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ABSTRACT The mechanism of doping carbon nanotubes (CNTs) with a salt solution was investigated using
the density functional theory. We propose that the anion—CNT complex is a key component in doping CNTs.
Although the cations play an important role in ionizing CNTs as an intermediate precursor, the ionized CNTs are
neutralized further by forming a stable anion—CNT complex as a final reactant. The anion—CNT bond has a strong
ionic bonding character and clearly shows p-type behavior by shifting the Fermi level toward the valence band.
The midgap state is introduced by the strong binding of carbon and anion atoms. These localized charged anion
sites are highly hygroscopic and induce the adsorption of water molecules. This behavior provides a new possibility
for using anion-functionalized CNTs as humidity sensors.
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ailoring the electronic properties of
T carbon nanotubes (CNTs) is an im-

portant step for many applications
including nanotransistors, nanosensors, and
thin conducting films.' ¢ To modify the
electronic structures of CNTs, numerous
studies on the doping of CNTs have been
performed. There are three main doping
strategies: endohedral doping, in-plane
doping, and exohedral doping.” Endohe-
dral doping can be accomplished using Ce
in peapod structures or by metallocence.” In
in-plane doping, boron or nitrogen atoms
are often used to substitute carbon atoms
on the CNT wall to produce p-type or n-type
semiconductors, respectively.’® In exohe-
dral doping, many types of organic as well
as inorganic molecules can be employed for
doping the CNTs by chemical adsorption
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Recently, a new strategy for controlling
the doping type depending on the redox
potential was introduced.’? A chemical with
a higher reduction potential than that of
CNT is regarded as an acceptor when it ex-
tracts electrons from the CNTs, and a chemi-
cal with a lower reduction potential than
that of CNT is considered a donor because
it is able to donate electrons to the CNTs.
For instance, the reduction potential of ben-
zyl viologen (BV) is —1.1 V vs SHE, which is
below the reduction potential of CNT (+0.5
V vs SHE). Therefore, electrons are donated
from viologen to CNT, and viologen acts as
an n-type dopant."" Likewise, 2,3-dichloro-
5,6-dicyano-p-benzoquinone (DDQ) is a
p-type doping agent. These behaviors have
been confirmed both by experiments and
by first-principle density functional theory
(DFT) calculations.''*

Compared to the direct adsorption of or-
ganic molecules on the CNT surface, dop-
ing of CNTs by salt solutions such as AuCls,
Na,PtCl,, and NOBF, has a different reaction
mechanism. In this case, a direct redox reac-
tion occurs between the CNTs and the salt
solution. Because of the higher reduction
potential, cations in solution have a ten-
dency to receive electrons from the CNTs.
Due to charge transfer, positive ions such as
Au*, Pt?*, and NO™ cations are reduced to
metal clusters or gas."” In turn, the CNTSs ac-
cumulate positive charges and show p-type
behavior. The charged CNTs can be stable
in the ionic liquid due to solvation. The
question of stability arises when the doped
CNTs are dry but still show p-type behav-
jor.? In this case, the charged CNTs are not
stable and, therefore, need to be neutral-
ized further. The origin of stable p-type
CNTs has not been clearly explained.
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CNTs are a good candidate for gas sensor applica-
tions due to their high surface areas. Two main mecha-
nisms have been proposed to explain the changes in
conductance and capacitance, particularly for AC mea-
surements: charge transfers between gas molecules
and the CNTs that change the conductance and quan-
tum capacitance of the CNTs, and polarization of the
gas.>* Because of the hydrophobic nature of the CNT
surface, the CNT transport is rather insensitive to hu-
midity."® It is known that pure single-walled nanotubes
(SWCNTs) with a PMMA substrate are rather insensitive
to humidity, although SWCNTs with an oxide substrate
are highly sensitive to humidity.'” Charge transfer be-
tween H,O molecules and a CNT has been reported to
be negligible from theoretical calculations.'® 23 Re-
cently, a strong hygroscopic effect has been observed
in a AuCl;-doped CNT device, although the origin of this
effect has not been clarified.?

The purpose of this paper is two-fold: (i) identify
the final state of the CNT complex with salt solution
doping that leads to p-type behavior and( ii) determine
the hygroscopic origin of the resulting CNTs. In this pa-
per, we used DFT calculations to investigate the salt so-
lution doping mechanism of the CNTs. We propose that
Au** ions are reduced to Au® as a precursor, and a
CNT—CI complex is formed to give rise to p-type dop-
ing in the CNTs. We found that this CNT—Cl complex
plays an important role in the experimentally observed
hygroscopic effect.

RESULTS AND DISCUSSION

Mechanism of Doping CNTs with a Salt Solution. Gold chlo-
ride has been commonly utilized to demonstrate
the doping effect on CNTs.%"® Gold clusters have
been observed on the CNT surface after the reac-
tion. Au?* can be easily reduced to Au® by extract-
ing electrons from the CNTSs, which leaves the CNTs
positively charged. This is ascribed to the larger re-
duction potential of Au* compared to that of the
CNTs. The formation of Au nanoparticles on the CNT
surface has been observed in SEM images, confirm-
ing the reduction reaction of the Au ions.*'> In this
case, CNTs are positively charged and can be stabi-
lized in the solvent due to solvation. On the other
hand, when the doped CNTs are left dry, the charged
CNTs are no longer stable in air, and therefore, the
charge neutrality condition must be satisfied by fur-
ther reaction. The G-band of the CNTs in air is up-
shifted, similar to the behavior in liquid.® Hence, we
propose here that chlorine ions can be further ad-
sorbed onto the CNT surface during drying, so that
the positively charged CNTs can be stabilized by
maintaining charge neutrality with the negatively
charged chlorine ions. In this case, chlorine-doped
CNTs should demonstrate p-type behavior, which is
in agreement with experimental observations. A
similar phenomenon was also observed with a zinc
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Figure 1. Electronic densities of pure (10,0) CNT and Cl-
doped CNT states. The partial densities of the Cl states in
the Cl-doped CNTs are also shown. The optimized geom-
etry of the Cl-doped CNT and the band structures of a pure
CNT and a Cl-doped CNT (inset) are presented. The valence
(conduction) band below (above) the Fermi level (taken as
zero) is indicated by the shadow (hatched line).

rod immersed in a copper sulfate (CuSO,) solution.
In this case, Cu?" is reduced to Cu®, which aggre-
gates as clusters on the Zn rod surface. The charged
Zn%* rods are then dissolved in the solution. When
the water is completely removed, Zn?>" and SO,*~
combine together to form ZnS0,.>?

Figure 1 shows the optimized configuration and
band structures (inset), the total electronic densi-
ties of the states (DOS), and the partial electronic
densities of the states (PDOS) of pure and Cl-doped
(10,0) SWCNTSs. The binding energy of a Cl atom to
the (10,0) CNT is about —0.57 eV with a bond length
of 2.11 A. Here, the negative sign represents an exo-
thermic reaction. The C—C back-bond lengths at
the Cl site increase from 1.42 to 1.45 and 1.48 A. The
C—C(Cl)—C bond angles are reduced to 112 from
120°, indicating enhanced sp? hybridization by pull-
ing a carbon atom out of the CNT surface. In a bare
(10,0) SWCNT, the Fermi level is located in the
middle of the gap, which is taken as zero. In a Cl-
doped CNT, on the other hand, strong sp® hybridiza-
tion between Cl and a carbon atom in the CNT brings
forth a charge transfer and creates nearly midgap
states in both occupied and unoccupied states,
downshifting the Fermi level, as shown in the band
structure. Because of the high electronegativity, it is
expected that the Cl atom as well as other halogen
atoms can extract electrons from the CNT.33737 The
Mulliken population analysis shows that 0.22 e~ is
extracted from the CNT, consistent with a previous
report.?® Therefore, holes are generated in the CNT,
which is congruent with experimental observations
of AuCl; doping. Note that the Fermi levels were all
shifted to zero for comparison. Midgap states are
contributed mostly from the four carbon atoms near
the Cl atom and from the Cl atom itself, as visual-
ized from PDOS. It is intriguing to note that this mid-
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Figure 2. Effects of Cl concentration: (a—d) electronic densities of states of bare (10,0) CNT, (10,0) CNT+Cl, (10,0) CNT+2Cl,
(10,0) CNT+3Cl, respectively. (e) Electron transfer and the Fermi level shift (eV) at different chlorine concentrations, and (f)

the Fermi level shift vs the charges extracted from the CNT.

gap is nearly half filled, as shown in the inset of Fig-
ure 1, although interactions between the Cl atoms
at a high Cl concentration open the band gap due
to repulsive forces between charged Cl atoms, simi-
lar to Peierls distortion (Supporting Information S1).
Thus, the metallic behavior or small band gap in-
duced by salt solution doping gives rise to an in-
crease in the on-current or an equivalent decrease
in the on/off ratio in CNT-based transistors.*®

Next, the effects of chlorine concentration on the
electronic properties of the CNTs were considered. We
assumed that Cl atoms were uniformly distributed on
the CNT wall. To simplify our model, we introduced two
and three chlorine atoms that were uniformly adsorbed
onto the CNT wall. Therefore, the strong interactions
between Cl atoms can be neglected at low Cl concen-
trations. The optimized structure and the DOS are
shown in Figure 2, and the detailed structural param-
eters are listed in Table 1. Adding Cl atoms simply in-

TABLE 1. Electronic Properties of Carbon Nanotubes
Doped with Chlorine Atoms at Different Concentrations

binding energy charges extracted from Fermi level
(eV) CNT (e7) (eV)
CNT(10,0) —4.55
CNT—Cl —0.57 0.22 =513
NT—Cl, —1.06 0.36 —5.27
(NT—(Cl, —1.65 0.45 —5.46
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creases the DOS near the midgap level. The amount of
total charge transfers also increases with increasing
number of Cl atoms. Accordingly, the Fermi level is
downshifted further, as shown in Figure 2e. Again, this
is congruent with the experimentally observed p-type
behavior.® At high Cl concentrations, however, Cl atoms
may interact with each other, giving rise to repulsive
forces due to the negatively charged Cl ions. This re-
sults in a small band gap (Supporting Information S1).
The Fermi level shift with respect to the amount of
charge transfer is nearly —1.98 eV/electron, as shown
in Figure 2f.

Gold nanoclusters are a byproduct of the redox
reaction, in this circumstance.®'® The formation pro-
cess of Au clusters should be an exothermic pro-
cess. To confirm this scenario, we first considered
three different structures of Au adsorption on the
CNT, as shown in Figure 3a. Simple Au® adsorption
gives a binding energy of —0.33 eV. When a Cl atom
is introduced on the top of the Au atom (Figure
3b), the binding energy of the Au is increased to
—1.25 eV, illustrating that the adsorption of this
Cl—Au complex is much stronger than those of the
individual Au and Cl atoms, as shown in Figure 3c.
This calculation strongly indicates that Au adsorp-
tion is enhanced by the presence of a Cl atom. This
opens another possibility that a Au—Cl cluster could
be a possible complex to be formed during AuCl; re-
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of states near the Fermi level was negli-
gible for both cases of a single Au atom
and a Au cluster (Supporting Information
S2 and S3), in contrast with Cl adsorption,
which leads to deep gap states.

Hygroscopic Effect of CI-Doped CNT. It is known

that HAuCl, (Au®™) and CNT can react to-
gether in a water—ethanol solvent.”” Our cal-
culations predict that the ionic bonding char-
acter of the CNT—Cl structure results in high
solubility in aqueous solutions. Therefore, the
electronic properties of the CNT—Cl structure

Figure 3. Binding energies of different forms of (a—c) Au atoms and

(d—f) Au dimers associated with Cl atoms on the CNT.

action. When two reduced Au atoms are consid-
ered, the binding energy is reduced to —0.04 eV (Fig-
ure 3d). The additional complex of Cl—Au, again
increases the binding energy to —0.91 eV (Figure
3e). This value is much larger than those of the indi-
vidual Au, and Cl, as shown in Figure 3f. The bind-
ing energy of the Au cluster is enhanced by forma-
tion of a complex with Cl atoms. It is intriguing to see
the effect of Au adsorption on the electronic struc-
ture of the CNT in spite of the enhanced binding en-
ergy. The Au contribution to the electronic density

are expected to be strongly affected by hu-
midity. To consider this effect, we introduced
water molecules absorbed at the chlorine site
on the CNT surface. The optimized structures and varia-
tions of the band structure of the Cl-doped CNT are
shown in Figure 4 and are listed in Table 2. In general,
the adsorption of water molecules is weak (—0.02 eV)
compared to Cl adsorption, as shown in Figure 4b. How-
ever, this binding energy is significantly increased to
—0.1 eV when a Cl atom is involved (Figure 4c). The
binding energy is further increased when more water
molecules are adsorbed (Figure 4d). This binding en-
ergy increase is ascribed to the strong charge transfer
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Figure 4. Hygroscopic properties of the CI—CNT structure. The distance of the C—Cl bond in A and the local charges in
electrons are shown in (a—d) with the binding energy of water molecules. (e) Charge transfer (electron) and the Fermi level
shift (eV) as a function of water molecule concentration, and (f) Fermi level vs the charges extracted from the CNT are also
shown. The adsorption energy of H,O molecule CNT—Cl structure was defined by E,4s = Eiot(CNT—Cl—nH,0) — Eio:(CNT—CI)
— nE,(H;0). In the case of CNT only, E,gs= Eiot(CNT—H;0) — Eiot(CNT) — Eor(H,0).
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TABLE 2. Changes in the Electronic Properties of
Chlorine-Doped Carbon Nanotubes at Different
Humidities: Binding Energy Is Defined by Eyinging =
Eota(CNT+molecules) — E:(CNT) — E,:(molecules)

CNT(10,0)
(NT—H,0
INT—dl

NT—CU—H,0
CNT—CU—2H,0

binding C—(l bonding
energy (eV) distance (A)

—0.023

—0.57 2114

—0.67 2.305

—0.87 2727

charges extracted  Fermi level
from CNT (e™) (eV)
—4.55
0.002
0.22 —513
0.34 —5.43
0.44 =573

associated with the water molecules. More charges are
localized in the Cl atom surrounded by water mol-
ecules, as shown in Figure 4d. Note that the C—Cl
bond length increases as more charges are localized
on the Cl atom. With increasing numbers of water
molecules, the amount of charge transfer from the
CNT to the Cl atom increases and the Fermi level is
further downshifted (Figure 4e). The Fermi level shift
with respect to the amount of charge transfer is
—2.65 eV/electron, which is much larger than that
(—1.98 eV/electron) in the absence of water mol-
ecules. The larger Fermi level shift is due to a
water-assisted phenomenon. The enhancement of
the binding energy of the water molecules and the
strong dependence of the Fermi level and the
charge transfer on water content may be advanta-
geous for sensing humidity. We also calculated the
effect of O, and N, on the CNT—ClI structure to test

(a) Induced charge

(b) HOMO

(c) LUMO
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Figure 5. (a) Induced charge densities, (b) HOMO, and (c) LUMO of CNT—ClI
(top) and CNT—CI—2H,0 (bottom) structure. The red (blue) in panel a indi-
cates charge accumulation (depletion), where the values of the red and blue

surfaces are £0.003 eA~3. (b) HOMO and (c) LUMO charge densities where the

different colors indicate the wave function sign. The isovalue of HOMO and

LUMO is 0.02.

ANTANTS . .
@%\&) VOL. 4 = NO.9 = DUONG ET AL.

selective response from water adsorption. The
change of properties of CNT—CI structure was negli-
gible when O, and N, were adsorbed on CNT—CI
(Supporting Information Figure S4). This explains
why CNT doped by AuCl; is not sensitive with O, and
N,.

To understand the nature of the bonding between
carbon and chlorine atoms, we calculated the induced
charge density, as shown in Figure 5a. The induced
charge was defined as pinduced = PcNT—ct — Pcl — Pent- IN
the case of Cl adsorption, the accumulated charge den-
sity (red) is strongly localized at the chlorine atom,
while the depleted charge density (blue) is between
two Cl atoms and a carbon atom in the CNT. This indi-
cates that the covalent bonding character is reduced
while the ionic bonding character is increased. The low-
est unoccupied molecular orbital (LUMO) is localized in
the Cl atom, whereas the highest occupied molecular
orbital (HOMO) is localized mostly in the CNT, as shown
in the top charge density images in Figure 5b,c. This is
in good agreement with the analysis shown in Figure 1.
Because of the partial ionic nature of this bonding, the
p-type CNT—CI structure is very sensitive to water mol-
ecules with electric dipole moments. In the case of wa-
ter molecule adsorption, more charges are localized on
the Cl atom, as shown in the bottom panel in Figure 5a.
The HOMO in this case is mostly located in the Cl and
water molecules, whereas the LUMO is primarily in the
CNT. Finally, we considered the effect of water solvent
in the Cl-doped CNT structure using the conductor-like
screening model (COSMO0).2%3" The C—Cl bond length
increased to 3.35 A, and the amount of charge transfer
to the chlorine atom was —0.87 e, which is attributed to
the increased charge screening from the dielectric solu-
tion environment. It is also interesting to see how the
bond angle is distorted with Cl adsorption under mois-
ture environment. Even though sp® hybridization (bond
angle of carbon back-bond is 116°) was increased due
to Cl adsorption, as shown in Figure 1, additional water
adsorption near the Cl atom recovers the original sp?
hybridization (bond angle of carbon back-bond is 119°).
This explains why D-band in Raman spectroscopy was
not developed experimentally in spite of heavy doping
of AuCl3.6

CONCLUSIONS

In summary, we determined that the CI-CNT
and CI—Au—CNT complexes are final redox prod-
ucts in p-doping of CNTs with a salt solution. This is
in contrast with the general belief that only Au®" re-
duction to neutral Au® plays a role in CNTs’ doping.
The bindings of Au atoms and Au clusters were en-
hanced through the formation of a CI—Au—CNT
complex. Nevertheless, the electronic properties of
such complexes were not very different from those
of the CI—CNT complexes. The ionic nature of the
C—Cl bond showed strong hygroscopic properties
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by enhancing the adsorption of water molecules.
Control of the precise anion concentration on the

CALCULATION METHODS

As a model structure, a (10,0) CNT consisting of 80 carbon at-
oms was used as a supercell. The size of our unit cell is 30 X 30
X 8.52 A%, The large vacuum region in the x and y directions de-
ters interactions with neighboring CNTs as well as molecules in
a different unit cell. A double numerical plus polarization basic
set was employed.?* All calculations were performed using the
Perdew—Burke—Ernzerhof generalized gradient approximation
(GGA) function for exchange and correlation implemented in the
Dmol3 package.?® The Brillouin zone was sampled witha 1 X 1
X 4 irreducible Monkhorst—Pack k-point grid for structural relax-
ationand a 1 X 1 X 9 grid for the electronic density of states
with 0.02 eV of Gaussian smearing value.?® The convergence in
the energy was checked with a more refined grid. An orbital cut-
off of 4 A was used for all atoms, and the convergence thresh-
old for calculation of the self-consistent energy was 10~¢ Ry. Our
model structures were relaxed until the atomic forces on the at-
oms were less than than 0.05 eV/A. Different amounts of chlorine
atoms were introduced to consider the concentration effect,
and H,0 molecules were introduced near the Cl atoms to deter-
mine the sensitivity of the CNT—Cl structure to humidity. The ef-
fect of cell size was also checked by doubling the cell size along
the z direction. The binding energy of the water molecule on the
CNT was changed by only 4 meV, which is a 4% difference.

Because Dmol3 has accuracy issues for the calculations of
spin system, we used VASP with the plane wave basic set and
OPENMX with the numerical atomic basic set packages to per-
form spin polarization calculations.?” The similar parameters of
convergence energy threshold and k-point grid were used. The
projector-augmented waves (PAW) and Vanderbilt ultrasoft
pseudopotentials with an energy cutoff of 500 eV and 150 Ry
were used in VASP and OPENMYX, respectively. No spin magnetic
moments were found in the CNT—Cl structures in all codes. All
of the CNT—Au—Cl complex structures were optimized by VASP
code.
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