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We report a study of hydrogen storage in an alternative material, representing single-walled carbon nano-
tubes �SWCNTs� encapsulated by thin Pd layers onto a Pd substrate. A synergetic effect resulting in combi-
nation of the Pd and the SWCNTs properties with regards to hydrogen has been achieved. Adding SWCNTs
increases the H2 capacity of the Pd-SWCNT composite by up to 25% relative to Pd metal alone under
electrochemical loading. This results in a storage capacity of 8–12 wt %. with regard to the added SWCNTs.

DOI: 10.1103/PhysRevB.77.081405 PACS number�s�: 81.07.De, 61.46.�w, 61.82.Bg, 68.43.�h

The potential use of single-walled carbon nanotubes
�SWCNTs� for effective hydrogen storage1 has been actively
explored during the last decade. Despite previous studies,
reporting hydrogen capacity of SWCNT in the range from
0.25 to 20 wt %,1–9 both reproducibility and reversibility of
H2 storage in SWCNTs still remains poor. Nanotube samples
contain impurities, �i.e., amorphous carbon, catalyst, hydro-
carbons, water, etc.�, which can influence hydrogen adsorp-
tion in an uncontrolled manner, leading to large systematic
errors. Moreover, a variation in SWCNT diameter and length
may affect the hydrogen capacity.5

Some authors suggest that the physisorption of hydrogen
molecules into the SWCNT must be strictly limited by steric
factors representing impurities blocking the SWCNT
opening.6,7 Atomic hydrogen impingement should allow for a
better hydrogen uptake due to atomic hydrogen permeation
into SWCNT. The result of SWCNTs loading with atomic
hydrogen beam was reported by Nikitin et al.9 A 5.5 wt %
H2 gravimetric capacity was achieved with this technique,
indicating hydrogen chemisorption into the SWCNT8,9�.

There is however, another approach to provide massive
atomic hydrogen permeation and sorption into the SWCNTs,
and this is the topic of the work presented here. Palladium
metals possess a unique property to dissociate molecular hy-
drogen into an atomic form while simultaneously exhibiting
high H diffusivity of a quantum character.10 Thus, if
SWCNTs were embedded into a Pd matrix, the result would
be an atomic hydrogen or proton flux permeation into the
nanotubes under a high pressure of kbar range.

Here we explored a new synergetic approach based upon
combining the unique Pd properties �high H-flux diffusivity
and pressure� with that of SWCNT �high potential capacity�.
In searching for high-capacity hydrogen storage, we synthe-
sized a new composite material with the SWCNT encapsu-
lated by thin Pd layers electroplated onto a massive Pd foil to
enhance the hydrogen uptake in the SWCNTs. This approach
�providing high H2 pressure from a highly H-loaded massive
Pd substrate into a small fraction of deposited SWCNT� al-
lowed us to achieve an additional storage capacity of
8–12 wt % H2 with regards to the added SWCNTs under
electrochemical loading.

Three types of SWCNTs with the same average diameter
�1.3 nm�, but various lengths, and purity were evaluated: �1�

HiPco™ Bucky™ tubes, lot #79, by Carbon Technologies
Inc., �length range 0.5–1.5 �m, purity 95%�; �2� SWCNT
7782-42-5, Helix Material Solutions, Inc., �2–20 �m, 90%�;
and �3� SWCNT Alfa-Aeser �15–40 �m, 95%�. The
50-�m-thick cold-rolled Pd foils �Johnson and Mathew,
99.95%�, with an area of S=1.5–2.0 cm2 were used as the
substrates. Prior to deposition, the SWCNTs were etched in
concentrated nitric acid, for 3 h at T=300 K. The Pd foil
preparation is described in Ref. 11. A thin Pd layer of
�0.6 �m thick was electroplated onto the Pd foil �Pd� layer�
on both sides from the PdCl2 electrolyte.12 The gel of the
SWCNT was extracted from the water suspension with pH
=6.5, and applied by dipping the top of the Pd� /Pd /Pd�
sample. To encapsulate the SWCNT in the Pd matrix, an
additional thin layer of Pd was electroplated on the
SWCNTs, coating both sides. The synthesized
Pd� /SWCNT /Pd� /Pd /Pd� /SWCNT /Pd� composite foil was
subjected to a final annealing in a high vacuum at t
=500 °C for 2 h. Similar reference foils of Pd� /Pd /Pd� type
were used for comparative analysis of the hydrogen content
in the SWCNT.

The interface SEM images of the
Pd� /SWCNT /Pd� /Pd /Pd� /SWCNT /Pd� samples are pre-
sented in Figs. 1�a� and 1�b�. At a lower resolution
��50 000, Fig. 1�a�� the SWCNT structure appears as aggre-
gates �image appears in the center�, surrounded by metallic
Pd �image in light color surrounded by SWCNT aggregates�.
At a higher resolution ��120 000, Fig. 1�b�� the internal in-
terface between the SWCNT filaments �image in the center�
and the electrodeposited Pd coating �site at the edges in gray�
are clear and distinctive.

Both the Pd� /SWCNT /Pd� /Pd /Pd� /SWCNT /Pd� �com-
posite� and the Pd� /Pd /Pd� �reference� samples were elec-
trochemically loaded with hydrogen in a special cell with a
Pt anode, containing 1 M NaOH solution.11 The electrolysis
was preformed at a fixed temperature in a galvanostatic
mode at a constant current, with densities ranging from 3 to
30 mA /cm2 for a period of 0.5–4.0 h. The total electric
charge density that passed through the cathode was kept con-
stant at Q=45 C /cm2. Immediately after the electrolysis, the
samples were transferred into a Dewar glass with liquid ni-
trogen to prevent spontaneous hydrogen desorption at ambi-
ent temperature. Next, the Dewar glass with the sample was
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connected to the input of the vacuum desorption apparatus
where the samples were rapidly heated to 673 K. The abso-
lute hydrogen concentration in the samples was determined
by an isothermic vacuum desorption technique at T=673 K
with a residual gas pressure of 2.0�10−6 torr. The gas re-
leased from the sample transmitted through the hot Pd mem-
brane �serving to separate the hydrogen from other residual
gases13� and was collected into a closed analytical volume.
The pressure was assessed using a three-step mercury
McLeod gauge.14

The volume of hydrogen in the composite cathodes with
etched SWCNT �1�, �2�, �3�—�Table I, lines 2,4,6� exhibited
approximately 20%–25% excess hydrogen, compared to the
reference samples �Table I, lines 1,3,5,7�. However, there
was no excess H2 found in the composite sample with non-
etched SWCNT �1*� �Table I, line 8�, thus indicating an ab-
sence of SWCNT loading.

During the five loading-deloading cycles, the effective
loading ratio x= �H� / �Pd� in the composite sample with
SWCNT �1� shows only minor fluctuations resulting in
�xeff�=0.86�0.03, while the reference sample �Fig. 2, curve
1� exhibits a constant value of �x�=0.68�0.01. Note that the

magnitude of the H /Pd ratio of x�0.7 is normally charac-
terized as the highest Pd loading �PdHx� phase� that can be
achieved electrochemically at a relatively low current density
�j�100 mA /cm2� in an alkaline solution.15,16

To estimate the gravimetric capacity �CH� of the SWCNT
in the composite cathode, we compared the normalized hy-
drogen volume desorbed from the composite with that from
the corresponding reference sample. The net CH value was
calculated as follows:

CH = 2NLmp�VC − V0�/MSWCNT, �1�

where NL and mp are the Loschmidts number and proton
mass, respectively; VC and V0 are the H2 volumes that were
desorbed from the composite and the reference sample, re-
spectively; and MSWCNT is the SWCNT mass in the compos-
ite sample. The net values of CH derived from Eq. �1� are
shown in Table I �column 6�. Remarkably, the CH value was
higher �CH=12.0 wt % � in the shortest SWCNTs �1�,
whereas the longer SWCNTs �2� and �3� had a lower capac-
ity �CH�8.0 wt % �. In contrast, the original nonetched
SWCNT demonstrated no H2 storage. Thus, we conclude
that high loading effect in the SWCNT �1�–�3� is facilitated
by the etching process which we believe clears blocked tube
openings and allows permeation of the hydrogen atoms in-
side the SWCNT.

Finally, to be sure that the hydrogen is really stored in
SWCNTs we performed H2 measurement with a higher
amount �5.5 mg� of short SWCNTs �type 1a—the same di-
ameter and length as type 1� encapsulated by Pd. As seen
from Table I, the net gravimetric capacity for the nanotubes
of type 1a �lines 9,10� was found to be the same �within
measurement error� as that measured for composites with
type 1 nanotubes �lines 1,2�. It is also seen that the difference
�V=6.54 cm3 is larger for higher mass SWCNT-�1a� than
that for the lower SWCNT-�1� mass �lines 3 and 4, �V
=3.79 cm3�, caused by an increase in the amount of H2 re-
leased with a growth of SWCNT mass. Thus, if it is inferred
that all of the excess H2, beyond the x=H /Pd=0.68 is stored
inside the SWCNTs, the storage capacity of the SWCNTs is
calculated to be 8–12 wt %.

The kinetics of H2 escape from the SWCNT �1� at a
constant temperature T=290 K are shown in Fig. 3.
The reference sample �curve 1�, demonstrates only a small
reduction in loading x=H /Pd in the first 15 min �from 0.67
to 0.64�. In contrast, the composite sample �curve 2�, shows
an exponential decay of effective loading, reaching
x=H /Pd�0.64 at t	60 min. The activation energy of H
desorption at T=673 K derived from the expression
exp�−
��=exp�−�H /kBT�, where 
 is the decay constant,
� is the duration of H desorption, gives
�H�Pd�=0.20�0.01 eV /H atom for the reference, and
�H�Pd+SWCNT�=0.28�0.01 eV /H atom for composite
samples �inset, Fig. 3�. Note that the �H�Pd� of the reference
Pd hydride is in good agreement with that of the hydrogen
diffusion in Pd.10 This fact allows us to extract the activation
energy of hydrogen trapping in SWCNT, reasonably assum-
ing that H atoms thermally released from a nanotube, then
would diffuse via the Pd matrix and finally escape

(a)

(b)

FIG. 1. ��a� and �b�� SEM images of the sites at the Pd-SWCNT
interface after 1 min etching in nitric acid: �a� magnification at
�50 000 and �b� magnification at �120 000.
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the sample: �H�SWCNT�=�H�Pd+SWCNT�−�H�Pd�
=0.08�0.02 eV /H atom. The positive difference between
activation energies of the composite and the reference
samples supports our conclusion that all excess hydrogen in
the Pd-SWCNT �compared to containing in the reference Pd
sample� is trapped inside the nanotubes.

To check independently the activation energy of hydrogen
trapping in SWCNT, we carried out measurements of effec-
tive hydrogen loading in the composite and the reference
samples in the range of 289–323 K. The H loading into the

Pd� /Pd /Pd� sample at temperatures above 290 K �Fig. 4�
does not appear to be activation dependent �curve 1� because
the � phase in PdHx cannot thermally decompose below T
�400 K.17 The experimental dependence of the effective hy-
drogen loading in the composite sample �Fig. 4, curve 2� vs
temperature T can be satisfactorily fitted with a Boltzman
sigmoidal function: x�T�=a�b−a��1+exp��T−T0� /c�	−1,

TABLE I. Volumetric hydrogen concentration in the Pd� /SWCNT /Pd� /Pd /Pd� /SWCNT /Pd composite
and the Pd� /Pd /Pd� reference samples loaded by electrolysis at a constant temperature T=290 K. The
samples of Pd� /SWCNT /Pd� /Pd /Pd� /SWCNT /Pd�-�1�, �1a�, �2�, and �3� are synthesized with the SWCNT
of types �1�, �1a�, �2�, and �3�, respectively. The sample of Pd� /SWCNT /Pd� /Pd /Pd� /SWCNT /Pd�-�1*� is
prepared with nonetched SWCNT of type �1�. �x�= �H� / �Pd�= �2NLV� / �mNA /MA�, where NL is the
Loschmidt number, V is the desorbed H2 volume, NA is the Avogadro number, MA is the atomic weight of Pd,
and m is the Pd mass. CH is derived from Eq. �1�.

Number Sample type
Mass
�g�

Desorbed H2

volume �cm3� �x�= �H� / �Pd� CH �wt % �

1 Pd� /Pd /Pd� 0.208 14.61�0.21 0.68�0.01

2 Pd� /SWCNT /Pd� /Pd /Pd� /SWCNT /Pd�-
�1�, M�SWCNT�=2.8�0.2 mg

0.207 18.40�0.32 0.86�0.03 12.0�1.4

3 Pd� /Pd /Pd� 0.142 9.83�0.12 0.66�0.01

4 Pd� /SWCNT /Pd� /Pd /Pd� /SWCNT /Pd�-
�2�, M�SWCNT�=2.2�0.2 mg

0.146 11.80�0.20 0.79�0.02 8.0�1.0

5 Pd� /Pd /Pd� 0.140 9.80�0.13 0.66�0.01

6 Pd� /SWCNT /Pd� /Pd /Pd� /SWCNT /Pd�-
�3�, M�SWCNT�=1.8�0.1 mg

0.141 11.39�0.23 0.78�0.02 7.8�1.2

7 Pd� /Pd /Pd� 0.145 10.13�0.24 0.66�0.02

8 Pd� /SWCNT /Pd� /Pd /Pd� /SWCNT /Pd�-
�1*�, M�SWCNT�=1.8�0.1 mg

0.148 10.04�0.20 0.65�0.02 0

9 Pd� /Pd /Pd� 0.311 21.71�0.39 0.66�0.01

10 Pd� /SWCNT /Pd� /Pd /Pd� /SWCNT /Pd�-
�1a�, M�SWCNT�=5.5�0.2 mg

0.312 28.25�0.48 0.86�0.03 10.5�1.5

FIG. 2. Hydrogen loading reproducibility for the
Pd� /SWCNT /Pd� /Pd /Pd� /SWCNT /Pd� with SWCNT-�1� �curve
2�, and for the reference sample of Pd� /Pd /Pd� �curve 1�: five
consecutive loading-deloading cycles. The loading: electrolysis at
j=5.0 mA /cm2 for 2.5 h. The deloading: vacuum heating at
T=673 K.

FIG. 3. Effective hydrogen loading in the
Pd� /SWCNT /Pd� /Pd /Pd� /SWCNT /Pd� sample with SWCNT-�1�
vs time elapsed after completing the electrolysis at T=290 K
�curve 2�; the same for the reference sample of Pd� /Pd /Pd�
�curve 1�. Inset: Kinetics of isothermic �T=673 K� degassing for
the Pd� /Pd /Pd� �open circles—curve 1�: the decay constant

�Pd�=0.0087, the effective duration ��Pd�=400 s, and for the
Pd� /SWCNT /Pd� /Pd /Pd� /SWCNT /Pd�-�1� �solid squares—curve
2�: 
�Pd+SWCNT�=0.004, ��Pd+SWCNT�=1200 s.
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where a, b, and c are the numerical constants, and
T0=303.65 K, indicating the stability of hydrogen at
T�273 K. The Arrhenius plot of the effective loading x�T�
of the composite cathode is shown in the inset of Fig. 4. The
linear fit is consistent with the activation energy of the hy-
drogen absorption or desorption �H=0.073�0.006 eV /H
atom, which is close to that estimated from the isothermic
desorption data �Fig. 3�.

Studies of hydrogen transport and the critical role of Pd
substrate in SWCNT loading are underway. Special atten-
tion, however, must be given to the fact that the atomic hy-
drogen generated during permeation through the Pd is

weakly bound in the SWCNT. This effect was not anticipated
in the SWCNT without the Pd coating because the interac-
tion of atomic hydrogen with unsaturated C bonds in the
SWCNT would result only in chemisorption with a specific
energy of �=2.5 eV /H atom.9 Another possible way to
achieve high hydrogen storage,18,19 involves the formation of
a chemical complex at the interface between the transition
metal and the nanotube or organic molecules, thus allowing
for the absorption of several hydrogen molecules. This is not
exactly the case here, because the calculated hydrogen bind-
ing energy in the Pd-C complex ��H=0.58 eV /H2� �Ref. 19�
would be several times higher than our experimental value.
We believe that a possible mechanism of hydrogen adsorp-
tion inside the SWCNT could be associated with the forma-
tion of a Pd-C complex at the Pd-SWCNT interface due to
interaction between the unsaturated C bonds and Pd 4d �hy-
bridized with 5S� electron shell.10 This interaction must be
accompanied by an electron transfer through the Pd-C poten-
tial barrier20 resulting in a weak polarization of the nano-
tube’s inner wall. In this case, the atomic hydrogen moving
through the PdHx to the SWCNT openings would permeate
the interior of the nanotube, resulting in the formation of a
�Pd−C�−Hx type charge transfer complex. This approach,
however, does not give an explanation for surprisingly high
storage capacity achieved in our experiments. Further experi-
mental and theoretical works are required to understand the
H-storage mechanism in the Pd-SWCNT system.

In summary, we found that electrochemical loading of
SWCNTs encapsulated by thin Pd coating results in an addi-
tional �compared to pure Pd� storage capacity of 8–12 wt %
H2 with regards to the added SWCNTs. We also demon-
strated that hydrogen absorption occurs mainly within the
interior of the SWCNT and depends on the SWCNT type.
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FIG. 4. Effective hydrogen loading in the Pd� /Pd /Pd� �curve 1�
and in the composite with the SWCNT-�1� �curve 2� samples vs the
loading temperature. The inset shows the Arrhenius plot for the
curve 2 data in the coordinates �1 /T, Ln�x��. The linear fit is con-
sistent with the activation energy of hydrogen absorption �H

=0.073�0.006 eV /H atom.
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