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Hydrogen storage in single-walled carbon nanotubes
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We perform density-functional calculations to search for hydrogen adsorption sites and predict
maximum storage capacity in single-walled carbon nanotubes. We find two chemisorption sites at
top sites of the exterior and the interior of the tube wall. We further find that a form afdfecule

can exist in an empty space inside nanotubes. The storage capacity of hydrogen in an empty space
increases linearly with tube diameter. The maximum storage capacity is limited by the repulsive
energies betweenHnolecules inside nanotubes and those betweemdlecules and the tube wall.

We predict that hydrogen storage capacitylifi, 10 nanotube can exceed 14 wt % (160 kg/i®).

© 2000 American Institute of Physid$s0003-695(00)04520-4

Carbon nanotubeCNTSs) reveal diverse physical prop- density-functional-based tight-binding meth@CC-DFTB.
erties depending on the diameter and chirdiiffhe large The SCC-DFTB method uses a basis of numerically de-
aspect ratio and naturally formed nanoscale-diameter afcribeds and p atomic orbitals for a carbon atom arsd
CNTs make them efficient and stable electron fieldorbital for a hydrogen atom. Charge transfer is taken into
emitters>~* The large empty space, particularly inside theaccount through the incorporation of a self-consistency
single-walled nanotubeSSWNTS9, opens a new application scheme for Mulliken charges based on the second-order ex-
for the hydrogen storage vehicle with high capacity. It ispansion of the Kohn—Sham energy in terms of charge den-
always desirable to develop a new storage material with higity fluctuations. Further detail of the SCC-DFTB method
capacity, light mass, and high stability, which may be appli-has been published elsewhére.
cable for portable electronics and moving vehicles. Carbon In order to check the validity of our approach, we also
nanotubes seem to be an ultimate alternative for this, sincgerform the DF total energy calculations based on the local
nanotubes are chemically stable and have low mass densitylensity approximatiofLDA) and the generalized gradient

Hydrogen could be stored in bundles of the SWNTs upapproximationGGA).° The exchange-correlation energy in
to 5%—10%, where kimolecules are physisorbed at the ex- LDA is parameterized by Perdew and Wang's schémed
terior surfaces of CNTs or interstitial spaces between CNTsBecke’s corrected exchange functiolfas adopted in GGA
separating the intertube distanéés.AIthough graphite  calculations. All-electron Kohn—Sham wave functions are
nanofibers or equivalently randomly oriented graphite plateexpanded in a local atomic orbital basis. All orbitals includ-
lets have been suggested to contain hydrogens up to 72 wt %ng core electrons, are taken into account throughout the cal-
this has not been corroboratédt has also been demon- culations. Double-numerical basis set is used to describe the
strated that the hydrogens could also be stored electrochenfiolarization. The convergence criterion for the structure op-
cally less than 1% in the CNTsDespite such efforts, the timization is that all forces bes0.001 a.u. Structure optimi-
hydrogen adsorption sites, a form of stored hydrogens, maxiation is done by the SCC-DFTB and LDA schemes. The

mum storage capacity, and the structural stability of CNTSGGA calculations are done with structures optimized by the
uponH storage are far from being clearly understood. Thet DA whenever necessary.

main difficulty arises from the lack of an atomistic model for We first perform benchmark tests for Gldnd H, mol-

the H adsorption and storage in CNTs, which is an essentia¢cules. The SCC-DFTB describes well the bond lengths of
ingredient for prediction of maximum storage capacity andc—H (1.10 A) and H—H(0.75 A), compared to the experi-
atomic-level interpretation dff adsorption. mental values of 1.1 and 0.74 A, respectively. The binding
In this work, we have carried out density functiof@F)  energies of C—H bonds {5.69eV) and H-H bond
calculations to find the adsorption sites and storage capacify- 6.53eV) are overestimated compared to the respective
in the SWNTs. We found two chemisorption sites at top sitessxperimentals values of 4.54 and—4.51eV. Our GGA
of (i) the exterior andii) the interior of the tube wall. We yegyits for binding energie6-4.53 and—4.47 eV} are in
further found that hydrogens can exist in an empty spac@ycellent agreements with experimental values.
inside nanotube as a form of;Hnolecules. The maximum We now choose armchair nanotubes with different diam-
storage capacity is mainly determined by the steric hindrancgters in our calculations. Supercells of eight layers along the
between H molecules and that between, holecules and  pe axis of(5,5 and(10,10 nanotubes are used. The peri-
the tube wall. Excessive hydrogen storage will result in largg,gijc boundary condition is applied along the tube axis. Fig-
repulsive energies and eventually breakdown the tube wally;;e 1 shows top views of various adsorption sites of hydro-
For our calculations, we use a self—consistent—chargtaenS on the SWNT. The diameter of fully relaxés.5)
SWNT is 6.88 A similar to that of g, with the average
dElectronic mail: leeyh@sprc2.chonbuk.ac.kr bond lengths of 1.44 A, as shown in Figal We consider
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FIG. 2. The repulsive energies between CNT wallrhblecules(triangles
and between k+H, molecules(circles inside the CNT.

However, this structure is not stable after full relaxation, re-
sulting in the formation of K molecules, as shown in Fig.
1(e). The energy is minimized by formingHnolecules with
the Ey, of —4.57 (—3.16:—2.24) eV per H molecule. This
¢ Hydrogen @ Carbon strongly suggests that the;lfholecule can exist stably in the
vacant space inside the nanotubes. Hyeof the H, mol-
FIG. 1. Top views of various hydrogen adsorptions in SWN(@®;clean  ecule inside CNT is reduced by about 2 eV, compared to that
(5,15)OCNT, ((‘b) hytdr096fns a_ds?rb:ddat the etxteriO: ?hf thettu_be V\;atlLWith | of a gaseous Hmolecule, due to the repulsive forces be-
s oy o e e v een H molecules and between the tbe wall angrho-
with 6=1.0, () the fully relaxed geometry df), (f) H, inside the tube with ~ €CuUles. Higher coverage @f=1.2, as shown in Fig. (1),
6=1.2,(g) H, inside (10,10 CNT with §=2.0, and(h) with §=2.4. Bond  results in larger repulsive energies. The repulsive energy
lengths are in unit of A. (Erep between the tube wall and;Hinolecules is calculated
by
hydrogen adsorption at the exterior of the tube wall in Fig.
1(b), where all top sites of carbons are taken by H atoms. Erefwall=Hz) =E{(CNT+H,) —E(CNT) —Ei(H,),
This chemisorption could occur during the electrochemical @
storage process. The diameter and average C—C bond lengtfsd similarly that between Hnolecules is calculated by,
are expanded to 7.78 and 1.54 A, respectively, due to the
enhancement of thep® rehybridization. The C—H bond Ered Hz2—Hz) =E(Hn) =Ny En,, ©)
length is 1.12 A, similar to that of a GHnolecule. Geom- , .
etries optimized by LDA were not much different from those whereE(Hy) is the total energy off, only in CNT, andnHz
optimized by SCC-DFTB. The binding energfy) of the andEH2 are the number of gaseous kiolecule and the total
C-H bond is calculated as follows: energy of a single gaseous, Ifholecule, respectively.
The repulsive energy between tube wall and thesH).7
Ep(C—H =E(CNT+H)—E(CNT)—nyEa(H), () (0.47:0.74 eV/H, and that between Hmolecules is 0.89
where E,(CNT+H) and E,(CNT) are the total energy of (0.81:1.19 eV/H, for #=1.0. The LDA and the GGA calcu-
CNT with and without hydrogens inside, respectively. Thelations consistently reproduce the SCC-DFTB results. The
E.(H) is the self-energy of hydrogen atom ang is the average distance between, Fholecules is 1.4 A, and that
number of hydrogens. The binding energy of the C—H bondetween the tube wall and ,Hmolecules is 2.0 A fore
is —2.65 (—2.10:—1.75) eV/C—H bond from SCC-DFTB =1.0. Figure 2 shows the repulsive energies as a function of
(LDA:GGA) results, about half the C—H bond energy of CH average distances betweep-HH, molecules and tube wall-
molecule. Adsorption of a hydrogen atom at the interior ofH, molecules. Repulsive energies become larger for higher
the tube wall pulls inward the carbon atoms neafBig.  coverages, increasing the diameter and eventually break the
1(c)], enhancingsp® rehybridization. The binding energy of tube walls. We conclude that these repulsive energies deter-
the C—H bond in this case is0.83 (—1.50:—1.28) eV/ mine the maximum storage capacity of hydrogens inside
C—H bond. Severe lattice distortions are involved in this getubes and the stability of the tubes. The tubes containing H
ometry. It is noted that hydrogens are chemisorbed with relawith #=1.0 remained stable from the molecular dynamics
tively strong binding energy in both cases. simulations at room temperatutg.
One may imagine hydrogen atoms to be adsorbed at all To estimate the maximum storage capacity, we assume
top sites of the interior wall with a coverage 6&1.0, as the hydrogen densityn( /volume) to be nearly constant in-
shown in Fig. 1d), where the coverage is defined as the ratioside the tube. The volume and the number of the hydrogen

of the number of hydrogen atoms to that of carbon atomsatoms increase with square of the radius, whereas the number
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TABLE |I. Hydrogen_ storage capacity in SWNTs_in different units. Cavity can exist in the empty space inside the nanotube. The maxi-
volume of the tube is used to calculate the density. mum hydrogen storage capacity increases linearly with di-

6 HwW% p(mAhlg p(atoms/®)  p (kg/m?) ameter in SWNTSs, i.e.H wt%=14.3 (D/Dy), [Dg is the
diameter 0f(10,10 nanotubég

55 1.0 7.7 2200 0.19 160
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