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A new bridge-building technique was used for facilitating H spillover on metal doped adsorbents
for hydrogen storage at room temperature. By preadsorbing 1.0 x 10~3 atm of CHs on Pt/AX-21
(superactivated carbon), the adsorbed amount of hydrogen increased by ~100% at 1 atm and 25°C,
attributed to the adsorbed CH4 serving as bridges for spillover. We conclude that the Benson-Boudart

method can provide a good assessment for the dispersion of metals supported on Al;03 (and zeolites).
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For carbon and SiO, supports, even with pure Hy, spillover leads to overestimates of dispersion, and any
small amounts of gaseous impurities could lead to much greater overestimates.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

The adsorption of hydrogen on nanostructured carbon materials
has been studied for more than a decade [1]. Beginning with the
discovery of the interesting behavior of the interaction between
hydrogen and single-walled carbon nanotubes [2], carbons have
been viewed as a potential solution for on-board hydrogen storage
in vehicular applications [3-5]. More recently, our group has fo-
cused on using the phenomenon of hydrogen spillover to develop
sorbents for ambient temperature storage [6-10]. The phenomenon
of hydrogen spillover has been known for more than 4 decades
[11-15]. In particular, enhanced spillover has been achieved by
adsorbing a number of hydrocarbons, such as perylene and ace-
tone, as well as undefined contamination and H,O, which serve as
bridges for spillover [13,16-18]. A simple technique has been de-
veloped involving the mixing a small amount of sugar (with the
sorbent along with an H, dissociation catalyst) and then carboniz-
ing the sugar into carbon bridges, which resulted in significant
enhancement of spillover [9,10,19].

The Benson-Boudart method [20] has been widely used for de-
termining the dispersion of supported metal catalysts. This method
was developed when hydrogen isotherm of metal-doped support
were observed to be parallel to the hydrogen isotherm of the sup-
port. This observation led to the conclusion that the difference
between the two isotherms was due to monolayer coverage of H
on the supported metal, and the surface of the metal becomes sat-
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urated instantaneously with exposure to hydrogen. Thus, the metal
dispersion can be obtained by the amount adsorbed through ex-
trapolation of the isotherm to zero pressure.

Here we report the significant increase in spillover by adsorbing
an impurity that is commonly found in Hy such as CHy. Clearly, the
adsorbed CH4 molecules serve as bridges for hydrogen spillover.
The results also illustrate the significant errors that can result from
using the Benson-Boudart method when spillover occurs, particu-
larly when enhanced by gas impurities.

2. Experimental
2.1. Preparation of adsorbents

All of the adsorbents used in this work were prepared by im-
pregnating a support with chloroplatinic acid (HyPtClg) (Aldrich,
99.9%).

2.11. Pt/AX-21

A 6.0 wt% Pt/AX-21 sample was prepared by impregnating
H,PtClg on AX-21 superactivated carbon. Before doping, the AX-
21 (Anderson Development Co.) was dried by degassing in vacuo
at 120°C for 12 h. Then 0.20 g of AX-21 was dispersed in 20 mL
of acetone and was stirred for 0.5 h at room temperature. Follow-
ing this, 2.0 mL of acetone solution containing 0.026 g of H,PtClg
was slowly added to the above solution under vigorous stirring for
10 min, and then subjected to ultrasonication at room tempera-
ture for 1 h. The sample was then agitated at room temperature
for 24 h. After being dried in an oven at 60 °C overnight to evap-
orate most of the acetone solvent, the impregnated AX-21 sample
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Table 1
Physical properties of different adsorbents.

Adsorbent Pt loading BET surface
(Wt) (m?/g)
AX-21 - 2880
Pt/AX-21 6.0 2521
Si0, - 552
Pt/SiO; 1.0 550
Al;03 - 148
Pt/Al,03 1.0 147

was dried further in nitrogen flow at 120°C for 2 h. Then the ni-
trogen flow was switched to Hy, and the temperature was raised
to 300°C and held there for 2 h. After being cooled to room tem-
perature in Hp, the sample was purged with flowing nitrogen and
then stored under nitrogen atmosphere before further measure-
ment [10].

2.1.2. Pt/Al,03

A 1.0 wt% Pt/y-Al,03 sample was prepared by impregnating
1.0 g of y-Al03 (Sasol North America Inc.) that was calcined in air
at 595°C for 4 h with 0.024 g of HyPtClg in an aqueous solution.
The sample thus prepared was dried at 120°C for 4 h, calcined in
air at 450°C for 3 h, reduced in hydrogen at 40 mL/min at 260°C
for 1 h and at 510°C for 4 h, and then exposed to air [20].

2.1.3. Pt/SiO;

SiO; was prepared by mixing 2 vol parts of HyO at pH 2 (adding
HCl) and 1 vol part of tetraethyl orthosilicate (TEOS) for 5 h at
room temperature [21]. The resulting mixture was titrated under
stirring to pH 6 with a NH4OH solution of pH 9.5. After 16 h of
gelation, the gel was dried at 130°C for 72 h and calcined at 250
and 550°C for, respectively, 3 and 16 h. The cake thus obtained
was crushed. The 1.0 wt% Pt/SiO, was prepared by the same pro-
cedure as that for the preparation of 1.0 wt% Pt/Al;0s.

2.2. Adsorbent characterization

The BET surface areas of the samples were measured by physi-
cal adsorption of N, at —196°C using a Micromeritics ASAP 2020.
The results are given in Table 1.

2.3. Adsorption isotherm measurements

All isotherms were measured at 25°C. The effect of CHs was
measured by presorption (i.e., CHs was introduced before Hy).
Low-pressure H, isotherms (0-1 atm) were measured with a stan-
dard static volumetric technique using a Micromeritics ASAP 2020.
In each measurement, the sorbent was first equilibrated with CHy4
at a predetermined pressure. The adsorption gas was switched to
pure Hy. Before switching, the valve connecting the sample tube
and piping was closed, and then the piping containing CHs were
evacuated and purged with H, twice. Hydrogen adsorption at pres-
sures >1.0 atm and up to 100 atm was measured using a static
volumetric technique with a specially designed Sievert appara-
tus. Before each measurement, the sample was degassed at 350°C
for at least 12 h [8]. Ultra-high-purity hydrogen (99.999%) and
methane (99.97%) were used. The amounts of Cy, CO,, Ny, H,O0,
0;, C3 (in descending concentration), and others was <10 ppm.

3. Results and discussion

The BET surface areas of different supports and Pt-doped ad-
sorbents are given in Table 1. The BET surface areas decreased
somewhat after metal doping, depending on the amount of the
supported metal.
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Fig. 1. Adsorption isotherm of H, on Pt/AX-21 at 298 K with presorbed CH4 at
P(CHy) =0 (@), 5.0x 107% (), 1.2 x 1073 (O) and 3.4 x 10~3 atm (A). The 3 pre-
sorbed CH4 points fall essentially on the origin due to the large Y-axis scale.

Table 2

Results of CH4 and H, adsorption on Pt/AX-21.

Initial pressure Saturation amount of Chemisorption  Platinum
of CHy CH, H, amc>3unt of Hg dispersion
(atm) (cm/g, STPY  (cm/g, STP)p  (CM’/8& STPY (%)

0 - 4.78 2.52 73

5.0x 1074 1.5 x 1072 745 492 143

1.2x 1073 3.7 x 1072 8.81 5.93 173
3.4x1073 15 x 1072 6.03 3.92 114

3 The saturation amount of CH4 was obtained at the corresponding initial equi-
librium pressure of CHg.

b The saturation amount of H, was obtained at 1.0 atm of Hy.

¢ The chemisorption amounts of Hy adsorption was obtained at the equilibrium
pressure of Hy extrapolated to zero.

To investigate the effect of methane molecules on the spillover
of hydrogen from the Pt surface to the AX-21 carbon surface, CHy
was presorbed at predetermined pressures before H, isotherms
were measured, as described earlier. The results are given in Fig. 1
and Table 2. Fig. 1 shows the effect of methane on hydrogen ad-
sorption. The adsorption capacity of Hy on Pt/AX-21 varied with
the initial pressure of methane. Presorbing with methane in the
range of 5.0 x 1074 to 3.4 x 10~3 atm resulted in significantly in-
creased Hy adsorption. From Fig. 1 and Table 2, it can be seen that
the spillover-adsorption amount of H, reached the highest value at
an initial pressure of methane of 1.2 x 1073 atm. At 1.2 x 1073 atm
of methane, the equilibrium adsorption amount of Hy at 1 atm
increased from 4.78 cm?/g STP to 8.81 cm?/g STP (i.e., nearly dou-
bled) without methane.

There is considerable evidence showing that surface diffusion
of H atoms from the metal to the support and between the sup-
port particles or domains are the rate-determining steps [22,23].
The results, shown in Fig. 1, provide strong evidence that the ad-
sorbed CH4 molecules play the role of a stepping-stone or bridge
for spillover between Pt and AX-21, as well as between different
domains/grains of carbon within a particle.

To obtain the “monolayer volume” of adsorbed hydrogen, fit-
ting using the Langmuir isotherm has been suggested [24,25]. But
our results could not be fitted by the Langmuir equation (see
Figs. 1 and 2). Therefore, the original extrapolation method (to
zero pressure) suggested by Benson and Boudart [20] was applied,
and the last 9 points of every isotherm (see Figs. 1 and 2) were
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Fig. 2. Adsorption isotherm of Hy on AX-21 (®,0O), Pt/SiO, (M,0) and Pt/y-Al,03
(@,<) at 298 K with presorbed CH4 at P(CH4) =0 (filled symbols) and ~1.0 x
10~3 atm (empty symbols).

used to plot the trendline. On every trendline, the R? value was
>0.99, which indicated good fitting. From the adsorbed amount
of hydrogen extrapolated to zero pressure, the dispersion of Pt
metal on AX-21 could be calculated according to the method of
Benson-Boudart [20]. The adsorption of pure hydrogen on AX-21
occurred through physical adsorption, because the adsorption ca-
pacity at zero pressure, determined by extrapolating the isotherm,
was ~0 cm?/g STP (see Fig. 2). The chemisorption amount at zero
pressure on Pt/AX-21 was 2.52 cm? STP/g (see Fig. 1 and Table 2).
Using the assumption of 1 H per surface Pt atom, the disper-
sion using pure Hy was 73% [26]. But the dispersion exceeded
100% when H, contained a small amount of CH4 (see Table 2).
At 1.2 x 1073 atm of CHg, the dispersion reached 173% because of
the enhanced spillover over CH4 bridges. Likewise, the dispersion
reached 143% at an initial pressure of methane of 5.0 x 10~% and
114% at an initial pressure of methane of 3.4 x 10~3 atm. At still
higher pressures of CH4, competitive adsorption between H and
CHy4 occurred, that is, competition for the most energetic sites, as
is the case in all binary mixture adsorption. Such was the case for
CH4 at a pressure of 3.4 x 103 atm. For the pure AX-21, no hydro-
gen spillover or promotion effect of CH4 on hydrogen adsorption
was found (see Fig. 2).

High-resolution TEM images of the Pt/AX-21 sample showed
that the metal particle sizes were approximately 2-3 nm, which
translated to dispersions of approximately <50%, lower than the
73% estimated by the Benson-Boudart method.

The kinetics of spillover on Pt/AX-21 carbon was studied previ-
ously [10]. Spillover was found to be a fast process at temperatures
as low as 25°C and was essentially completed in 1 sec. Thus, when
using the Benson-Boudart method, the spillover amounts also are
included, which can lead to large errors, even without the ad-
sorbed CH4 bridges.

To investigate the effects of CH4 on hydrogen adsorption on
different supports, isotherms of H, on Pt/SiO, or Pt/Al,03 were
measured with ~1.0 x 10~3 atm of CH4 presorption. The results,
given in Fig. 2 and Table 3, show that the adsorption capacity of
hydrogen on Pt/SiO, was enhanced substantially by adsorbed CHg.
The Benson-Boudart dispersion of Pt on Pt/SiO, was 69% based on
the adsorption of pure hydrogen and 168% as obtained from the
adsorption of hydrogen with presorption of CH4. For the adsorp-
tion of Hy on Pt/Al,03, the CH4 molecules showed no clear effect
on the adsorption of hydrogen (see Fig. 2 and Table 3).

The rates of spillover on SiO, and Al,O3 have been studied
by various groups [22,27,28]. The rates were characterized by sur-

Table 3

Results of CH4 and H; adsorption on different adsorbents.

Adsorbent Initial Saturation Chemisorption Platinum
pressure of amount of CHy amount of Hy dispersion
CHy4 (atm) (cm3/g, STP) (cm?/g, STP)? (%)

AX-21 - - 0.04 -
1.1x 1073 3.7 x 1072 0.05 -

Pt/SiO, - - 0.40 69
1.2x 1073 1.8 x 1073 0.96 168

Pt/Al; 03 - - 0.45 80
1.2x 1073 8.0 x 1074 0.49 84

2 The chemisorption amounts of Hy adsorption on adsorbents at the equilibrium
pressure extrapolated at zero.

Amount absorbed (wt%)
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Fig. 3. Adsorption isotherm of H, on Pt/AX-21 at 298 K with presorbed CH4 at
P(CH4) =0 (O), 1.0 x 1073 (@), 5.0 x 1073 (A), 1.0 x 1072 (M), and 0.1 atm (@).

face diffusivities (SDs), which were approximately 9 x 10~1° cm?/s
at 400°C for spillover on Al;03 [28] and were in the range of
1x 1073 —1 x 107> cm?/s at 140-200°C for spillover on SiO;
[22]. Thus, spillover was much faster on SiO; than on Al,03, and
it did not proceed on Al;O3 at near ambient temperature. This ex-
plains the result shown in Fig. 2. Zeolites also are used as catalyst
supports. Although not included in this study, the spillover rates
on zeolites have been reported previously [22]. The spillover rates
on zeolites were similar to those on Al,03. Thus, it is reasonable
to conclude that H spillover does not proceed readily on zeolites
at 25°C.

We can safely conclude that the Benson-Boudart method would
give a good assessment for the dispersion of metals supported
on Al;03 (and zeolites). For carbon and SiO; supports, even with
pure Hy, spillover would lead to overestimates, and the presence
of gaseous impurities would lead to much larger overestimates.

For our interest in Hy storage, high-pressure isotherms also
were measured. The results, given in Fig. 3, show that the capacity
of pure hydrogen on Pt/AX-21 was 1.20 wt% at 25°C and 100 atm,
which was the same as we reported in previous work [10]. The
effect of methane on H; storage at high pressures was similar to
that at <1 atm. The greatest H, storage on Pt/AX-21 occurred at
5.0 x 10~3 atm of the initial CH4 pressure. Increasing or decreas-
ing the initial pressure of methane decreased hydrogen adsorption.
When the pressure of methane was at 5.0 x 10~3 atm, H, storage
reached 1.38 wt%, ~15% higher than that of pure H, adsorption.
Taking the area per surface carbon atom as 8.2 A%, 0.21 H atom
was adsorbed per C atom at 100 atm without CH4 impurities. By
preadsorbing CHy, the density increased to 0.24 H/C.
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Finally, we discuss the possible effects or roles of dissociated
CHy4 species on Pt. At 300 K, at 1 Torr, CH4 can dissociate on Pt(111)
to form CH3, C, and H [29]. The dissociation probability over 60 s
was 1 x 1078, The time for the first data point shown in Fig. 1
(at the high “knee” point) was <1 h. Thus, the dissociation prob-
ability for the case with 1.2 x 10~3 atm CH4 was ~6 x 1077. In
other words, only a negligible amount of CHs molecules were dis-
sociated into CHs, C, and H atoms on Pt. In contrast, the amount
of adsorbed CH4 molecules on the carbon surfaces was significant.
Thus, the role of bridges most likely was played by adsorbed CHy4
on carbon. The role of the dissociated species on spillover merits
further investigation, however.
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