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Calculations of hydrogen coverage on single-walled carbon nanotubes: Dependence
on nanotube size, temperature, and pressure
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We have investigated the stability of various hydrogenated single-walled carbon nanotubes. We find that the
storage capacity of hydrogen depends significantly on the diameters of carbon nanotubes. Full hydrogen
coverage can be reached for nanotubes with small size, while for nanotubes with large size, the saturation
coverage is lower than 1. We have calculated the variation of the hydrogen coverage with the change of
temperature and pressure. In particular, we find that nanotubes with diameters of about 1 nm can achieve a
coverage of 80% at ambient temperature and low pressure, which is in agreement with the experimental results.
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I. INTRODUCTION

The safe and compact storage of hydrogen is of great
interest in theoretical and experimental research. Carbon
nanotubes, one of the most promising materials, are reported
to be highly efficient for gas and alkali-atom storage.'~ The
curved surface of carbon nanotubes and the empty space in-
side nanotubes increase the storage capacity greatly. Hydro-
gen storage capacity is predicted to exceed 14 wt% in
(10,10) nanotubes.* Chen et al. reported that intercalated al-
kali atoms in carbon nanotubes would significantly enhance
the hydrogen storage.’ A theoretical study shows that alkali
atoms enlarge the distance between carbon nanotubes and
attract hydrogen molecules, which leads to higher hydrogen
storage.® Zhao et al. reported that transition-metal-dispersed
Ceo and C,4B, are considered to be a novel hydrogen stor-
age medium with H, density of 9 wt %.” Yildirim et al. pre-
dicted that each Ti atom coated on carbon nanotubes can
bind up to four hydrogen molecules and the decorated nano-
tubes can adsorb up to 8 wt% hydrogen at high Ti
coverage.®

Recent studies show that hydrogen molecule physisorp-
tion is rather weak with an energy barrier of 2.7 eV for H,
dissociation on pristine tubes.” The sidewalls of carbon nano-
tubes make H, molecules difficult to enter inside and the H,
molecule storage requires high pressure and very low
temperature,'>!"  which is impractical for applications.
Atomic hydrogen has been used as a source to overcome the
difficulty. Density functional theory (DFT) calculations show
that fully exohydrogenated carbon nanotubes are stable up to
the radius of the (8,8) tube, with the binding energy inversely
proportional to the diameter.'? For the (5,5) tube, it has been
reported that exohydrogenated nanotubes are stable with hy-
drogen coverage x=0.3.'>!% For (9,0), (10,0), and (5.5)
tubes, the hydrogen adsorption both inside and outside the
tubes is more stable than the one with hydrogen only
outside."> Experimental results show that the hydrogenation
outside the single-walled carbon nanotubes (SWCNT’s) is
more practical and the hydrogen coverage varies with the
environment conditions. Nikitin er al. managed a
65+15 at. % hydrogenation of carbon atoms in SWCNT’s
with diameters from 1 to 1.8 nm.'® C-H bonds are formed at
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room temperature and broken at 600 °C, showing that the
hydrogenation is a reversible process.

The process of hydrogen adsorption on the carbon nano-
tubes is changed under various circumstances: (i) The inter-
action between hydrogen atoms and carbon nanotubes de-
pends on the diameters of the tubes. It is not clear how the
coverage of hydrogen atoms depends on the size and chiral-
ity of the tubes. (ii) To understand the process of hydrogen
adsorption on carbon nanotubes, it is important to know how
the hydrogen coverage depends on temperature and pressure.
In this work, we have studied the adsorption of hydrogen
atoms on the walls of carbon nanotubes. We find that the
storage capacity of hydrogen depends strongly on the diam-
eters of carbon nanotubes. Based on the envelope profile of
the intercalation energies, we have obtained a variation of the
hydrogen coverage as functions of temperature and pressure.
We show that the hydrogen storage is more efficient for the
carbon nanotubes with smaller size.

II. METHODS

We have performed calculations of the total energies of
the exohydrogenated carbon nanotubes with various cover-
ages using VASP (Vienna ab initio simulation package).'” The
approach is based on an iterative solution of the Kohn-Sham
equations of the density functional theory in a plane-wave
basis set with Vanderbilt ultrasoft pseudopotentials.'® We use
the exchange correlation with generalized gradient approxi-
mation given by Perdew et al.'® We set the plane-wave cutoff
energy to be 420 eV and the convergence of the force on
each atom to be less than 0.01 eV/A. The Monkhorst-Pack
scheme is used to sample the Brillouin zone.? Optimization
of the lattice constants and the atom coordinates is made by
minimization of the total energy. All structures are fully re-
laxed with a mesh of 1X1X09, and the mesh of k space is
increased to 1X1X20 to obtain accurate energies with
atoms fixed after relaxations.

The diameters of carbon nanotubes in the recent hydrogen
storage experiments range from 1 to 1.8 nm.'® We consider
carbon nanotubes with different chiralities, such as (6,0),
(8,0), (6,6), (12,0), (8,8), and (16,0), whose diameters range
from 0.5 to 1.3 nm. The unit cells for the hydrogenated
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FIG. 1. The sites for the adsorption of hydrogen atoms on the
walls of carbon nanotubes.

carbon nanotubes are taken as two period lengths of the
tubes in our calculations. Our calculations show that hydro-
gen atoms prefer to be adsorbed at the top sites outside the
walls of tubes, which is in agreement with the results of
other works.'>!3> We define the binding energy E,, as follows:
Ey=(Eswenr+nyEg—En.swent)/np, Where Egyeyy is the to-
tal energy of a pristine carbon nanotube, Ey is the total en-
ergy of an isolated H atom, and Ey_sycnr 1S the energy of the
hydrogenated nanotube. ny is the number of hydrogen atoms.
For a fixed coverage, the structure with higher E, is more
stable.

III. RESULTS

In general, there are a lot of possible atomic configura-
tions for hydrogen adsorbates on SWCNT’s. In order to ob-
tain stable configurations, we first consider isolated patterns
of hydrogen atoms outside the carbon nanotubes and take the
(8,0) tube as an example. For an isolated hydrogen atom on
the wall of the (8,0) tube, E;, is 1.51 eV. The length of the
CH bond is 1.11 A and the three CCH bond angles are
106.7°, 107.9°, and 107.9°, which are close to the ideal tet-
rahedral sp> bond angle of 109.5°. When two hydrogen at-
oms are added to the wall of the tube, there are three possible
configurations: the 1-2, 2-3, and 3-7 neighboring configura-
tions, as is shown in Fig. 1. The lengths of the CH bonds are
1.11 A for these three cases. The average CCH bond angles
are 107.5°, 105.5°, and 106.6°. E,, of the three cases are 2.37,
2.08, and 1.55 eV, respectively. It is shown that two hydro-
gen atoms prefer to form a dimer on two neighboring carbon
atoms. For the nanotube with an isolated hydrogen atom ad-
sorbed, the C-C 7 bond is broken by the hydrogen atom and
the nearest site is made very active, which leads to a stable
hydrogen dimer. The H-H distances for these three cases are
2.22,2.16, and 3.68 A, which are much larger than the bond
length of a hydrogen molecule (0.75 A). Thus the interac-
tions between hydrogen atoms are small and the major part
of the binding energy is from the energy of the CH bonds.
The structures with three neighboring hydrogen atoms are
not stable, because E;, for hydrogen atoms on the 1-2-3 sites
is 2.22 eV. For the four neighboring hydrogen atom configu-
rations, E), for hydrogen atoms on the 1-2-3-7, 1-2-5-6, and
1-2-3-4 sites are 2.17, 2.15, and 2.48 eV, respectively. E}, for
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the 1-2-3-4 neighboring configuration is the largest, showing
that the hydrogen dimers prefer to form chains along the axis
of the tube, instead of cluster. There are three typical patterns
for the hydrogen atoms on the walls of the carbon nanotubes:
(a) the vertical chain pattern,?! with every other carbon zig-
zag chain saturated by hydrogen atoms (2-3-6-7-10-11); (b)
the dimer pattern,>' with every other carbon dimer rows per-
pendicular to the zigzag carbon chains saturated by hydrogen
atoms (1-2-5-6-9-10); (c) the parallel polyacetylene-like
chains (1-2-3-4-9-10-11-12), which has been studied in the
fluorinated SWCNT’s.?> We consider structures comprised of
these three patterns. We have calculated the most probable
structures with different coverages and atomic configurations
in order to seek stable configurations. For a coverage of
x=0.5, hydrogen atoms prefer to form parallel polyacetyle-
nelike chains. The chains are located symmetrically to mini-
mize the total energies. For a coverage of x=0.5, pattern (c)
is the most stable configuration with E, of 2.44 eV. E, of
patterns (a) and (b) are 1.96 eV and 2.16 eV, respectively.
For a coverage of x>0.5, we can use the complement any
vacancy patterns to describe structures of the hydrogen ad-
sorbates on the carbon nanotubes. It is found that the vacan-
cies prefer to form pattern (b) and the vacancy dimers are
located symmetrically. The structures on the other (n,0)
(n=6,12,16) tubes are similar to those of the (8,0) tube. For
the (n,n) tubes, hydrogen atoms prefer to form parallel poly-
acetylenelike chains (2-3-6-7). For a coverage of x=<0.5,
the chains are located symmetrically to minimize the total
energies. For a coverage of x>0.5, the vacancies prefer
to form 1-2 dimers and the vacancy dimers are located
symmetrically.

We have calculated the energies of different coverages
according to the possible stable configurations. We define the
intercalation energy as follows:?

E; = (Eswenr + nuEn — Ey.swont)/ne, (1)

where n is the number of carbon atoms. Figure 2(a) shows
the calculated E, of the possible configurations of the (8,0)
tubes. E; depends on the coverage and the configurations.
For a fixed coverage, we construct the possible structures
with the three patterns and the structure with the highest E; is
the most stable one. For typical adsorbed systems, the num-
ber of ground states is finite and the stable coverage is
discrete.? However, we find that there are a large number of
ground states for the hydrogen adsorbates on SWCNT’s and
thus the intercalation energy varies smoothly as a function of
stable coverage approximately. It is noted that the intercala-
tion energy has an envelope profile which varies smoothly
with hydrogen coverage, implying that stable hydrogen cov-
erage can be considered as continuous approximately. We fit
the profile of E; with a polynomial function of power 3. The
curves are plotted with solid lines in Fig. 2. As is shown in
Fig. 2(a), the structures on the curve correspond to ground
states and those under the curve correspond to unstable
states. For exohydrogenated tubes, hydrogen atoms prefer to
form chains along the axis of the tubes. The major part of the
intercalation energy is from chains along the axis of the
tubes. The curved surfaces of the tubes provide more degrees
of freedom to reduce repulsions between the adsorbed
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FIG. 2. (a) The intercalation energies of various structures of the
hydrogenated (8,0) tube. (b) The intercalation energies of the stable
structures of the hydrogenated carbon nanotubes with different
diameters and chiralities.

atoms.? At low coverage, the interactions between the hydro-
gen dimers are weak and E; increases linearly with the cov-
erage. As the coverage increases, the distances between hy-
drogen atoms become shorter and the repulsions between
hydrogen atoms become stronger. Thus, the profile of E;
turns flat. For the (12,0), (8,8), and (16,0) tubes, there is a
peak value where E; begins to descend, as is shown in Fig.
2(b). For the same coverage, the intercalation energy de-
creases with an increase of the nanotube diameter, which is
in agreement with the results in Ref. 10.

In order to determine the dependence of the stability of
the hydrogenated structures on temperature and pressure, we
consider the hydrogen coverage dependence on the chemical
potential. The Gibbs free energy difference AG for the
formation of hydrogen adsorbates is given as follows:

AG = Ey.swenr — Eswent — Xias (2)

where x is the hydrogen coverage and wy is the chemical
potential of hydrogen atoms. uy depends on the temperature
T and pressure P of the environment. The stable states are
obtained by determining the minima of AG under the same
chemical potential. We approximate the gas environment as
an ideal gas; then, uy is given as

(2 7Tm)3/2(kT)5/2

PK} ’ )

Myg=— kBT In
where kg is the Boltzmann constant, m is the mass of hydro-
gen atoms, and /4 is the Planck constant. In this model,
<0 because uy=0 corresponds to a temperature of zero.
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FIG. 3. The phase diagram of coverage vs chemical potential.
Different symbols in the curves are used to distinguish the tubes.

Based on the envelope profile, we obtain a variation of the
hydrogen coverage with a change of chemical potential as
shown in Fig. 3. Hydrogen coverage of the stable states in-
creases with an increase of the chemical potential uy. For
the (6,0) tube, the hydrogen coverage x changes from 0 to 1
with an increase of the chemical potential wy from
-3.10eV to —1.42eV. When the chemical potential
mp=-1.78 eV, the coverage reaches 83.4 at. %, which is
higher than the target for practical applications.® For the (8,0)
and (6,6) tubes, the corresponding chemical potential condi-
tions are upy=-1.20eV and puy=-0.67 eV, respectively.
The interval of the chemical potential for applications is re-
duced with an increase of the nanotube diameter. As the tem-
perature approaches zero, uy— 0 and hydrogen coverage on
the SWCNT’s reaches a maximum. For the (6,0), (8,0), and
(6,6) tubes, the saturation hydrogen coverages are x=1. For
the (12,0), (16,0), and (8,8) tubes, the saturation hydrogen
coverages are x=0.966, x=0.887, and x=0.937, respectively.
The saturation hydrogen coverage decreases with an increase
of the nanotube diameter. The SWCNT’s with smaller
diameter are more efficient for hydrogen storage.

In the following, we analyze the variation of the hydrogen
coverage with a change of temperature and pressure. Under
ambient temperature and pressure of 1X 107 Torr,
65+ 15 at. % hydrogenation of carbon atoms has been ob-
tained in SWCNT’s with the diameters from 1 to 1.8 nm
experimentally.'® Figure 4 shows the coverage as a function
of temperature at the experimental pressure. The hydrogen
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FIG. 4. The phase diagram of coverage vs temperature at the

pressure of 1X 10~ Torr. Different symbols in the curves are used
to distinguish the tubes.
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FIG. 5. The phase diagram of coverage vs the logarithm of
pressure at the temperature of 300 K. The unit of pressure is pascal.
Different symbols in the curves are used to distinguish the tubes.

coverage decreases as the temperature increases. For the
(12,0) tube with a diameter of 9.4 A, the hydrogen coverage
is x=0.78 in the experiment conditions, which is in agree-
ment with the experiment.'® To achieve the target for practi-
cal applications, the temperature should be lower than 500 K
for the (6,0) tube and 400 K for the (8,0) tube. With an
increase of the nanotube diameter, the corresponding tem-
perature decreases. At ambient temperature (7=300 K), we
obtain the phase diagram of coverage versus pressure. As is
shown in Fig. 5, the hydrogen coverage increases as the pres-
sure increases. For p= 107! Pa, the hydrogen coverages on
the (6,0) and (8,0) tubes are higher than 83.4 at. %, showing
the possibility in practical applications. For the (6,6) tube,
the pressure should be higher than 10~ Pa. With an increase
of the nanotube diameter, the corresponding pressure
becomes higher. For the hydrogen coverage on the (16,0)
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tube to reach the target for applications, the pressure should
be higher than 103 Pa.

IV. SUMMARY

In summary, we have performed calculations on atomic
hydrogen adsorption on the walls of carbon nanotubes with
various diameters and chiralities. We find hydrogen atoms
prefer to form chains on the walls of the tubes. We show that
the wall curvature of the tubes reduces the repulsions be-
tween the adsorbed atoms and thus the intercalation energy
decreases with an increase of the nanotube diameter. The full
hydrogen coverage can be reached for nanotubes with small
size, while for nanotubes with large size, the saturation cov-
erage is lower than 1. We obtain the phase diagrams of the
hydrogen coverage as a function of the chemical potential.
We have determined the variation of the hydrogen coverage
with the change of temperature and pressure. We find that
carbon nanotubes with diameters of about 1 nm can achieve
a coverage of 80% at ambient temperature and low pressure,
which is in agreement with a recent experiment.'® The ca-
pacity of hydrogen storage depends strongly on the diam-
eters of the tubes. Hydrogen capacity in small carbon nano-
tubes exceeds 6.5 wt% at ambient temperature, which
implies great potential for practical applications.
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