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Abstract

A volumetric apparatus for gas phase hydrogen/helium adsorption and desorption measurement aimed at carbon materias was
constructed. The performance of the apparatus was assessed using activated carbons and vapor grown carbon nanofibers, and was proved
to be applicable for these materials of low apparent densities with sufficient accuracy. Materials used in this study did not show a
significant storage capacity of hydrogen. The obtained result, however, will provide reference data for future study to develop the carbon
material for hydrogen storage. [0 2002 Elsevier Science BV. All rights reserved.
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1. Introduction

Hydrogen has been considered as an ideal energy
medium for replacing fossil fuel to mitigate the global
environmental issues. A challenge we have to contend with
is how to transport the hydrogen safely and efficiently.
Recent claims that some new carbon materials can store a
large amount of hydrogen [1-3] have thus aroused world-
wide excitement and revived the research on the hydrogen
storage by carbon sorption [4-9]. There are several ways
to store hydrogen into carbon materials, such as high
pressure gas phase storage, electrochemical storage [10-
14] and mechanical grinding [15]. A significant dis-
crepancy still remains, however, among recent reports as to
the capacity of storage, especially that determined by the
gas phase method [16-21]. One of the causes of dis
crepancy is due to the fairly low bulk density of carbon
material than that of metal hydride, for it l[imits the amount
of materia in the measurement cell and leads to the big
uncertainties in the experiments. A pertinent experimental
procedure to evauate the storage capacity for low density
material is thus urgent necessity.

In our laboratory, a precise volumetric adsorption/de-
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sorption apparatus (Sieverts apparatus) is under construc-
tion aimed at carbon material. In this article we describe
the assessment of our volumetric apparatus with using
some commonplace carbon materials.

2. Experimental
2.1. Material used

Carbon materials used in the present study are: (1)
activated carbon Norit Darco G-60 (Aldrich); (2) high
surface area activated carbon Maxsorb MSC-30 (Kansai
Netsu Kagaku) whose surface area is 3000 m*-g~*; (3) Pt
particle loaded activated carbon; and (4) vapor grown
carbon nanofibers. The Pt loaded sample (3) was prepared
by using the Norit Darco (1) on which the Pt particles
were loaded by the cation-exchange method with tetra
ammineplatinum(l1) dichloride solution
[Pt(NH,),]ICl,(ag). The material was dried and reduced
under the hydrogen gas flow at 270°C. The vapor grown
carbon nanofiber (4) was prepared by the decomposition of
ethylenechydrogen=1:1 gas flow over Fe:Cu=1:1 catalyst
at 600°C. Admittedly, the characterization of the samples
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and the optimization of the preparation procedure are far
from sufficient for claiming that these materials are for
hydrogen storage. We consider these materials as refer-
ences for assessing the apparatus and for the future
investigation.

For the adsorption and desorption measurement, about
500 mg of sample was filled into the sample cell and
evacuated at 220°C for 2 h prior to the adsorption and
desorption measurement. The real density of all the sample
l ea» Which is necessary to calculate the volume occupied
by the sample v, (see Section 2.4), was taken to ber
(g-cm~%)=1.9 for all samples.

2.2. \olumetric apparatus

A schematic diagram of the volumetric apparatus is
shown in Fig. 1. Principle of the measurement follows the
historical Sieverts method [22] as well as several mod-
ernized procedures [24—-26]. The volumes of the pressure
reservoir V., and the sample cell V,,, are 7.98 and 2-5
cm?®, respectively. The measurement is automated by using
a persona commuter with an IEEE-488 interface for
pressure and temperature measurements, and with a relay
board for pneumatic valve operation. Several features of
our apparatus to improve the accuracy and precision are:
(1) The pressure transducer and indicator, Druck Ltd.
DPI145 (PT in Fig. 1) were calibrated by the manufacturer
within 0.015% of reading in the pressure range of 0.1<p
(MPa) <10, and a traceability certificate to relevant Inter-
national Standards is provided. (2) The principa part of
the apparatus (pressure transducer, pressure reservoir and
sample cell — referred as ‘system’ hereafter) is contained
in an air thermostat (TS). Its temperature, measured at the
transducer with a thermocouple (TC), is held at 35+0.2°C.
To make the pressure measurement more perfect, the
temperature is kept recorded and is taken into account to
correct the pressure. (3) In order to avoid the local heat-up
during the measurement, we use pneumatic diaphragm
valves (PV1-4) instead of solenoidal valves. (4) Yang has
suggested that a trace amount of water contained in a
hydrogen cylinder affected significantly the adsorption

Fig. 1. Schematic diagram of the volumetric apparatus. TS, air thermo-
stat; PT, pressure transducer; TC, thermocouple; PV1-4, pneumatic
valves, NV1-2, needle valves; DV, diaphragm valve; CELL, sample cell;
LN21-2, liquid nitrogen traps; RP, rotary pump.

measurement for alkali metal doped carbon [18]. Although
no alkali metal doped materials were used in the present
work, we used a high purity hydrogen (99.9995%) and a
liquid nitrogen trap (LN1), just in case. To avoid the
contamination from the rotary pump (RP), another liquid
nitrogen trap (LN2) was also used. (5) To minimize the
leskage, the pressure reservoir and the sample cell are
connected with using a metal gasket face seal. Gaskets
with 0.5 pm-filter are used at the sample cell and the
pressure transducer to avoid the entrainment of carbon
particles.

2.3 Leak test and calculation of the cell volume

No real high pressure tubing can avert the leakage. It is
necessary to assess the leak rate properly for the precise
measurement. The system with an empty sample cell was
charged with hydrogen to a certain initial pressure p, and
left still. The pressure of the system was monitored for
10-20 h. Thus obtained pressure profiles were fitted to an
exponential decay function, p(t)/p, = exp(—kt) where k is
the leak rate. We found the leak rate k was always less than
10~® s* when the sample cell was connected firmly. This
lesk rate was negligible for short time measurement (less
than 1 h for each step of equilibration). For long-time
measurement, such as a 20-h exposure to high pressure
gas, we can know whether or not the material is adsorbing
gas by observing the decay rate and comparing it to the
lesk rate determined above.

The volume of the empty sample cell V,, is determined
as follows. The same procedure is followed in case of the
adsorption measurement of the sample in order to cancel
out the systematic error. (1) Evacuate the system to obtain
the zero-offset of the pressure transducer. (2) Close the
valve PV4 and the pressure reservoir is charged with either
hydrogen or helium to an initial pressure p,. (3) Open the
valve PV4 and equilibrated. The fina pressure of the
system p; is obtained. The cell volumeV,,,, is calculated by
solvi ng the equation n( pi1vres1 T) = n( pfv Vres +Vcellv T)
where n(p,V, T) is the molar number of the gas given by a
mechanical equation of state. In the present study we used
the 32-term modified Bennedict—Webb—Rubin equation of
state for which the up-to-date parameters and program
source code for the PC are provided by the Nationa
Ingtitute of Standards and Technology (NIST), USA [27].

In Fig. 2, we show thus caculated cell volume at T
(°C)=35 as well as that caculated by the idea gas
approximation. As clearly shown in the figure, you cannot
treat helium as an ideal gas, let aone hydrogen, at this
pressure range, otherwise a huge error ensues. Ideally, the
empty cell volume should be independent from the pres-
sure so long as the expansion by pressure is ignored. The
calculated empty cell volume even with using the equation
of state is dtill dightly dependent on the pressure and on
the gas. This ‘apparent’ dependency on the pressure, which
must arise from miscellaneous causes, leads to a sys
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Fig. 2. Caculated ‘apparent’ volume of the empty cell. Open and filled symbols are of hydrogen and of helium, respectively. Triangles and circles are
calculated by the ideal gas approximation and by an equation of state of the gas, respectively.

tematic error and thus was taken into account when the
amount of adsorption is calculated.

2.4, Adsorption—desorption measurement

As mentioned above. the procedure to determine the
amount of adsorption of a gas on the sorbent is the same as
in the case of cell volume determination. In order to make
sure that the accumulation of the error was not occurring,
we did not apply the step-by-step method for adsorption
measurement, i.e. instead of changing the pressure step-by-
step and summing up the amount of adsorption at each step
[23-26], we evacuated whole the system every time for
each point of pressure. The amount of adsorbed gas is
calculated with using the volume of the void space of the
cell which is given by Vi —vg,, Where V, is the
apparent volume of the empty cell (see the previous
section) and vy, is the volume occupied by the sample.
For desorption measurement we applied the step-by-step
method. Unlike the adsorption measurement, this is the
only way for desorption to be carried out with this
apparatus. As is shown later, however, the desorption
isotherm coincides well with that of adsorption so long as
the materials used in this article are concerned: the
accumulation of the error is negligible.

3. Result and discussion

The result of the adsorption—desorption measurement
carried out at 35°C is shown in Fig. 3. Though we do not
claim that al the findings are quite new (see, for example,
Refs. [4-9]), you can see some interesting features. (1)
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Fig. 3. Result of adsorption and desorption measurement at 35°C. Molar
ratio N(H,)/N(C) and weight percentages wt.%(H,) and wt.%(He).
Squares, circles, diamonds and triangles are respectively represent Norit
Darco, Maxsorb, Pt loaded activated carbon and carbon nanofibers. Filled
and open symbols are respectively, adsorption and desorption of hydrogen
and symbols with + and X are respectively, adsorption and desorption of
helium.
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The amount adsorbed and desorbed is significantly larger
for hydrogen than for helium. (Notice the logarithmic
ordinate) This means that there are some sites on the
carbon material where the hydrogen molecules can be
pressed together but not the helium. (2) Comparing the
result of Maxsorb and Norit, you can see the difference in
the surface area is clearly reflected by the amount of
adsorption—desorption of either gas. (3) The coincidence
between adsorption and desorption capacities indicates
these processes are reversible for these materials. (4) The
vapor grown carbon nanofibers in the present study neither
adsorbs nor desorbs hydrogen as much as activated car-
bons do. Enhancement of capacity by Pt particles is not
observed in this study. (5) The scatter of data below the
molar ratio of 10~% indicates the precision of this ap-
paratus lies around this level. Since about 500 mg of
sample was used in the present study, this means that our
apparatus can detect about 10~° mol of adsorption and
desorption.

As Gupta et a. suggested, some material may adsorb or
start to adsorb hydrogen when the reaction takes a long
time [21]. We exposed the vapor grown carbon nanofibers
under 10 MPa of hydrogen at 35°C for 24 h and observed
the decay rate of the pressure to see if it happened.
However, the observed decay rate k was lessthan 10 % s™*
(the normal leak rate of the apparatus, see Section 2.3) and
therefore showed no adsorption.

We conclude that the volumetric apparatus and the
procedures described in the present article provides an
accurate adsorption and desorption measurements on car-
bon materials. Exploration into the synthesis and charac-
terization of a variety of carbon materials which can be
applied for the hydrogen storage is how under progress and
will be described elsewhere.
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