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Carbon nanostructures are currently under investigation as possible ideal media for gas storage and mesoporous materials for gas
sensors. The recent scientific literature concerning gas adsorption in nanocarbons, however, is affected by a significant variation in
the experimental data, mainly due to the different characteristics of the investigated samples arising from the variety of the synthesis
techniques used and their reproducibility. Atomistic simulations have turned out to be sometimes crucial to study the properties
of these systems in order to support the experiments, to indicate the physical limits inherent in the investigated structures, and to
suggest possible new routes for application purposes. In consideration of the extent of the theme, we have chosen to treat in this
paper the results obtained within some of the most popular atomistic theoretical frameworks without any purpose of completeness.
A significant part of this paper is dedicated to the hydrogen adsorption on C-based nanostructures for its obvious importance and

the exceptional efforts devoted to it by the scientific community.

1. Introduction

The discovery of novel carbon nanostructures (CNSs) has
caused many expectations for their potential impact in gas
adsorption, storage, and sensing thanks to their large sur-
face/volume ratio. Gas adsorption is particularly focused on
hydrogen for clean energy sources and “small-scale” devices
for fuel cells, involving either the hydrocarbon reforming or
the hydrogen storage, are currently under study.

The amount of hydrogen storage in solid substrates for
commercial use has been estimated to about 9 wt% for the
year 2015 by the US Department of Energy (DOE) [1] but
none of the major storage media has reached this value so
far.

Gas storage is important also for many other techno-
logical applications: helium and nitrogen, for example, have
many applications in metallurgic industry.

Nanostructured media are also required for high sensi-
tivity monitoring of chemical species in many fields, from
medical to environmental applications. Monitoring of nitro-
gen dioxide and carbon mono- and dioxide, for instance, is
important for the environment while the detection of ammo-
nia (NH3) [2, 3] and hydrogen sulphide (H,S) [4] is com-
pulsory in industrial, medical, and living environments.

Many experiments made on gas adsorption in CNSs
have evidenced, however, controversial results with partial
understanding of the processes involved [5].

The adsorption processes in CNSs can be, in fact, quite
tricky because chemisorption and physisorption phenomena
may coexist and, moreover, weak interactions are highly sen-
sitive to temperature, pressure, humidity, and so forth, that
may vary between different experiments [6].

Another source of uncertainty is that CNS samples are
often impure as uncontrolled phenomena and contamina-
tion may occur during synthesis [7] resulting in a variety of
carbon structures.

All these aspects are strong motivations for reliable atom-
istic modelling because the understanding of the adsorp-
tion/desorption processes is intimately related to the char-
acter and the strength of the atomistic interactions. The
methods chosen to model such systems, however, may vary
greatly depending on the level of accuracy, on the number of
particles treated, and on the specific system considered.

The paper is organised as follows: in the next section we
give an overview on the recent literature on gas adsorption
CNSs approached by the main atomistic theoretical schemes
that are introduced in Section 3; in the following three
sections, results on gas physisorption and chemisorption in



NCSs by atomistic modelling are detailed and revised criti-
cally with some emphasis on hydrogen and methane due
to their importance in technology. Finally some concluding
remarks emerging from the general scenario are drawn for
the different cases treated.

2. Overview of Gas Adsorption in Nanocarbons

Carbon materials exhibit quite different adsorption proper-
ties depending on the valence states. Moreover, stable carbon
phases may coexist in amorphous carbon where “graphite-
like” or “diamond-like” short range order may occur. The
other metastable carbon allotropes, such as graphene, fuller-
enes, carbon nanotubes, carbon nanohorns, and so forth,
constitute the backbone of a novel carbon-based chemistry
and nanotechnology and exhibit different adsorption pro-
perties; in the following of this paragraph, the recent liter-
ature on atomistic simulations of gas adsorption is briefly
introduced for various allotropes.

2.1. Graphene and Activated Carbons. From graphene, that
may be considered a CNS by itself [8, 9], several other CNSs
can be processed such as armchair semiconducting or zig-
zag metallic graphene nanoribbons (GNRs), obtained by
standard lithography [10], or graphite nanofibers (GNFs).
Nanostructured graphite, either hydrogenated or not, can be
synthesized by ball milling in a controlled atmosphere, and
also activated carbons, consisting of a multitude of stacks
of disordered graphene planes of various sizes, are obtained
from graphene by steam or chemical agents processing.

Systems for hydrogen storage in graphene-based NSs
have been studied concerning both physisorption and chem-
isorption [11, 12] revealing that doping or defects affect the
storage capacity as found, for instance, in Li doped graphene
[13].

Thanks to their metallic behavior, graphene layers have
been widely studied also for gas sensing applications of
various gas species (NO,, H,O, NH3, O,, CO, N, and B;)
exploiting the charge carrier density change induced by
the adsorption [14-16]; some examples of graphene-based
“nanodevices” for pH sensors [17] and biosensors [18] can
also be found in the literature.

2.2. Fullerenes. Fullerenes and related structures are usually
considered as ideal adsorbents. Cgy (bucky-ball) can stably
host atoms of the appropriate size, either inside or outside its
spherical structure. Hexagonal lattices of Cgp molecules can
be deposited on a substrate in monolayered or multilayered
films while, at low temperatures, cubic Cq lattices (fullerite)
are favored; since these fullerene lattices have large lattice
constants (hundreds of nanometers), they are fairly appeal-
ing open structures for gas storage [19, 20]; thus different
adsorption sites in, f.i., hexagonal Cgy monolayers have been
studied.

Charged fullerenes have been explored for helium ad-
sorption [21] or as H, storage media as well [22]; more-
over it has been shown that “bucky-balls” can also easily bind
other gas molecules thanks to their polar properties.
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Doping of fullerenes may improve the adsorption of
molecular hydrogen and many examples can be found
involving light elements, such as fluorine, nitrogen, boron
[23], alkali [24—26] and transition metals (TMs) [27-30] and
silicon [31].

2.3. Carbon Nanotubes. Single walled carbon nanotubes
(SWCNTs) [32, 33] are single graphene sheets folded to form
a cylindrical shape in various ways (chirality) resulting in
semiconducting or metallic behavior [7].

Gas adsorption occurs in carbon nanotube (CNT) arrays
both inside and outside the tubes and hydrogen storage
has been intensively studied using classical models [34—
37], quantum mechanics [38-40], and hybrid models [41]
showing that H, molecules are weakly bound on carbon
nanotubes even though H chemisorption may also occur
[42]. Similarly to fullerenes, doping of CNTs with metal
species such as Ti [28], Li, Pt, and Pd [43-45] can improve
the adsorption.

Functionalized CNTs are predicted to be suitable for
sensing of hydrocarbons [46-51] that can be employed also
as hydrogen sources in reforming processes [52].

Defects insertion, structural deformation, or doping are
also employed to improve the binding of low adsorption
gaseous species on bare CNTs [53]. B or N doped CNTs
exhibit nice adsorption features for H,O and CO molecules
[54] while TMs doped zigzag and armchair SWCNT have
been studied for the detection of N, O,, H,O, CO, NO,
NHj3, NO,, CO», and H,S [44, 48, 55]. Concerning sensing,
however, metal doped SWCNTs are still problematic because
their transport properties are weakly affected by the adsorbed
molecules [56]. CNT bundles have been studied also for the
storage of noble gases such as He, Ne, Ar and Xe and N,
(36, 42,47, 57, 58].

2.4. Other CNSs. Single walled carbon nanohorns (SWC-
NHs) are conical-shaped graphene sheets that tend to form
spherical aggregates with “internanohorn” and “intranano-
horn” accessible pores; hydrogen and nitrogen adsorption in
such structures have been studied both experimentally and
theoretically [59, 60].

During the synthesis it may happen that one or several
tullerenes get stacked in the internal cavity of a nanotube
[61]. Such “peapod” structures are ideal gas “nanocontain-
ers” with enhanced binding properties [62].

3. Theoretical Methods

Various atomistic simulation schemes are currently em-
ployed to model gas adsorption in CNSs. Of course, chem-
isorption and bonding events must be approached by quan-
tum theory and CNSs as gas sensors, which require an accu-
rate description of the chemical interactions and the elec-
tronic properties, are approached by quantum chemistry
techniques [63, 64] or ab-initio calculations based on the
Density Functional Theory (DFT) [65, 66]. These schemes
are also used to study the equilibrium configurations of phy-
sisorbed molecules in CNSs.



Journal of Nanomaterials

Collective studies on gas adsorption are usually studied
with the Metropolis scheme [67, 68] in various statistical en-
sambles.

Other models based on the continuum theory of fluids
are also used to model the gas adsorption experiments in
carbon porous materials [69-72].

In the next section we introduce briefly the above-listed,
not exhaustively, theoretical schemes evidencing their limits
of validity and accuracy levels.

3.1. Density Functional Theory ab-Initio Calculations. DFT
ab-initio calculations [73, 74] are efficient tools to study
atomistic systems and processes [75, 76]. According to DFT,
the total energy of a system of ions and valence electrons is a
functional of the electron density n(r):

E[n(r)] = Fu[n()] + f Vext (£)n(r)d, (1)

where vex (r) is the ionic potential. The universal Hohenberg-
Kohn functional is Fyg[n(r)] = T[n(r)] + Vee[n(r)]
where T[n(r)] and V...[n(r)] are, respectively, the electron
kinetic energy and the electron-electron interaction energy;
Ve.e[n(r)] contains the Coulomb and exchange-correlation
energy Ve.[n(r)] = Vi[n(r)] + Vxc[n(r)]. The total energy
is variational with respect to the electron density and the
ground state is obtained self-consistently [75-77].

The key factors affecting the accuracy of the DFT cal-
culations are the pseudopotentials, used to replace the ionic
potential (for computational reasons) [78-83], and the
scheme adopted to approximate the exchange-correlation
potential Vxc[n(r)] that is unknown a prior; the most popu-
lar schemes are the local density (LDA) [73, 77] and the gen-
eralized gradient (GGA) approximations [84, 85] and some
of them are very accurate such as PBE, B3LYP, and so forth.
[65, 84-87]. Generally speaking, LDA and GGA are robust
for chemisorption but inaccurate for long-range interac-
tions even though recent studies have shown that the LDA
results are surprisingly accurate in many cases [88].

3.2. Hartree-Fock Based Quantum Chemistry Techniques.
Various strategies are used to include the electron correlation
in Hartree-Fock (HF) based calculations [63, 64, 89-92]; in
the Configuration Interaction (CI) scheme, the HF ground-
state wavefunction is replaced by a linear combination of
ground and excited states obtained by populating virtual
molecular orbitals (MOs). CI is very accurate but limited
to very small systems for computational reasons. Various CI
schemes are used, namely, CIS, CISD amd SF-CISD includ-
ing, respectively, single, single and double (CIS) and spin
flips excited states [63, 64, 90, 92].

In the Moller-Plesset method (MP) the correlation
potential V is treated as a perturbation of the HF Hamilto-
nian H = H” + 1V and, for a system of 7 electrons, N nuclei
and m occupied states, it is formally defined as

m m 1 m K;;
EPHESS AR BC
i=1 j>i

i=1 j>i

with J;, Kij being the usual HF Coulomb and exchange inte-
grals.

The exact wavefunction is obtained by solving the secular
equation where both wavefunctions and the eigenvalues are
expanded in Taylor series of the perturbation parameter A;
the g-order of the wavefunction expansion in terms of a
complete set of the HF eigenfunctions is denoted as MP,,.
MP2 is enough efficient but the correlation energy can be
severely underestimated while MP4 is quite accurate, but
limited to small systems due to computational limits.

Beyond MPq theory, multiconfiguration states are used
instead of single determinants (MCSCF: multiconfiguration
self-consistent field) with various “multireference” perturba-
tion schemes such as CASTP2D [63, 64, 90, 92].

The Coupled Cluster (CC) theory [63, 93] is virtually
equivalent to a full-CI approach because the wavefunction
is represented as

¥ = e Wy, (3)

where T = Ty + T+ T3+ Ty+ - - - is the “cluster operator” that
formally includes all the possible excited states, T; being the
state with 7 excitations of the HF ground state [90]. Among
the different CC schemes encountered, one of the most
popular is the CCSD(T) that includes also a singles/triples
coupling term [90].

3.3. Monte-Carlo Sampling Techniques in the Grand-Can-
onical Ensamble. The Metropolis algorithm [67] allows the
Monte Carlo sampling of a N-particles statistical ensamble
such as the Grand Canonical one that is suitable to study
gas adsorption. Many particles are required in this scheme
and thus reliable classical atomistic interaction potentials
must be used [68]. A physical quantity is measured by
calculating it statistically over the ensamble that is generated
by using acceptance rules that depend on the energy and
the particles number. Hence, the pressure dependence of the
equilibrium gas density in CNSs can be calculated. The above
described Grand Canonical Monte Carlo (GCMC) method is
suitable for large scale gas adsorption studies provided that
chemical events, such as bonding, reactions, and so forth,
are excluded; the key factor affecting the reliability of GCMC
simulation is the accuracy of the interaction potential and
still nowadays, the simple Lennard-Jones (L]) potential (and
the ones derived from it) is a popular choice [36, 42, 94].

Quantum effects are encompassed mainly through the
Path Integral Monte Carlo (PIMC) approach where the
quantum system is mimicked by a classical polymeric ring
system whose equilibrium properties return the statistical
properties of the quantum system [37, 95, 96].

3.4. DFT Nonuniform Fluid Models. In the spirit of DFT, a
variational method to find the ground state particles density
in fluids was developed with particular emphasis for fluids
close to surfaces [69, 70]. For such systems, the intrinsic free
energy functional that must be minimized (e.g., by solving
the Euler-Lagrange equations) is made of two terms:

Flp(®)] = Fus[p(r)] + % ﬂ u(r, ©)p()p(e)drdr,  (4)

where Fys[p(r)] is the universal “hard-sphere” free energy
functional that contains the repulsive energy, and u(r,r’) is



the attractive part of the pairwise interaction potential. As
Fus[p(r)] is not known a priori, the Local Density (LDA)
or the Smoothed Density Approximations (SDA) can be
employed [71, 72]. In the “non-local density functional the-
ory” (NLDFT), SDA is adopted, the density being smoothed
by an appropriate weight function, in order to reproduce
the Percus-Yevick description of a homogeneous hard sphere
fluid [97]. With this approach, the structural properties and
the adsorption isotherms of gases are calculated, and the pore
size distribution of the adsorbant can be extrapolated.

4. Physical and Chemical Adsorption of
Gaseous Species in CNSs

In the previous sections we have emphasized that atomistic
modeling of gas adsorption in CNSs should be treated dif-
ferently depending on the specific phenomena involved,
either physical adsorption or chemical bonding.

Therefore, we will treat separately the gas adsorption in
CNSs depending whether either physical adsorption pheno-
mena or chemical bonds are involved and, as a consequence,
the next two sections will be focused on the physisorp-
tion (Section 5) and chemisorption (Section 6) phenomena,
respectively.

Sometimes, however, the classification of the studied
phenomena in terms of physical or chemical adsorption is
quite difficult due to the occurrence of strong polar interac-
tions or weak charge transfer that make uncertain the classi-
fication of the case under study; in these cases, the calculation
of energetic quantities, such as the activation energy or
the adsorption enthalpy, may help to get a clearer scenario
because it is expected that physical adsorption exhibits lower
adsorption enthalpy values than the ones involved in chem-
ical bonds.

5. Gas Physical Adsorption in CNSs

A great deal of the scientific literature over the past twenty
years has been devoted to hydrogen physical adsorption in
carbon nanomaterials of different allotropic forms due to the
potential impact of nanotechnology to solve this challenging
problem that is still preventing the hydrogen economy from
the success.

Thus we have chosen to dedicate the next subsection to
hydrogen storage and to treat the other gaseous species in
the following subsections.

5.1. Hydrogen Physical Adsorption. In order to evaluate the
hydrogen storage performance of CNSs, one should always
refer to the DOE target as the minimum extractable loading
for addressing the commercial storage needs.

The typical parameters used to measure the storage are
the gravimetric excess (excess hydrogen adsorption):

0
E _ mHZ - mHz
o= 0 - (5)
muy, — My, + Mads

(m%z, mu,, and m,gs being, respectively, the free and the
precipitated molecular hydrogen mass and the mass of the

Journal of Nanomaterials

16

12

n
-t = !
n Uy -:l_'-r.-f ’-h.

1998 2000 2002 2004 2006 2008 2010

Year

Hydrogen storage capacity (wt. %)
[

FiGure 1: CNT hydrogen storage capacities from the literature ver-
sus the year of publication. From [40].

adsorbent nanostructured material) and the analogous volu-
metric excess.

CNSs can be considered as ideal hydrogen adsorption
media due to the high surface/volume ratio favouring phy-
sisorption with fast adsorption/desorption thermodynamic
cycles. The atomistic modelling of such phenomena in nano-
tubes or fullerenes benefit from their well-known atomic
arrangements and thus the possible discrepancies between
theory and experiment arise from impurities, samples dish-
omogeneity, and the limits inherent in the theoretical
approach adopted.

On the contrary, complex CNSs, such as activated carbon
(AC) or microporous carbon, are particularly challenging
because require a great deal of effort to build reliable atom-
istic models. Thus the literature on atomistic modelling of
hydrogen adsorption in CNSs is discussed with reference to
the various allotropes considered.

5.1.1. Carbon Nanotubes. Early experiments on CNTs, dating
back to the end of the ‘90s, indicated these CNSs as
ideal candidates to fulfill the DOE requirements [98]. Since
then, many controversial theoretical and experimental results
appeared; recent review papers [99-102] have discussed the
experimental data spread (see Figure 1), especially affecting
the early measurements, suggesting that it originates from
experimental errors and from the samples inhomogeneity
and impurity. Nowadays, new purification strategies have
been introduced evidencing that hydrogen storage in CNT
media may be problematic.

H, physical adsorption in SWCNT or MWCNT systems
has been mainly studied by GCMC and molecular dynamics
simulations using simple LJ-derived potentials which have
been proven to give realistic results. Apart from early, uncon-
firmed results [34] supporting the exceptional uptake per-
formance reported in coeval measurements [98], atomistic
modelling have evidenced a complicated scenario: H, uptake
can occur either on the external (exohedral) or on the inter-
nal surface (endohedral) of a SWCNT where atomic hydro-
gen is unstable and only molecular hydrogen can exist [39].
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However the endohedral storage is limited by steric hind-
rance phenomena that may cause the breakdown of the tube
if it is excessive.

The L] parameters of the carbon-gas interactions are
usually obtained from the well known Lorentz-Berthelot
rules o;c = (0gg + 0cc)/2; ggc = /Eeg * €CC where ogg, €44
are the L] gas/gas parameters and occ, écc are the LJ car-
bon/carbon parameters.

Stan and coworkers [36, 42, 58, 94] have integrated the
L] potential over an ideal CNT surface for different gaseous
species that casts in the following potential of a molecule in
the vicinity of an ideal CNT:

V(r,R) = 3nbec?
10 4
X B;(;) Sr1(e) My (x) — (%) ]%(x)MS(x)},
(6)

where r is the distance from the cylinder axis, 8 = 0.38 A
is the surface density of C atoms, and R is the radius of the
ideal cylinder, x = r/R(x = R/r) if r < R(R < r) and

g i;{)
Mn = 5
(x) JO (1 +x2 — 2xcos ¢)n/2

0 r <R @)

FE=1(RY s

This model has been used to calculate the uptake of different
gases in CNT bundles showing that, provided that the
adsorbate molecule is small enough (as in the hydrogen case)
and that the tubes are properly arranged in a honeycomb
structure, the amount of hydrogen in the interstitial regions
is comparable to the one inside the tubes.

Anyway, the approximations included in this model were
quite severe (for instance the gas-gas interactions have been
neglected) and these results have been revised by GCMC sim-
ulations [103] with the Silvera-Goldman potential [104] for
H,-H, and the L] potential for C—H; it was shown that the
adsorption isotherms decrease as the rope diameter increases
because the specific area uptake in the interstitial and
endohedral sites is nearly independent on the rope diameter
(see Figure 2). These results agree with recent experiments
and show that the DOE requirements are not satisfied at
room temperature in the 1-10 MPa pressure range, even for
an isolated SWCNT. PIMC simulations for (9,9) and (18,18)
SWCNT arrays, implemented with the Silvera-Goldman and
the Crowell-Brown [105] potentials respectively, for H,—H,
and C-H;, have shown that quantum effects lower the
GCMC results independently on the CNT chirality [106] and
confirm that the previous optimistic experimental results on
bare CNTs [98, 107] cannot be explained by physisorption.

GCMC simulations have been used also to study how
hydrogen physisorption in CNT media is affected by oxida-
tion or by hydrogen chemisorption [108] showing that oxi-
dation should favor the endohedral physical adsorption thus
increasing both the volumetric and the gravimetric densities

el
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Weight efficiency (%)
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|
0 5 10 15 20 25 30 35 40
Pressure (MPa)

(b)

FiIGUure 2: GCMC adsorption isotherms for the (15,0) CNT.
(a) gravimetric density; (b) volumetric density for perfect (full
symbols) and 10% hydrogenated (open symbols) CNTs compared
to compressed gas data. From [108].

(see Figure 3). The theoretical limits of the hydrogen physical
adsorption in SWCNT systems have been discussed by Bhatia
and Myers [109] who recast the problem as a delivery one
involving storage and release.

The delivery is defined from the adsorption/desorption
Langmuir isotherms at different pressures as

KPll’lm Kle’lm
D(K,P,,P,) = - .
(K, P1, P) 1+KP, 1+KP, (8)
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and the discharge pressures and the adsorption capacity and
AHy, ASy are the average heat of adsorption and the entropy
change. Using GCMC simulations and thermodynamic argu-
ments, the theoretical maximum delivery has been estimated
lower than 4.6wt%, even for optimal temperature (see
Figure 3) given the adsorption heat AH, = 6kJ/mol. In this
context, the authors evidenced with persuasive arguments
that the H, heat of physisorption on the SWCNT “side-wall”
(related to the L] energy parameter ec_p,/kg ~ 31 K) makes
pure CNTs unfit to satisfy the DOE requirements.

Before drawing conclusive statements, however, it should
be emphasized that the L] energy parameter ecp, used
in the simulations discussed so far did not include any
curvature correction. To correct this discrepancy, the L] para-
meters for endohedral and exohedral adsorption have been
calculated using quantum chemistry methods: f.i. Guan and
coworkers [110] have used MP2 evidencing that the cur-
vature of a (10,10) CNT makes the endohedral adsorption
stronger than the exohedral one.

The difference between the endohedral and exohedral
H, adsorption has been evaluated in the frame of NLDFT
for a CNT square lattice arrays showing that the outer
adsorption, that depends on the Van der Waals gap (i.e., the
“intertubular” distance in a bundle of nanotubes) can be
improved [41].

The binding energy of physisorbed H,, calculated by
accurate DFT in both zigzag and armchair CNTs, is in the
range 0.049 ~ 0.113eV due to dipolar interactions [48];
these values are slightly improved in nanotube bundles where
the adsorption energy for the interstitial and groove sites

is larger. Dag and coworkers [111] have tried to clarify
the nature and the strength of H, adsorption on armchair
CNTs by using a hybrid model accounting for GGA-DFT
short-range interactions and Van der Waals long-range forces
[112]. The equilibrium configuration was found at a distance
dyp = 0.31nm with a binding energy of 0.057 eV (almost
independently on the tube curvature) that, despite implying
the revision of previous results, does not change the whole
scenario. Indeed, theoretical calculations have shown that,
in order to have good delivery properties with efficient
charging/discharging cycles, a system with an adsorption
heat of about 15 kJ/mol should be considered [109, 113].

Therefore many authors have suggested that CNT
adsorbing properties could have been improved by doping
with different species, mostly alkali and transition metals.
In a Li doped SWCNT, lithium atoms donate the 2s valence
electrons to the lowest CNT conduction band so that the
semiconducting SWCNT becomes metallic. The equilibrium
distance from the Li impurity of the physisorbed hydrogen
molecule is dy = 0.34 nm or dy = 0.21 nm for Li, respectively,
internally or externally bonded on the tube [111]. Generally
speaking, if the interaction potential and the configuration
of the doping alkali metal species are modeled reliably, the
hydrogen adsorption results to be enhanced and SWCNT
could possibly approach the DOE threshold as shown in
Figure 4 [114] where GCMC simulations of Li doped CNT
arrays are reported.

High capacity hydrogen storage has been reported in B-
doped or defective nanotubes with Ca impurities [115]; in
this case the empty Ca 3d-orbitals form hybrids with the
H, o-orbitals thus enhancing the hydrogen uptake up to
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F1GUrEk 4: Influence of doping ratio on hydrogen uptake in a (15,15)
SWCNT array. From [114].

5 wt%. In this case, moreover, Ca impurities do not clusterize
and remain dispersed on the tube side-wall.

More uncertain is the benefit of this strategy, however,
if one considers the whole amount of adsorbed gas and
the delivery properties of real samples due to their inherent
inhomogeneity and complexity.

Chen and coworkers [43] tried to improve the uptake
in a peapod structure obtained by encapsulating a fullerene
molecule inside a Li-doped SWCNT; in this case a complex
charge transfer process occurs favoring Li charging and its
strong bonding to the CNT surface that results in a noticeable
increase of H, binding.

5.1.2. Activated and Microporous Carbons. In the case of acti-
vated (AC) and microporous carbon (MPC) as gas storage
media, a severe bottleneck for theoretical predictions is the
definition of reliable atomistic models for such disordered
materials. Also these materials, however, suffer from the
limiting factor of the C—Hj; interaction properties that make
unlikely large amount of H, storage by physisorption.

Several potential functions, such as the Mattera, the
Taseli [116], and the Steele 10-4 potential [117] have been
employed to treat the graphene-H, interactions in the con-
texts of the “slit-pore” model where pores are delimited by
graphene planes [109]; most of these studies predict similar
values of the adsorption heat and the excess gravimetric
percentage that is below the DOE requirements at the oper-
ating pressure and temperature. In contrast, about 23 wt%
has been obtained by extrapolation at very high pressure
conditions where it has been claimed that the hydrogen
density exceeds the liquid hydrogen one [118]; anyway this
idea has been confuted by molecular dynamics simulations
at 77 K showing also that oxygenation, differently from the
CNT case, does not improve the uptake [119].

Recently, well-founded atomistic models of ACs and
MPCs have been obtained using the Hybrid Reverse Monte

Carlo (HRMC) scheme [120, 121] starting from an initial
realistic “slit-like” pore configuration obtained from exper-
imental data on the pore wall thickness and size distribution
(PSD).

The HRMC algorithm has been applied on the basis of
the following acceptance criterion:

A 2 2
Pace :min{l,exp<—(§+£ET>>}, 9)
B

2 N (gs(ri) - gexP(ri))z
=2 (10)
i=1

o} ’

with

where N, g (r), gexp(r), o; are, respectively, the number of
experimental points, the simulated and the experimental
radial distribution functions and, lastly, the errors inherent
the experimental data (treated as adjustable parameters).
The AC atomistic model is finally obtained (as shown
in Figure 5) by simulated annealing in multiple canonical
ensambles with gradually decreasing the temperature and
parameters o; in order to minimize the energy and x? con-
textually [120]; an environmentally dependent interaction
potential (EDIP) [122] or a reactive empirical bond order
potential [123] can be used to this aim. On this basis, GCMC
simulations with the Feynman-Hibbs (FH) correction for the
quantum dispersion effect [96, 124] have been performed at
cryogenic temperatures [125]; the FH interaction potential is

Upa () = U ()

24u )\ r or or?
(11)

where X = C, Hy, y = mxmpy,/(mx + muy,), Ufsz(r) is the
classical LJ potential and the C-H, parameters are defined
using the Lorentz-Berthelot rule.

The energy parameter of a curved surface has been
obtained by correcting the one of a flat surface with the
factors C, = 1.134, C,” for the surface-fluid and the surface-
surface interactions, respectively. Then the effective FH inter-
action potential of H, with an immobile planar carbon wall
is calculated and used in a GCMC context where the H,—H,
interactions have been treated with the Levesque parameters
[126]; the C—C interactions have been treated by either the
Frankland-Brenner [127] or the Wang et al. [128] parameters
obtaining good results while the Steele parameters [129]
underestimate the adsorption. On this basis, reliable RT

isotherms for ACs and MPCs have been obtained using new

LJ parameters with an enhanced well depth (about ef*. =

37.26K) to correct for the increased surface polarizability
occurring when H, molecules approach the carbon surface.

5.1.3. Other Carbonaceous Structures. Other carbon nano-
materials, such as nanostructured graphite, GNFs, fullerenes,
nanohorns, and so forth, are frequently found in the
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literature as potential materials for hydrogen adsorption,
sometimes combined with alkali metal hydrides where
lithium carbide forms after few adsorption/desorption cicles
[130].

The interaction of an H, molecule with a graphene sheet
has been studied by LDA-DFT calculations [11] and the
energy curves, obtained by varying the molecule orientation,
the adsorption site, and the distance, show the typical van
der Waals behaviour for physisorption (see Figure 6). Thus
hydrogen uptake in GNFs has been simulated with con-
ventional LJ potentials showing that significant adsorption,
in any case below 1.5wt% at P = 10 MPa and RT [131],

occurs only if the interplanar distance is larger than 0.7 nm.
The usage of more accurate potential parameters, fitted on
MP2 ab-initio calculations of vibrational energy or on exper-
imental results [116], has demonstrated that, at cryogenic
temperature and ambient pressure, the adsorption capacity
of GNFs is about 2 wt%. However, MP2 results are affected by
long range errors and reliable potential well and equilibrium
distance can be obtained only with a large basis set. On
the basis of the above predictions, the experimental results
reporting adsorption excess data of 10-15wt% at RT and
P = 8 MPa [132, 133] are most probably due to chemisorbed
contaminants such as oxygen or residual particles of metal
catalysts used during the synthesis; this circumstance has
evidenced the potential positive role played by contaminants
in storage thus driving the researchers to study metal doping
also in these systems. Therefore some authors have suggested
doping with alkali metals, such as Li and K, to increase
the uptake. Indeed, Zhu and coworkers [134] have found
that charge transfer, occurring from the metal atoms to
the graphene layer, enhances the hydrogen adsorption at
low temperature while it is significantly weakened at higher
temperature. In this case Li is slightly more effective than K
because of the higher charge transfer from Li to graphene
(0.5e and 0.2e¢ for Li and K respectively) with an H, binding
energy almost doubled with respect to graphene. Because the
transferred charge remains localized near the metal atom, the
uptake enhancement does not hold if H, and Li stay on the
opposite sides with respect to the graphene layer [13].

Ca doping of zig-zag GNRs, approached by GGA-DFT,
has evidenced an H, gravimetric capacity of 5% at 0K,
with reduced clustering of the impurities; clustering can be
suppressed also in armchair GNRs by B—Ca codoping [135].
B codoping has been also explored in Li doped graphene
to suppress the metallic clustering and to fully exploit the
enhanced interaction for Li atoms with H, molecules due to
van der Waals forces and hybridization [136]. Other attempts
to improve storage in graphene include the usage of graphene
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Ficure 7: The binding energy of molecular hydrogen on charged or neutral fullerenes (a). Optimized hydrogen-fullerene complexes of
12H,-Cys>" (b) and 43H,~Cg,"* (c) with a hydrogen uptake of 6.67 wt% and 8.04 wt%, respectively. From [22].

layers deposited on metallic substrates [137] showing that Ni
and Pt subtrates behave differently, the first one increasing
the covalent bonding on graphene. It should be considered,
however, that oxygen adsorption is a competing process
that strongly suppresses the hydrogen adsorption in metal
doped graphene [138] thus making unlikely the usage of such
sysyems for hydrogen storage.

Similarly to other CNSs, fullerenes show low binding
energy values (few meV) for molecular hydrogen resulting
in poor uptake. Charged fullerenes could be used to improve
the uptake performance and ab-initio calculations of charged
fullerenes C} (=2 < q < 6, 21 < n < 82) have been per-
formed accordingly [26].

As reported in Figure 7(a), the binding energy of a
hydrogen molecule adsorbed at the fullerene surface can
be increased between two and five times depending on the
fullerene charge state whose polarity affects also the H,
orientation. An uptake of 8.04 wt% has been predicted at
best. Figure 8 shows both the electric field generated by the
charged fullerene and the hydrogen molecule charge density
map obtained under such an electric field, giving, at least
classically, a clear insight of the mechanism responsible of the
H, storage.

Charged fullerenes can be produced by encapsulating a
metal atom inside the fullerene cage: for instance, by entrap-
ping a La atom inside a fullerene, three electrons are trans-
ferred to C,. Anyway, in this case, the electric field outside
the carbon molecule still does not differ significantly from
the neutral case due to charge localization phenomena [22].

Enhanced adsorption on fullerenes can be obtained also
with transition metals (TMs) [29]: according to the Dewar-
Chatt-Duncanson model [139], the interaction is caused by
a charge transfer from the H, highest occupied molecular
orbital (HOMO) to the metal empty d-states followed by a
back donation from a metal d-orbital to the H, lowest unoc-
cupied orbital (LUMO). Cgy decorated with Ti have been
investigated extensively showing a hydrogen adsorption up
to 7.5 wt% depending on doping site: if Ti occupies a hollow

site, it strongly binds to the cage and no charge transfer to the
hydrogen ¢* molecular orbitals occurs thus causing hydro-
gen physisorption; on the contrary, if Ti atoms occupy other
sites, at least one H, molecule dissociates and is bonded to
the Ti atom while the other hydrogen molecules are physi-
sorbed nearby the impurity.

However, Sun and coworkers [140] have found that Ti,
similarly to other TMs, tend to agglomerate after the first
desorption cycle, thus reducing the hydrogen physisorption
and storage. The same authors have demonstrated also that
Li;;Cqp molecules can bind up to 60 hydrogen molecules
resulting in a theoretical gravimetric density of 13 wt% with a
nearly constant binding energy [25]. This is due to the large
electron affinity of Cey (about 2.66 eV) causing the capture
of Li valence electrons that strengthen the bond; then the
positively charged Li impurity causes the polarization of the
H, molecules resulting in an increased interaction. Moreover
it was also demonstrated that Li;,Cgo clustering affects only
moderately the hydrogen binding properties.

Alkaly metals doping of Cgo have been studied also by ab-
initio B3LYP/3-21G(d, p) calculations [24]: being positively
charged with respect to fullerenes, these impurities can bind
up to six (Li) or eight (Na and K) H, molecules. By increas-
ing the number of Na atoms, the average binding energy
remains almost constant because each hexagonal ring of the
fullerene cage behaves independently showing a highly local-
ized reactivity at the individual rings. NagCg is found to be
energetically stable with a theoretical hydrogen gravimetric
ratio of 9.5wt %. DFT calculations of Cqy doping with alkali
metals of the second group (Ca, Sr) have evidenced that
a strong electric field arises depending on the significant
chemical activity of d-orbitals in these species [141], unlike
Be and Mg: the fullerene 7*-orbital, that is partially occupied
by the electrons of the alkali metal s-orbital, hybridize with
the alkali metal d-states thus resulting in net charge trans-
fer that causes the H, polarization giving a theoretical hydro-
gen uptake of 8.4wt%. In Figure 9 spin resolved PDOS
(projected DOS, i.e., projected density of states) of a single
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(143].

hydrogen molecule on Ca-coated fullerene evidences that
the hydrogen o-orbital, located far below the Fermi level,
remains unchanged; also the charge density variations,
induced by the hydrogen adsorption, suggest that polariza-
tion of the H; occurs near the Ca atom.

Carbon nanocones (CNCs) have been investigated as
possible alternatives to CNTs for hydrogen storage [142]. The
adsorption isotherms at 77 K in CNC structures with differ-
ent apex angles have been calculated by GCMC simulations
[143] where C-H, interactions are treated with second

order Feynman-Hibbs L] potentials showing that molecular
hydrogen can be confined in the apex region inside the
cone, in agreement with recent findings from neutron
spectroscopy of H, in CNHs [59]. The hydrogen density
obtained is reported in Figure 10 as a function of the fugacity.
The density behaves differently for the high/low pressure
regimes. In any case, the theoretical data demonstrate that
the hydrogen uptake is larger in a CNC than in a CNT and
this behavior is attributed mainly to the high interaction
region close to the apex. Quite recently Ca-decorated carbyne
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FiGure 11: Endohedral excess adsorption of methane in SWNT arrays. From [145].

networks have been considered in the framework of ab-initio
DFT calculations suggesting that this system could benefit
of a surface area four times larger than graphene. Each Ca
decorated site has been predicted to adsorb up to 6 hydrogen
molecule with a binding energy of 0.2 eV and no clustering
was observed in the model [144].

5.2. Physical Adsorption of Gaseous Species Other than Hydro-
gen. Other gaseous species are considered for adsorption
CNSs; among them, noble gases are important case studies
because they are used in adsorption experiments at low tem-
perature to measure the CNSs pore size distribution; On the
contrary, condensation phenomena occur in these systems
that, being studied in the context of the low temperature
physics, are beyond the aims of the present review and
will be omitted. However modelling of porosimetry exper-
iments concerning carbon microporous and nanoporous
media where physical adsorption phenomena do not cause
condensation will be explicitly treated.

In the following, moreover, a special emphasis will be
devoted to methane adsorption that is attracting a growing
interest for alternative automotive energy sources. Methane,
in fact, can be efficiently stored in CNSs because of its high
physisorption binding energy making it attractive for storage
at RT and moderate pressure.

5.2.1. Methane Adsorption. Methane uptake in CNT bun-
dles has been studied by Stan and co-workers for rigid
tubes following the same approach adopted for hydrogen
(Section 5.1.1) [36,42]. L] parameters and Lorentz-Berthelot
rules have been employed to calculate the ideal uptake curves
Ogg = Ogg(&gg) (for endohedral and interstitial sites) at low
coverage for a threshold gas density and fixed chemical
potential and temperature; in spite of the deep potential
energy wall (egg = 145K) of methane in CNSs, low uptake
values at moderate pressure were predicted mainly due to the
methane molecular size.

GCMC simulations have been performed to calculate the
adsorption excess for both the endohedral and interstitial

sites of CNTs for different pressure values and van der
Waals gaps between the tubes [117, 145, 146] (see Figures 11
and 12). The decreasing behavior of the interstice excess
adsorption reveals that the outer uptake saturates while the
gas density increases linearly for compression. The usable
capacity ratio (UCR), that measures the available fuel upon
adsorption/desorption cycles with respect to the available
fuel in a storage vessel, is calculated for different loading
pressures and van der Waals gaps (see Figure 13).

For each CNT type and loading pressure, it can be found
a peculiar arrangement of the CNT array that maximizes the
UCR with respect to the volumetric capacity of the com-
pressed natural gas (CNG) (about 200 V/V at 20 MPa) show-
ing that the CNG value is obtained at a much lower pres-
sure in these structures [145]. The potential advantage of
carbon tubular “worm-like” structures (CNW: carbon nano
worm) over CNTs for methane storage was evidenced by
calculating the “Langmuir-type” adsorption isotherms of
these structures compared to (10, 10) armchair CNTs [147].

As expected, the measured isosteric heat of adsorption is
maximum for the most corrugated wormlike tube examined,
in accordance with the large methane adsorption excess
measured.

Using basically the same method, the isosteric heat of
methane adsorption at zero loading in various CNT arrays
has been calculated focusing on different uptake sites such
as interstitial, surface, groove, “intratubular”, and so forth
[148]. If allowed, the interstitial adsorption site is the most
favorable followed by intratubular, groove, and surface sites.

Hydrogen and methane mixtures (hythane) are also con-
sidered for adsorption in CNT arrays, slitlike carbon nano-
pores, and mesoporous carbons. This is aimed, for instance,
to separate hydrogen, and methane in synthetic gas obtained
from steam reforming of natural gas or for storage clean fuels
on vehicles [149-151].

It has been demonstrated that hythane storage in slitlike
pores and CNTs can achieve the volumetric stored energy
threshold of 5.4 MJ/cm? for alternative automotive fuel sys-
tems established by the US Freedom Car Partnership.
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Moreover GCMC simulations using the Feynman-Hibbs
quantum effective potential have evidenced important selec-
tivity properties of CNT matrices. For instance, arrays of
CNTs with diameter between 1.2-2.4 nm have large volumet-
ric energy storage with respect to compression and evidence
methane separation properties at RT and low pressure.

Methane storage in CMK-1 nanoporous structures has
also been investigated by GCMC in combination with poro-
simetry. The isosteric heat values measured are within a
broad range because of the heterogeneous nature of these
materials [151].

5.2.2. Physical Adsorption of Other Gaseous Species. CNSs
have been repeatedly proposed also for sensing exploiting
gas chemisorption. However, sometimes the scenario is
more complicated and, instead of chemisorption, strong

physisorption is observed if accurate quantum chemistry
methods are employed to describe the system. Moreover a
significant part of the literature concerning physisorption of
various gas species has been aimed to support porosimetry,
especially concerning AC, MPC, and other disordered porous
structures. Porosimetry has been often studied in connection
with the storage problem to get reliable adsorption volume
measurements. For instance, the adsorption isotherms for
nitrogen, argon, carbon dioxide, and so forth, have been
fitted by using GCMC or NLDFT using several interaction
potentials, sometimes quantum corrected [152-155], in
order to infer reliable pore size distributions from the experi-
ments (see Figure 14) [154].

Nitrogen physical adsorption in CNT arrays has been
studied at subcritical (77K and 100K) and supercritical
(300K) temperatures showing that type II isotherms at
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subcritical temperatures can be explained by taking into
account the outer surface adsorption sites of the CNT
bundles [57].

The rest of this subsection is dedicated to the physisorp-
tion of gaseous species, different from H, and CH,, in
graphene NSs and CNTs.

(1) Graphene. Thanks to its high conductivity, graphene is
considered ideal for sensing purposes also because adsorbed
species cause an enhanced response of this two-dimensional
structure. Indeed charge carrier concentration can be varied
by adsorption of various gases, even though the adsorbate
identification may be problematic and accurate atomistic
modelling is mandatory.

The graphene charge carrier concentration may be
changed by charge transfer that depends on the HOMO
and LUMO energy levels of the adsorbate with respect to
the graphene Fermi energy. If the HOMO energy is above
the graphene Fermi level, a negative charge is transferred
from the molecule to the graphene whereas the opposite
occurs if the energy of the LUMO is below the Fermi level.
In addition, charge transfer is also partially determined by
the mixing of the HOMO and LUMO with the graphene
orbitals. In general charge transfer occur through bonding
phenomena but sometimes a more complicated mixture of
weak chemisorption and strong physisorption is evidenced.

P-type doping of graphene, for example, can be achieved
by NO; (or its dimer N,O4) adsorption [15], at large dis-
tances (between 0.34 nm and 0.39 nm) with one distinction:
the open shell monomer electron affinity is larger than
the dimer one suggesting that paramagnetic molecules may
act as strong dopants. This hypothesis has been checked
by ab-initio calculations on several species, such as H,O,
NH3;, CO, NO; and NO [156], evidencing that the charge
transfer depends on the adsorbate orientation, it is nearly
independent on the adsorption site and that paramag-
netic molecules may not behave as strong dopants: indeed,
while NO, adsorption exhibits both chemisorption and
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Physical Society.

physisorption characters with relatively strong doping
(—0.1e) at large equilibrium distance (0.361 nm), no doping
occurs for NO with negligible charge transfer (<0.02e at
0.376 nm distance). The different behavior of NO and NO,
on graphene can be understood looking at the spin-polarized
DOS reported in Figures 15 and 16. The NO, LUMO (6al,
1) is 0.3 eV below the graphene Fermi energy and therefore
charge is transferred from graphene to the molecule. In the
NO case, on the contrary, the HOMO is only 0.1 eV below
the Fermi energy, is degenerate (27, 27,), and coincides with
the LUMO. Thus the charge transfer is weak and the leading
phenomenon is the mixing between the NO HOMO/LUMO
and the graphene orbitals; as the hybridization above the
Fermi energy prevails, the orbital mixing leads to charge
transfer to graphene.

The stable configuration of triplet O, on graphite has
been modeled by accurate quantum chemistry techniques
and high level DFT calculations [157, 158] evidencing that
the choice of the exchange-correlation is crucial (LDA and
PBE are inappropriate) and that spin unpolarized schemes
are mandatory. A consensus was reached concerning the
physisorption binding energy of 0.1eV at a distance of
0.31 nm and negligible charge transfer.

GNRs have been also functionalized with polar groups
(COOH, NH,, NO,, H,POs3) evidencing enhanced adsorp-
tion for CO;, and CHy physisorption CO, binding is by far
preferred over CH, in hydrogen passivate GNRs [159].

A comparative study on diatomic halogen molecules on
graphene has evidenced the crucial role played by the van
der Waals interactions (that is more marked for species with
large atomic radii) and the inadequacy of standard GGA-
DFT [160].

(2) Carbon Nanotubes. The detection of physisorbed mole-
cules on a SWCNT wall is an open problem of great
technological interest and ab-initio calculations have been
employed to this aim for several gaseous species such as
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H,O, NHj3, CO,, CHy, NO,, and O, [48]. Most of the mole-
cules studied are charge donors with small charge transfer
(0.010e ~ 0.035e per molecule) and exhibit a weak binding
energy (E, < 0.2eV) with no substantial electron density
overlap between the adsorbate and the nanotube. On the
contrary, acceptors such as O, and NO; exhibit a significant
charge transfer, often accompanied by large adsorption
energy, thus indicating that chemical and physical adsorption
characters coexist.

Aromatic compounds interacting with CNSs show a
similar uncertain nature of the bonding and their weak inter-
molecular forces, including van der Waals interactions, are
often referred to as 7r-stacking interactions as they originate
from the 7-states of the interacting systems [50, 51]. Strictly
speaking, 7 molecular orbitals can be found only in planar
systems such as graphene but for a CNT this concept still
holds if one considers the 7 bonds between the p-type
orbitals, referred to as POAV (m Orthogonal Axis Vector),
that are nearly orthogonal to the three o bonds between a
carbon and its three neighbors. There are different meta-
stable adsorption configurations of benzene on a CNT (see
Figure 17), the most stable one in narrow CNTs being
with the aromatic group above the middle of a C-C bond
(bridge position) that is different from the one on graph-
ene (top position). Therefore the most favorable adsorption
geometry should evolve from bridge to top as the nanotube
diameter increases. In any case, the electronic structure cal-
culation performed on these systems evidenced that the DOS
is a superposition of the ones of the isolated benzene and the
CNT, consistently with the fact that the -stacking is accom-
panied by a very small binding energy. Consequently, the
adsorption of benzene on a CNT is more appropriately class-
ified as physisorption, although van der Waals interactions
are not involved and a possible explanation is related to the
misalignment of the POAV of neighboring carbon atoms.
The adsorption of benzene derived molecules with different
dipole moment and electron affinity properties, such as
aniline (C¢Hs—NH,), toluene (C¢Hs—CH3), and nitroben-
zene (C¢Hs—NO;), on semiconducting (8,0) SWCNT have
been compared to the ones of benzene and of the “closed-
shell” functional groups NH3, CH4 and CH3NO; [161]. The
general trend found is that compounds with closed shells
are always physisorbed with minor changes of the CNT elec-
tronic structure while both physisorption and chemisorption
are possible for compounds with open shells. Moreover the
adsorption is promoted by either the functional groups or
the benzene rings depending on the configuration: for per-
pendicular configuration, the functional groups prevail while
for the parallel configuration the interaction occurs through
the 7 electrons. Thus, in the first case the adsorption energies
are at least 150 meV smaller. The equilibrium distances are
smaller than the C¢Hg equilibrium distance and larger than
the relevant functional groups ones, with the exception of
toluene.

Similarly to the other CNSs, doping has been proposed
to improve the physisorption of some molecular species
on CNTs; B- and N-doped carbon nanotubes experience a
large conductivity when exposed to CO or H,O [54]; more
specifically, CO molecules are physisorbed onto N-doped
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FiGURE 17: Energy curve of different benzene adsorption sites at the
CNT side-wall (distance of 0.32 nm). From [50]; copyright 2005 by
the American Physical Society.

CNT because no charge transfer occurs while in the B-doped
case chemisorption takes place (see below).

As for graphene, accurate quantum chemistry methods
and high level DFT calculations have been performed to
study O, physisorption at the CNT “side-wall” [157, 158].
Also in this case the calculation scheme may affect the results
and the choice of the exchange-correlation functional is
crucial. Using MP2 and other accurate quantum chemistry
methods (DFT-B3LYP, DFT-PBE), it has been shown that
O, in a triplet state is physisorbed at a CNT, independently
on the chiral vectors considered, at a distance of nearly
0.32nm with no charge transfer and low binding energy
(about 2.4 kcal/mol).

6. Gas Chemisorption in CNSs

In this section we treat the systems where the adsorbate-
substrate interaction can be unambiguously ascribed to
chemisorption with predominant bonding phenomena.

As in the previous section, we treat separately the case
of the hydrogen chemical adsorption on some of the most
recurrent carbon nanostructured adsorption media due to its
potential importance in new technology and energy sources.

6.1. Hydrogen Chemisorption. Generally speaking, hydrogen
chemisorption in carbon nanomaterials is not interesting
for storage purposes because of the large binding energy
involved that would make the experimental conditions for
the adsorption/desorption cycles of little practical use. How-
ever, in storage experiments a significant amount of physi-
sorbed hydrogen molecules could be involved in bonding
phenomena when the hydrogen molecules get close to the
carbons tanks to their thermal energy. Therefore hydrogen
chemisorption must be considered explicitly.

6.1.1. Graphene. Chemisorption of atomic hydrogen on
graphene leads to the appearance of a magnetic moment
[162, 163] with a local lattice distortion nearby the adsorp-
tion site. The phenomenon gives rise to a strong Stoner
ferromagnetism [164] with a magnetic moment of 1pup
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TaBLE 1: Hydrogen adsorption on graphene: data selected from recent atomistic simulations.
Adsorption Doping/site E, (eV) dy (nm) DFT model Reference
H, p H ~0.086 0.268 LDA [11]
H C T ~0.200 LDA [12]
H C T ~0.670 0.113 GGA [166]
H, P Li H —0.988 0.213 B3YLP [(134]
K H -0.701 0.304
H, p . H -0.092 0.270 LDA (3]
Li H —0.184 0.259
H C T —1.441 0.110 GGA [162]
Ca Edge -0.2
H, p 8 — GGA [135]
Ca/B Edge -0.2
H, p Li/B H -0.2 — GGA [136]

In the “Adsorption” column, C and P stand for chemisorption and physisorption, respectively (a chemisorbed hydrogen molecule involves its dissociation).

In the “Doping/site” column, H, T, and B indicate adsorption on a Hollow,
and/or equilibrium distances indicate the missing of the corresponding valu
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FIGURE 18: Spin-density projection on the graphene plane around
the hydrogen chemisorption site (triangle) (a); carbon atoms in
the « sublattice (o) and the S sublattice (o) are distinguished.
Simulated STM image (b). Adapted from [163]; copyright 2007 by
the American Physical Society.

per hydrogen atom, as evidenced by the spin-density in
Figure 18. According to the Stoner picture, magnetic order-
ing is driven by the exchange energy between the p_-orbitals
of ther adsorption sites and either ferromagnetism or antifer-
romagnetism occurs if the H derived bound states are located
at equivalent or different lattice sites. The energy difference
between different adsorption sites, namely top, bridge and
hollow, is small and hydrogen diffusion occurs even at low
temperature; as a consequence, two H atoms may easily
recombine and form molecular hydrogen that is immed-
iately desorbed from the graphene [165, 166].

On the other hand, full hydrogen coverage of both sides
of an isolated graphene layer form a stable structure where
each carbon undergoes a hybridization transition from sp?
to sp’. The situation is different at intermediate coverage and
strongly depends on the overall magnetization as indicated
by the linear dependence of the secondary H adsorption

Top, and Bridge site, respectively. Blank spaces in the column of binding energies
es in the original paper. Further details are referred in the cited articles.

binding energy on the “site-integrated” magnetization [167].
Therefore, at least at low temperature, it would be possible to
control the adsorption dynamics of H atoms by tuning the
substrate magnetization. In Table 1 we report some selected
data concerning the properties of hydrogen adsorption on
graphene.

6.1.2. Fullerenes. Novel fullerene organo-metallic molecules
have been deeply studied for hydrogen storage. To this
aim, light elements, either in interstitial (Li and F) or in
substitutional sites (N, B and Be), have been investigated as
doping species of Css and Ceo by means of LDA and GGA ab-
initio total energy calculations [23]. Fullerenes doped with B
and Be at substitutional sites exhibits large hydrogen binding
energies (0.40 and 0.65 eV, respectively) due to the strong
interaction between the B (Be) p.-orbital and the hydrogen
o molecular orbital (MO).

The orbital interaction, evidenced in Figure 19, causes
the splitting of the Hyo MO bonding state below the Fermi
level, whereas the B p,-state, that is normally located in the
range 1-3 eV above the Fermi energy for B-doped fullerenes,
shifts to higher energy values. Similar phenomena occur also
for C35B€—H2.

The charge transfer analysis, performed along the direc-
tion orthogonal to the hydrogen axis (see Figure 20), shows
that, in the case of B, only few electrons are involved in the
formation of a “three-center” bond, in contrast with the Be
case; therefore the hydrogen adsorption energy E, for Be
is larger and nearly insensitive to the number of adsorbed
molecules than the one for B (see Figure21) confirm-
ing that highly localized p,-orbitals are needed for not disso-
ciative adsorption. In the B case, moreover, hydrogen desorp-
tion may occur more easily. In spite of the advantages of
Be over B, however, a controlled Be doping is difficult to
obtain also because of its toxicity while B-doped fullerenes
has been already synthesized. In particular, first princi-
ples molecular dynamics simulations have revealed that
Cs4Bg hydrogenation is unstable and that the reaction path
(see Figure 22) causes the desorption to occur within the
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picosecond timescale [168]. Among the other doping species
investigated, Si is interesting because industrial Ce synthesis
is performed on silicon surface [31]. H, adsorption on the
Si site occurs at a distance of dy = 0.256 nm with 0.15eV
binding energy that indicates an intermediate state between
physical and chemical adsorption. A similar situation is
found also in Ni-doped fullerenes [27] where the Ni valence
states are depleted by about half an electron resulting in
large van der Waals interactions with a gravimetric ratio of
6.8 wt%. From Table 2, where are reported some selected
results concerning hydrogen adsorption on fullerenes, it
emerges that atomistic simulations predict Si, Li, Ca, and Sr
as the doping species that could enhance most of the hydro-
gen uptake in “fullerene-like” CNSs.

6.1.3. Carbon Nanotubes. Some of the most notable results
found in the literature concerning hydrogen adsorption on a

CNT are collected in Table 3 including data on both chemical
and physical adsorption. Following experimental evidences,
hydrogen chemisorption has been treated by DFT total
energy calculations studying two energetically favored sites
where atomic hydrogen is chemisorbed [39]. Both of them
are accompanied by an sp? to sp’ hybridization transition,
the most stable being characterized by the hydrogen atoms
alternating outside and inside on the tube “side-wall”
(zigzag type). Hydrogen half-full coverage of CNTs has been
investigated with high accurate quantum chemistry models
showing that this configuration is more stable with respect
to the full coverage case and suggesting that the deformations
induced by the adsorption of H atoms can affect the stability
of CNTs [38].

However, many experimental studies have shown that
the chemisorbed hydrogen storage capacity on pure CNT
media is less than 0.01 wt% at room temperature, resulting
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impractical for storage applications. As for fullerenes, CNT
doping with metallic impurities can improve the situation,
as evidenced using Ti [28]. Unpolarized spin density calcu-
lations have shown that, while an H, molecule approaches
a Ti coated zigzag CNT, the energy decreases in two steps,
the first one due to a charge overlap resulting in an increased
attraction between H, and Ti and the second one related
to the H, molecule dissociation with a final binding energy

of 0.83 eV. This scenario is quite different from the case of
Ti decorated fullerenes (where H, is simply physisorbed)
because of the different coordination numbers of Ti in the
two cases: in the CNT case, indeed, the larger Ti charge
is responsible for the H, dissociation and the subsequent
chemisorption. The first H, chemisorption event is followed
by the physisorption of three other hydrogen molecules on
the same Ti site. Alternatively four hydrogen molecules can
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FIGURE 22: Minimum-energy path of dissociation of a H, molecule obtained from the CI-NEB calculation (a)—(e). Numbers are the distance
between the hydrogen atoms in angstroms. (f) The calculated minimum energy path of the dissociation of the H, molecule. Two activation
energy barriers at 32 and 28 meV are found, respectively, from left to right. From [168] copyright 2008 by the American Physical Society.

be simply physisorbed at a Ti decorated site in a low energy
(0.1eV lower than the previous one) and high symmetry
configuration. In this case, the bonding mechanism is quite
similar to the Dewar, Chatt and Duncanson model because
it implies the donation of le to the 4H, ¢* antibonding
molecular orbital (hybridized with the Ti d-state) followed
by the transfer of 0.4 e to an empty Ti d-orbital. The above
scenario is schematically drawn in Figure 23.

Because Pt surfaces can adsorb gaseous molecules
reversibly, DFT calculations of molecular hydrogen on Pt-
doped armchair CNTs have been performed [44, 111] show-
ing that chemisorption is accompanied by an oxidative
addition to Pt involving its 5d-orbital. However Pt clustering
may occur that favors molecular hydrogen dissociation and
reversible atomic hydrogen chemisorption [111].

Pd decoration of SWCNT behaves similarly [45] with a
storage capacity of about 3 wt%. The most stable configu-
ration exhibits both the physical and chemical adsorption
characters with five hydrogen molecules adsorbed onto two
adjacent Pd atoms through a partial hybridization between
the H, s-orbitals and the Pd d-orbitals.

Recent ab-initio molecular dynamics simulations of
nitrogen decorated SWCNTs [169] have evidenced that
hydrogen chemisorption occurs at 77 K and is stable at 300 K
while physisorption is enhanced at both the temperatures.
These results, obtained within a DFT-LDA scheme, have also
evidenced that 0K ground state properties of such systems
should be revised at higher temperature where desorption

or enhanced chemisorption may occur affecting storage. The
scenario emerging from the above discussion and the results
resumed in Table 3 is that TMs may enhance physisorption
at the expense of having chemisorption on the CNT walls.

6.2. Gas Chemisorption for Sensing. As mentioned in the
Introduction, gas chemical adsorption in CNSs has been
studied focusing on gas sensing. Of course, the compu-
tational techniques required are quantum chemistry tech-
niques, DFT calculations, and similar. Due to the amount
of the literature found, we have just treated nanostructured
graphene and CNTs.

6.2.1. Graphene-Based NSs. Graphene charge carrier con-
centration can be strongly modified by gas chemisorption.
Therefore, the electronic and magnetic properties of GNRs
can be modified by edge functionalization or substitutional
doping. However GNRs with well controlled saturated edges
without dangling bonds (DBs) are far to be produced; these
defects usually enhance the covalent bonding of chemical
groups and molecules thus playing a critical role in the
feasibility of using such carbon-based nanostructures as
gas sensors. Semiconducting armchair GNRs (AGNRs) are
preferred with respect to zig-zag GNRs (ZGNRs) since gas
molecule adsorption is expected to induce little modifica-
tions on the electronic properties of metallic ZGNRs.
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TaBLE 2: Hydrogen adsorption on fullerenes: data selected from recent atomistic simulations.

Adsorption Molecule/dopant E, (eV) dy (nm) DFT model Reference
H, P Ceo Li —0.18 0.207 GGA [25]
P -0.07
P Li -0.07
H, P Cas F —0.04 LDA
P ~0.06 (23]
C B —0.39
C Be —0.65
Li -0.115 0.220
H, p Ceo Na -0.074 0.258 B3LYP [24]
—0.0520 0.308
H, C Ceo B —0.46 0.137 LDA [168]
H, P Ceo Ca —0.222/-0.413 GGA/LDA (26]
Sr -0.200 GGA
H, C/P Ceo Si —0.150 0.256 B3LYP [31]

In the “Adsorption” column C and P stand for chemisorption and physisorption, respectively (a chemisorbed hydrogen molecule involves its dissociation).
Blank spaces in the column of binding energies and/or equilibrium distances indicate the missing of the corresponding values in the original paper. Further

details are referred in the cited articles.

TaBLE 3: Hydrogen adsorption on a CNT: data selected from recent atomistic simulations.

Adsorption SWCNT/dopant Site Ep (eV) dy (nm) DFT model Reference
H, P (5,5) — —0.043 0.29 LDA (38]
H C (5,5) — Full coverage -2.10/-1.75 0.112 LDA/GGA [40]
H C (5,5) — Caps coverage —2.94 — AM1 [39]

(10,0) ~0.113 0.281
H, P (5,5) — —0.084 0.319 LDA (48]
(17,0) —0.049 0.255
P — —-0.057 0.310
H, p (8,0) Li — 0.210 GGA + VdW [111]
C Pt -1.18 0.157
H, C (8,0) Ti ~0.830 0.173 GGA (28]
H, C (5,5) Pt —0.491 0.166 GGA [44]
H, P (10,10) Li -0.180 0.210 GGA (43]
Li-peapod -0.217 0.208
H, C/P (8,0) Pd —-0.800 — GGA (45]

In the “Adsorption” column C and P stand for chemisorption and physisorption, respectively (a chemisorbed hydrogen molecule involves its dissociation).
Blank spaces in the column of binding energies and/or equilibrium distances indicate the missing of the corresponding values in the original paper. Further

details are referred in the cited articles.

Adsorption of many gas molecules (CO, NO, NO;, O,
CO;, and NH3) has been studied by spin-polarized GGA-
DFT total energy calculations [170]: among the different
gaseous species considered, only NH; has been found to
greatly enhance the AGNRs conductance after chemical
adsorption; in this case a semiconducting/metallic transition
occurs thus suggesting that, in principle, a “GNR-based”
junction can be used to detect NHj (see Figure 24) by I-
V measurements. Indeed, the GNR sensor exhibits a semi-
conducting behavior when no gas molecule is adsorbed

while, after NH; adsorption, the current increases linearly
with the applied bias evidencing a metallic behavior.
Molecular adsorption at vacancy sites in nanostructured
graphene has been also investigated as a possible sensing
mechanism and this system is expected to behave similarly
to GNRs. Vacancies and divacancies can be introduced by
ion or electron irradiation under vacuum conditions and
their passivation is of crucial interest in the development
of graphene nanoelectronics. Divacancies in graphene have
been passivated using several possible gaseous species, such
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complexes; (d)—(f) isosurface of the state just below Er at three different values: at ¥ = 0.08 Ti d-orbital is visible; at ¥ = 0.04 Ti—d-orbital,
two carbon m-orbitals, and 4H, o* antibonding are hybridized; At ¥ = 0.02 it emerges that the other four carbon atoms are also involved in
the bonding. From [28]; copyright 2005 by the American Physical Society.
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as Oy, N, B,, CO, and H,O, in the context of DFT ab-initio
calculations [14]. In the particular case of Ny, for instance,
the molecule undergoes dissociation and subsequent chem-
ical adsorption on the graphene layer resulting in substitu-
tional N impurities that introduce extra carriers and change
the charge transport properties. A summary of the most
important results discussed here can be found in Table 4

where we have included also data from physisorption studies.
It is quite evident that chemical adsorption at divacancies is
significantly stronger than adsorption at dangling bonds.

6.2.2. Carbon Nanotubes. As steam reforming of natural gas
is employed to produce hydrogen, the interest in CH4 and
hydrocarbons adsorption has grown rapidly. However the
chemical functionalization of a CNT with hydrocarbons is
difficult due to the low reactivity of these systems. Classical
molecular dynamics and ab-initio calculations have been
employed to study the adsorption improvement of accele-
rated CH4 molecules (with energy in the range 5-100eV)
on CNTs [49]. As methane cracking occurs, the obtained
radicals (CHs, CH; and CH) are adsorbed in different ways
depending on the incident energy, while no decoration is
observed at low energy, CH, dissociates into carbon (that
is adsorbed and the CNT wall) and hydrogen molecules
for incident energy higher than 60eV. Collisions can also
break the tube wall and form structural defects that can
be healed through high temperature annealing (2000 K),
provided the incident energy is lower than 70 eV. Among the
investigated SWCNT structures, the ones with larger radius
show lower reactivity. The adhesion of radicals modifies the
SWCNT transport properties as evidenced by the calculated
DOS where localized energy state appears in the gap for
CH; and CH adsorption. Weak binding between CH4 and
a (5,5) SWCNT is confirmed at zero temperature [48] while
recent tight binding molecular dynamics calculations have
evidenced that at room temperature dissociation reaction
proceeds with low enthalpy change, provided the thermal
energy is sufficient to get the methane and the CNT close
enough [52].
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TABLE 4: A selection of recent calculations concerning gas adsorption on graphene.

Gas type Adsorption site E, (eV) dy (nm) DFT model Reference
CeHs p T —-0.235 0.327 LDA [51]
H,O P H —0.047 0.350
NH; p H —-0.031 0.381
CO p B/H -0.014 0.374 GGA [156]
NO, C/P B -0.067 0.361
NO p B —-0.029 0.376
NO, p —0.085 0.340
N,O, P B ~0.067 0.390 ooA [15]
CO -1.34 0.135
NO -2.29 0.143
NO, -2.70 0.148
0, € dangling bonds ~1.88 0.137 GGA [170]
N, +0.24 —

CO, -0.31 0.150

NH; —-0.18 0.149

O, —8.44

N, C divacancy —4.53 — GGA

B, -13.83 (14]
CcO —-3.86

F, —0.231 0.317

Cl, P B -0.259 0.323 vdW-DFT

Br, —-0.296 0.374 GGA [160]
L 0.523 0.380

In the “Gas type” column the adsorbed gaseous species and the adsorption phenomena encountered; C and P stand for chemisorption and physisorption,
respectively. In the second column. T, H, and B stand for Top, Hollow, and Bridge site, respectively. Blank spaces in the third/fourth columns indicate the
missing of the corresponding values in the original paper. Further details are referred in the cited articles.

Doping with metallic particles can enhance the homo-
lytic dissociation of the H-CH3 bond; indeed, recent DFT
calculations [171] have suggested that a zigzag nanotube,
decorated with an interstitial C and Mo, can decrease the
energy barrier for CHy dissociation thanks to the coopera-
tion between the dipole induced in the CNT by the self-
interstitial C atom and the Mo-d-orbitals.

Also simple alkene (C,H4) and alkyne (C,H;) have been
proposed for catalytic hydrogenation on Pt-doped armchair
nanotube and studied by DFT [44]. The ethylene interaction
with a CNT is relatively weak, despite the significant charge
transfer in the case of doped SWCNT. In the acetylene
case, instead, the interaction is stronger and is presumably
related to the observed hybridization transition from sp to
sp?. Metallic doping is not the unique way to improve the
CNT reactivity at 0K; indeed, accurate GGA-DFT calculation
performed with a localized basis set (B3LYP/6—-311+G* level
of theory) have evidenced that nitrogen doping of CNTs
enhances the oxygen stability at the CNT sidewall; this
circumstance favors the methane cracking at the oxygen
impurity at 0K through the orbitals overlap [172]. Then
nitrogen doped CNTs can be engineered in order to obtain
highly reactive catalysts, comparable to metal ones.

Besides it is only marginally pertaining the theme of
gas-CNT interaction, it is worth to mention that CNTs
can be functionalized to improve their solubility in water
or in organic solvents that is important for, for example,
nanomedicine. For instance, the functionalization of a
CNT with a carboxylic group or methane-derived radicals
(-CH,-OH, —CH,-Cl, —-CH,-SH, and —-CONH-CH3), has
been investigated with regard to the —OH free radical scav-
enging capability [173]. ab-initio calculations, in the frame-
work of B3LYP hybrid HF-density functional and the
3-311+G(d) localized basis set, have shown that the CNT
elicity affects the free radical scavenger capacity, armchair
tubes being more effective than zig-zag ones. Moreover it
is shown that functional groups with the best performance
are the ones containing just carbon, hydrogen and nitrogen
atoms. Moreover different vacancy defects affect differently
the OH addition on the SWCNT while the Stone-Wales point
defects show the largest site dependent effect [174].

The chemical reactivity of CNT for oxygen chemisorp-
tion has been addressed by MP2, to obtain accurate binding
energy, and DFT calculations (at various levels of theory) for
larger system. It is shown that singlet O, is the most stable
chemisorption configuration but it is not expected to occur
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at RT due to the large activation barrier [158]. It should
be emphasized that the exchange-correlation functional
adopted affect much the O, ground state properties found
within DFT [157].

Using analogous theoretical schemes, NH3 on (9,0) CNTs
has been studied evidencing no charge transfer and sug-
gesting that no chemisorption occurs [175].

CNTs as chemical sensors of other gaseous species can
take advantage from the change of the electrical conductivity
induced by adsorption of functional groups.

Despite recent controversial data [176], theoretical re-
sults seem to indicate that donor or acceptor species may
change the carrier density of a p-type semiconducting CNT.
However, in the case of a metallic CNT, transport properties
show a peculiar dependence on the positions of the adsorbed
molecules with the possible suppression of conductivity [56].
It is known that transport in a metallic CNT occurs through
two channels corresponding to the Bloch states at the K
and K’ points of the graphene first Brillouin zone. A simple
“tight-binding” picture of the coupling between an impurity
level &y and CNT p_-orbitals show that, in the case of an

isolated impurity, one of the two channels is suppressed.
Accurate DFT and nonequilibrium Green function (NEGF)
transport calculations confirm this simple view as shown
by the transmission curves for different adsorbates, such
as H, COOH, OH, NH,, and NO,, reported in Figure 25.
If two impurities are adsorbed on the CNT sidewall, tight
binding and DFT-NEGF calculations still agree showing that
the transport behavior depends on the relative positions of
the two impurities AR = na; + ma, (being a;, a, the basis
vectors of graphene): if n—m = 3p forall p € Z transmission
is the same as the one obtained with only one impurity.
If the previous condition is not satisfied, the transmission
is completely suppressed (see Figure 26). Some molecular
species, such as CO, are not chemisorbed on semiconducting
SWCNTs; however the local chemical activity can be changed
by applying an uniaxial stress orthogonal to the tube axis so
that, for example, the CO molecule can be bonded on the
surface [53].

Impurity inclusion in CNTs can improve the chemical
sensing of molecules that are not chemisorbed onto pure
CNT side wall. ab-initio calculations of a B-doped CNT
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FIGURE 26: Transmission functions of various tubes with two hydrogen atoms adsorbed. The blue (red) solid lines are obtained with n —m =
3p (n — m# 3p). The black dashed line is the transmission function of a pure CNT. From [56]; copyright 2008 by the American Physical

Society.

for CO and H,O detection have evidenced an enhanced
chemical reactivity with increased binding energy [54]
accompanied by a large charge transfer from the nanotube
to the molecule.

Systematic investigations on small molecules adsorbed
on a Pt doped armchair SWCNT [44] have shown chemi-
sorption and significant charge transfer from the nanotube
to the adsorbate for most of the examined species resulting
in a change of the CNT conductance. NH3 behaves in the
opposite way due to the high LUMO energy of this molecule
that, differently from the other cases, inhibits any “back-
donation” from the nanotube.

TM-doped CNT structures, perhaps, are the most pro-
mising candidates for detection of small molecules under
standard conditions. In recent experiments, CNT samples
have been pretreated by irradiation with Ar ion beams to
form vacancies where TM atoms are strongly bonded thanks
to their partially occupied d-orbitals.

DFT total energy calculations have shown that substitu-
tional atoms of most of the 3d transition metals (Ti, V, Cr,
Mn, Fe, Co, Ni) exhibit a high binding energy in different
sites of an armchair carbon nanotube (see Figure 27), with
the exception of Cu and Zn that are rather unstable because
of their fully occupied d bands [55]. The general trend
emerging is that light transition metals can bind several
adsorbate molecular species (N,, O,, H,O, CO, NH3, and
H,S) with large binding energy values. Water molecules are
weakly bound to most of the active site, suggesting that these
sensors are robust against humidity. Ni-doped CNT systems
seem to be the most promising candidate for CO detection
as indicated by the conductance data reported, together with
the adsorption energies, in Figure 28: indeed for this system
we have an electrical resistance change per active site greater

than 1 Q. In the same figures, data concerning adsorption
of molecular species in mono- and divacancies on CNTs are
also reported. In order to give a general view on gas sensing
in CNTs, we have chosen to summarize some of the most
important results previously discussed in Table 5 where the
main features concerning both the binding energy and the
ground state configuration distances are provided together
with the indication of the level of theory used. For complete-
ness, in the same Table are also reported the data concerning
physisorption in various CNT structures.

7. Conclusions

The wide variety of data on atomistic simulations of gas ad-
sorption in CNSs, sometimes affected by dispersion, makes
it difficult drawing a general scenario. It must be evidenced,
however, that “in-silico” experiments play a fundamental
role with increasing importance in the understanding of the
phenomena involved in adsorption. Besides being a funda-
mental support to experiments, atomistic simulations and
total energy calculations may reveal unexpected phenomena
that could lead experimentalists. For instance, while a general
agreement has been reached concerning the unsuitability of
pure CNSs for hydrogen storage, many predictions on alkaly
or transition metal doping indicate a new promising route
where, however, problems of contaminants may represent a
challenge.

Concerning methane adsorption in CNSs, instead, atom-
istic simulations predict storage properties close to needs for
industrial applications.

ab-initio total energy modelling is mandatory for impu-
rities, doping, chemisorption, and sensing due to the inher-
ent complexity of the processes involved. In these cases,
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TaBLE 5: A selection of recent calculations regarding gas adsorption on a SWCNT.

Gas type CNT/dopant Site E, (eV) dy (nm) DFT model Reference

NO, C/P (10,0) — T —0.797 0.193

O, C/P (10,0) — B —0.509 0.232

H,O (10,0) — T —0.143 0.143

NH; (5,5) — T —0.162 0.299 LDA

CH,4 P (10,0) — H —0.190 0.317 (48]

CO, (5,5) — H —0.109 0.354

N, (10,0) — H —0.164 0.323

Ar (5,5) — H ~0.082 0.358

H,O B —0.560 0.170

H,O0 P (8,0) N o —0.230 0.312 LDA

CO B —0.850 0.152 [54]

CO N -0.220 0.299

co P (8,0) — H - 0322 GGA (53]
C H-deformed —0.510 0.185

CeHs P (17,0) — B ~0.204 0.322 LDA [50]

C¢Hg — —0.200

CsN20,Cl P (10,0) - B ~0.610 0.320 LDA

CioHs — -0.260 [51]

CisHio — —0.420

C¢Hg — B —0.260 0.312

Ce¢HsNH, — B —0.302 0.286

Ce¢HsCH; — B —-0.264 0.277

C¢HsNO, — T -0.277 0.300

NH; P (8,0) — H -0.113 0.271 LDA

CH,4 — H —0.095 0.279 [161]

CH;3;NO, — H -0.129 0.288

NH, — H —0.152 0.239

NO, — T -0.223 0.261

CH; C — T —1.627 0.154

CO —1.788 0.197

NO —2.449 0.191

N, C (5.5) Pt H —1.123 0.205 GGA

CyH, —1.146 0.231 [44]

CH, —1.360 0.132

NH; —1.378 0.225

COOH C 0.157

NH, C 0.149

NO, C B B T B 0.164 GoA

OH C 0.145 [56]

CcO P 0.255

CO, P 0.252

N,, O,, H,O, CO, NH3, H,S C (6,6) — Vacancy — — GGA [55]

In the “Gas type” column are reported the adsorbed gaseous species and the adsorption phenomena encountered; C and P stand for chemisorption and
physisorption, respectively. In the third column. T, H, and B stand for Top, Hollow, and Bridge site, respectively. Blank spaces in the third/fourth columns
indicate the missing of the corresponding values in the original paper. Further details are referred in the cited articles.

simulations give encouraging results and evidence new chal-  various different CNSs in order to obtain valuable materials
lenges in controlling the CNSs local chemistry for sensing  for sensing devices. A careful choice of the correct scheme is
that is still on the way. often mandatory to avoid artifacts; this should be evaluated

Generally speaking, atomistic modelling has shown that  case by case because even DFT-LDA can be appropriate for
TM doping is most probably the right way to engineer the  selected systems.
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FIGURE 27: Structural schematics and binding energies for a 3d transition metal occupied monovacancy (blue), divacancy I (green) or
divacancy II (red) in a (6, 6) carbon nanotube. Binding energies of carbon atoms in the same sites are indicated as horizontal lines with the
same color code. From [55]; copyright 2010 by the American Physical Society.

N, .
& O
=]
§ H,0O 0.8
% co
S N, 0.6
Ha$ 04 3
N, 2
— 8
. O | |02 §
& H,0 - 3
g -
S Co || £
> v
A NH — =
/ 3 -0.2 N
st ] =i
— &
Nz -0.4 O
= O
LEHZO -0.6
<
Q
§ O -038
A NHj;
st -1

Ti V CrMn Fe Co Ni Cu Zn
(a)

N, — 0
z O N
(=1 |
g H,0 0.2
(; —
g O L1 04
= NH;3 -
S -1 0.6
e ] 0.8 3
_ o =
>~ 5]
2 H,0 -1 B
g CO £
A NH; -1.2 g
H>S 3
14 <
N,
= O ~16
gHZO
S co ~1.8
£z
5 NH;
-2
H>S

Ti V Cr Mn Fe Co Ni Cu Zn
(b)
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the American Physical Society.

However it should be emphasized that the relationship
between in silico and real experiments is often vitiated by
the fact that the most accurate predictions available concern
ground state properties; higher temperature values (f.i.
even room temperature), in fact, may change dramatically
the scenario because most of the carbon nanostructured

materials investigated may behave quite differently due to
the possible hybridization transition induced by thermal
distortions. In the near future, the enormous increase of
the computational resources and the improvement of the
algorithms should play a key role to make RT in silico
experiments, such as accurate ab-initio molecular dynamics,
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achievable also for large systems thus giving a more complete
insight to the behavior of real nanostructures for gas adsorp-

tion.
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