS and Li-MPS have high surface areas over
1000 m? g~! and the pore diameters of 2.8 and 2.7 nm,
respectively. The structural parameters of these samples ob-
tained from XRD and nitrogen adsorption—desorption mea-
surements are summarized in Table 1.

The presence of Li species in these samples was con-
firmed by ’Li MAS NMR. The spectrum of LiCl-MPS
(Fig. 3(a)) shows a sharp signal at 0 ppm. This sharp sig-
nal implies that the Li species are in an isotropic state,
that is, LiCl is dissolved in adsorbed water and/or resid-
ual ethanol in the mesopores rather than in the solid-state
(—1.19 ppm for solid LiCl). In the spectrum of Li-MPS
(Fig. 3(b)), the presence of Li species is still detected by
the signal at 0.13 ppm. The signal has been slightly shifted

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure P/P,

Fig. 2 Nitrogen adsorption—desorption isotherms of (a) MPS and (b)
Li-MPS. The isotherm (b) is vertically shifted by 200 cc g~'. The filled
symbols and open symbols correspond to adsorption and desorption,
respectively. The inset is BJH pore size distributions of (a¢) MPS and
(b) Li-MPS
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Fig. 3 Solid-state 7Li MAS NMR spectra of (a) LiClI-MPS and (b)
Li-MPS

and became significantly broad, suggesting that the state of
Li has been changed by heat treatment. Such a broad signal
is generally observed by solid-state NMR due to the chem-
ical shift anisotropy. Unfortunately, no further information
about the chemical environment of Li was obtained by ’Li
MAS NMR.
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Fig. 4 Solid-state '3C CP/MAS NMR spectra of (a) LiCI-MPS and
(b) Li-MPS

Figure 4 shows the '3C CP/MAS NMR spectra of LiCl-
MPS and Li-MPS. The spectrum for LiCI-MPS (Fig. 4(a))
consists of three signals originating from ethanol used as
solvent for impregnation. The sharp signals at 17.9 ppm
and 58.9 ppm are unambiguously assigned to ethanol mole-
cules (-CH3 and HOCH;—, respectively) that remained in
the mesopores. The relatively broad signal at 61.3 ppm can
be assigned to the ethoxy group (=SiOCH,>CHj3) (Shimo-
jima et al. 2008), confirming that surface silanol groups
of MPS have been partly ethoxylated during impregna-
tion with a LiCl/ethanol solution under reflux at 353 K.
After the subsequent heat treatment at 773 K (Li-MPS),
these signals disappear, indicating that both residual ethanol
and ethoxy groups were mostly eliminated in LiClI-MPS
(Fig. 4(b)).

3.2 Reaction during heat treatment

In our previous study on Li-doped mesoporous silica (Chino
et al. 2005), it was found that ethyl chloride was released
by heating at 773 K after impregnation with a LiCl/EtOH
solution at room temperature. Similar result was obtained
for the present LiCl-MPS sample impregnated at 353 K.
Figure 5 shows the TG curve of LiCl-MPS along with the
MS profiles of generated gases. LiCl-MPS was heated up
to 873 K at a heat-up rate of 10 Kmin~! under helium
flow (50 cm® min~!). The weight loss at low temperature
range below ~ 423 K is attributed to the desorption of HyO
and ethanol from the mesopores. Over 773 K, significant
weight loss due to the generation of ethyl chloride is ob-
served. Considering that this temperature is much higher
than the desorption temperature of free ethanol, the surface
ethoxy groups rather than ethanol should play a crucial role
in the formation of ethyl chloride. The resulting Li cations
appeared to form a =SiOLi linkage, which was supported
by FT-IR spectrum of Li-MPS (Fig. 6). By impregnation and
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Fig. 5 (Top) TG curves of LiCI-MPS and (down) the corresponding
MS profiles of the gaseous compounds produced during heating

heating, the absorption band of SiOH (969 cm~!) decreases
and small bands assigned to SiOLi appear at 863 cm™! and
733 cm~ ! (Park et al. 2004). From these results, the follow-
ing reactions during impregnation (1) and heat treatment (2)
are proposed:

= SiOH + C,H50H —= SiOC,Hs + H,O (1)
= SiOC;Hs + LiCl —= SiOLi + C,H;5Cl 2)
It is generally known that the esterification reaction (1)

is promoted at higher temperature. Therefore, the degree
of esterification in the present LiCl-MPS sample should be
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Fig. 6 FT-IR spectra of MPS (a) and Li-MPS (b)

higher than that impregnated at room temperature reported
in our previous study. The increased amount of ethoxy
groups should result in the increase of the ethyl chloride
as well as the =SiOLi groups formed by the reaction (2).
As shown in Fig. 7(top), in the temperature range of 500-
900 K, the weight loss of LiClI-MPS impregnated at 353 K
is much larger than that of the sample impregnated at room
temperature. This can be attributed to the increased amount
of generated ethyl chloride, as confirmed by MS spectra
(Fig. 7(bottom)).

Furthermore, quantitative analyses of Li and CI were per-
formed by ICP-AES and XRF, respectively. The amount of
Cl in LiCI-MPS impregnated at 353 K was 9.2 wt%, and
97% of Cl was released during heating. This value is higher
than that reported in our previous work (40%), which is due
to an increase of the amount of ethoxy groups at higher im-
pregnation temperature. Loss of Li was not detected during
heat treatment and the remained Li species was 2.27 wt%,
as determined by ICP-AES. Assuming that Li is homoge-
neously distributed on the surface of Li-MPS, the surface
density of Li species is calculated to be 1.8 =SiOLi per nm?.
This value is still smaller than the surface density of =SiOH
groups of mesoporous silica (3-4 SiOH per nm?) reported
in the literature (Ramirez et al. 2003), suggesting that Li-
doping would be further enhanced by increasing the amount
of LiCl introduced in the mesopores, for example, by repeat-
ing the impregnation step.

3.3 Hydrogen adsorption measurement

Figure 8(left) shows the hydrogen adsorption isotherms of
MPS and Li-MPS at 77 K and 87 K. At 77 K and 1 atm, the
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Fig. 7 (Top) TG curves of LiCI-MPS prepared at (@) 353 K and (b)
room temperature for impregnation and (bottom) the MS profile of
ethyl chloride

hydrogen uptakes were 0.68 wt% and 0.81 wt% for MPS
and Li-MPS, respectively. The hydrogen uptake was thus
increased by Li-doping. To gain some insight into the dif-
ference in the affinities with hydrogen, isosteric heats of
adsorption, Qg, were calculated by the Clausius-Clapeyron
equation (Fig. 8(right)). In the case of undoped MPS, Qg
is almost constant, suggesting that the adsorption sites are
homogeneously distributed on the pore surface. On the
other hand, Qg of Li-MPS decreases with increasing hy-
drogen loading. In general, hydrogen initially adsorbs on
the sites with higher affinity and subsequently on other sites
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Fig. 8 (Left) Hydrogen adsorption isotherms of MPS (square) and Li-MPS (circle). Fills are at 77 K and blanks are at 87 K. (Right) Isosteric heats

of adsorption for MPS (a) and Li-MPS (b)

as the pressure increases. We consider that the Li cations
existing in the form of =SiOLi groups are acting as spe-
cific adsorption sites to increase the hydrogen uptake of
Li-MPS.

3.4 Quantum chemistry calculation

The above experimental results show that Li-doping on the
surface of MPS caused the enhanced hydrogen uptake by the
increase of the isosteric heats of hydrogen adsorption. Here
the geometry parameter, charge analysis, and interaction en-
ergies of hydrogen molecules interacting with a =SiOLi
model are computed. First, the structure of the model sys-
tem was optimized (Fig. 9(a)). The distance between the Li
atom and the oxygen atom is 1.64 A. As revealed from a nat-
ural population analysis, the Li atom has a positive charge of
+0.98 lel, and the silicon and oxygen atoms have charges of
+1.28 lel and —1.49 lel, respectively. This means that the
interaction between Li and O is ionic.

As the next step, the interaction energies of one, two,
and three hydrogen molecules with this model were cal-
culated, and their geometries were optimized as shown in
Figs. 9(b), (c), and (d), respectively. The distances between
the Li atom and the center of mass of the hydrogen mole-
cule are 2.09-2.18 A, which are the same as that reported for
the Li cation and hydrogen molecules (Barbatti et al. 2001).
The distance between H-H bond was elongated from 0.743
t0 0.748 A. However, this value is smaller than that reported
in the literature (Barbatti et al. 2001). The binding energy
of the first hydrogen molecule is 5.12 kJ mol~!, which is in
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ver, silicon; red, oxygen; purple, lithium

good agreement with our calculated experimental data from
Fig. 8(right) (4.8 kJ mol~!). When the second and third hy-
drogen molecules are adsorbed, the binding energy for each
becomes 2.70 and 3.01 kJ mol~!, respectively. For compari-
son, the binding energy between one hydrogen molecule and
a SiOH group is —0.92 kI mol~!, confirming that the SiOH
group cannot serve as a specific hydrogen adsorption site.
The interaction between hydrogen molecules and =SiOLi
can be elucidated by the so-called frontier orbital theory. The
LUMO (lowest unoccupied molecular orbital) of =SiOLi is
localized around Li atom, which is mainly found in the Li2s
orbital. The orbital energy of LUMO of =SiOLi is approxi-
mate to that of HOMO (highest occupied molecular orbital)
of hydrogen molecule. Therefore, when hydrogen molecule
is adsorbed, the main interaction is derived from the HOMO
of hydrogen molecules and the LUMO of =SiOLi, which is
schematized in Fig. 10.
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4 Conclusions

The mechanism of specific hydrogen adsorption on Li-
doped mesoporous silica was discussed based on both ex-
perimental data and quantum chemistry calculation. The ad-
sorption sites were homogeneously distributed in undoped
sample, as revealed by isosteric heat of adsorption plots. Af-
ter impregnation of the mesopores with an ethanol solution
of LiCl, ethoxy groups were formed on the silica surface
and reacted with LiCl during heat treatment to form =SiOLi
groups on the mesopore surface. Quantum chemistry calcu-
lation suggested that the =SiOLi groups bound with hydro-
gen molecules by the frontier orbital interaction between the
HOMO of hydrogen molecules and the LUMO of =SiOLi.
The calculated binding energy was in good agreement with
the experimental data. The higher heat of adsorption on
Li-MPS resulted in the enhancement of hydrogen uptake
from 0.68 wt% to 0.81 wt% at 77 K and 1 atm. Note that
mesoporous silica is so heavy that gravimetric density of hy-
drogen adsorption could not reach the practical application
level (4.5 wt% by 2010, claimed by the U.S. Department of
Energy (DOE)). We believe that our Li-doping method via
release of anion species from lithium salts will be available
for other porous materials, especially MOFs.
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