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ABSTRACT: The electric field at the sharp pointed tips of single wall carbon nanotube
ensembles has been utilized to kinetically accelerate hitherto unobserved chemical
reactions at the heterogeneous solid—gas interfaces. The principle of ”action-of-points”
drives specific chemical reactions between the defect sites of single wall carbon nanotubes
(CNTs) and ppb levels of gaseous hydrogen sulfide. This is manifested as changes in the
electrical conductivity of the conductive CNT-ensemble (cCNT) and visually tracked as
enthalpic modulations at the site of the reaction through infrared thermometry.
Importantly, the principle has been observed for a variety of analytes such as NHj,
H,O, and H,S, leading to distinctly correlatable changes in reactivity and conductivity
changes. Theoretical calculations based on the density functional theory in the presence
and absence of applied electric field reveal that the applied electric field activates the H,S
gas molecules by charge polarization, yielding favorable energetics. These results imply the
possibility of carrying out site-specific chemical modifications for nanomaterials and also
provide transformative opportunities for the development of miniaturized e-nose-based gas
analyzers.

KEYWORDS: electric field at heterogeneous solid—gas interface, carbon-based nanomaterials, gas analyzers, density functional calculations,

site-specific unconventional reactions

Bl INTRODUCTION

Thermal activation has been a predominant route for carrying
out several reactions of global importance such as the
production of NH;,'™ petroleum refining, and CO oxida-
tion.”® Although temperature has been a predominant driving
force for these reactions, the means to achieve and sustain such
high temperatures are constantly evolving toward newer
approaches. In this direction, mechanochemical routes for
driving chemical reactions have lowered the energy demand
and simultaneously produced unconventional products.”
Similarly, microwave-triggered reactions depend on the
activation of specific chemical bonds with localized temper-
atures in excess of 1273 K.'° However, the use of the electric
field to drive reactions at the heterogeneous solid—gas
interface has been sparingly explored thus far. Electric field
offers an attractive route to target and activate specific
chemical bonds irrespective of the bond polarity and dipole
moment.'' ™" Importantly, nanostructured surfaces offer the
possibility of accessing a very high electric field (10° V/m)
with low applied voltages. Such electric tweezing has been
theoretically proposed to activate unconventional reactions
such as halogen bonds that are conventionally difficult."" Thus,
the prospect of the electric field to activate conventionally
stable bonds'*"® such as C=C and N=N and thereby lead to
targeted products with high efficiency, kinetic facility, and
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specificity is gaining increasing attention. This concept has also
been recently explored in some heavy metal coordination
complexes to understand the effect of electric field on their
magnetic properties.''” Application of an external electric
field may influence the electronic structure and hence can
change the magnetic anisotropy and magnetic exchange
interactions. We computationally explored the modulating
effect of the axial ligand field in lanthanide-based mononuclear
single-ion magnets to achieve large magnetic anisotropy in the
presence of an external electric field."”

Any chemical reaction involves the mass transfer of reactants
and products. A specific instance when such solid-state mass
transfer is directed through an external electric field is referred
to as electromigration.'® Although this is a pertinent problem
in the semiconductor industry, such electric-field-induced mass
transfer provides a precisely controllable route for hierarchical
and arbitrary achievable nanoscale gaps.'”™>' While metals™
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such as Cu, Al, and Au are susceptible to electromigration, a
carbon-based metallic nanosystem such as CNTs and graphene
has high resistance to electromigration owing to its strong sp”
C=C covalent framework. The high ampacity”> in such
nanocarbons makes them ideal materials for carrying out
unconventional, electric-field-induced reactions and simulta-
neously tracking the associated molecular pathways. The high
electric field created on the surface of such dimensionally
confined nanocarbons (10°—10° V/m) is achieved at a
significantly lower voltage and power (nW—uW) compared
to conventional metal oxide based systems (mW-W).**
Although such an approach is demonstrated using vertically
aligned CNT arrays, the potential required ranges from 100 to
1000 V.>*?° Therefore, a miniaturized low-power detection
system for rapid sampling ultra-low concentrations of gases
would be extremely desirable for applications ranging from gas
chromatographic detectors to real-time on-field gas sensors.
The demonstration of electric-field-directed reactions at the
solid—gas heterogeneous interface opens new possibilities for
the kinetic enhancement of heterogeneous catalyzed reactions
such as the synthesis of ammonia.

In this direction, we showcase electric-field-driven hetero-
geneous solid—gas reactions on the surface of randomly
oriented CNTs. The CNTs are immobilized on a chemically
inert and electrically insulating matrix to form continuous,
interpenetrating, and interconnected electrically conductive
networks as a CNT-conductor (cCNT). Application of DC
bias across the cCNT results in the simultaneous creation of
(a) high electric field originating from the corrugated surface of
the cCNT and (b) thermal energy due to Joule heating. The
synergistic combination of these forces drives the reaction
between the surface of cCNT and H,S, thereby establishing an
unnatural solid—gas heterogeneous reaction. Theoretical
investigations confirm the 34% lowering of activation energy
for the reaction in the presence of an applied potential of 12 V
across 3 nm CNT, which generates an interfacial electric field
of 4 X 10° V/m (0.008 au). The endothermicity of the reaction
(0.35 eV) as estimated from DFT calculations has been
conclusively established by thermometric imaging (vide infra).
Such heterogeneous site-specific reaction with ultra-low, single-
molecular concentrations of H,S (48 ppb) is accompanied by
concurrent changes in the electrical conductivity of cCNT.
The structural defects on ¢cCNT act as field trapping points
and thereby form the site of such reactions, as confirmed from
an excellent correlation between the defect density of cCNT
(1.1 X 10"/cm?) and the saturating response (120 ppb) of the
reaction. Moreover, the magnitude and nature of change in
electrical conductivity are strongly determined by the analyte,
thereby pinpointing the fundamental driving force to be the
electric-field-induced site-specific reaction of cCNT. Thus,
analytes such as NH;, H,O, N,, and O, provide diametrically
different signals from H,S. This is supported by theoretical
insights (vide infra). While the ultra-high sensitivity and
specificity of the signal indicate potential gas analyzing
applications, the fundamental -electric-field-driven reaction
mechanism established here is expected to provide trans-
formative opportunities for several other unconventional
reactions including the possibility of H, generation from
hazardous gas sources.

cCNT exhibits the optimum combination of high specific
surface area (900 m?/g) and electrical conductivity arising
from its donut-shaped electron density. Importantly, the
continuous and interconnected network of CNT self-

assembled over the cellulose matrix enables uniform electrical
conductivity over macroscopic length scales. This is confirmed
from the invariant electrical conductivity (~7.5 S/cm)
measured across various samples and varying segments of the
cCNT (Figure S1). The ultrasensitive and precise charge
transduction of CNT's has been well established in field-effect
transistors’’ and chemical sensors.”®*’ A majority of such
applications utilize CNT as a charge-electron transducer while
employing an external receptor molecule or membrane. In
contrast, the current investigation aims at (a) establishing
electric-field-driven unnatural reactions at the (b) solid—gas
interface. While posing intrinsic challenges in charge-ordering
and double-layer formation at a heterogeneous solid—gas
interface, the ability to direct unnatural reactions at such an
interface would provide avenues for future explorations into
diverse chemical reactions of immediate significance such as
NH; synthesis and CO,RR.*’ In addition, the possibility of
extracting the bifunctionality of the cCNT eliminates the need
for a separate receptor and inspires the current investigation.

B MATERIALS AND METHODS

Synthesis of Single Wall Carbon Nanotubes (CNTs). The
carbon nanotubes employed in this work pertain to single wall carbon
nanotubes prepared through a super-growth technique.”*' > Briefly,
the CNTs are grown in a tube furnace with Fe (3 nm) as the catalyst
and acetylene acting as the carbon source. The presence of water
vapor in ppm levels is established to prolong the lifetime of the
catalyst and aid in the formation of monodisperse single wall carbon
nanotubes (3 nm diameter) at high purity and high yield.***'~>

Preparation of CNT Ink. Single walled carbon nanotubes
(CNTs) are dispersed in water along with the surfactant sodium
deoxycholate NaDOC. The solubility parameter of the surfactant
matches that of CNTs in water; hence, it is used as the surfactant.
Varying concentrations of nanotubes were added NaDOC in water to
prepare 20 mg aliquots. Each aliquot was then probe-sonicated using
PKS-7S0FM (PCI Analytics) followed by the addition of a small
amount of CNTs (Table S1). Each aliquot was probe sonicated for 30
min with an “ON” time of 20 s and simultaneous “OFF” time of 10 s.
As a result, the overall sonication time was 45 min for each aliquot.
Depending on the total amount of CNTs added to the dispersion, 0.1
and 0.5% (weight by volume) aqueous dispersions were synthesized;
these conducting inks were termed as CNT-inks.

Preparation of the CNT-Conductor (cCNT). Pristine cellulose
yarns (mean diameter of 145 + 3 um) were obtained from the
Bombay Textile Research Association. They were soaked in deionized
water for 6 h and dried under ambient conditions before use. These
yarns were then dip-coated with 0.1 and 0.5% CNT-ink in successive
steps at a dipping rate of 2 cm/min. Each such step of dipping was
followed by washing of the coated yarns, by soaking them in ethanol
for 2 h, to remove NaDOC followed by drying under ambient
conditions. The surfactant is removed by thorough washing of the
cCNT in ethanol for 2 h followed by drying under ambient conditions
(Figure S1).

The samples thus prepared exhibited finite electrical conductivity
(7.5 S/cm) indicating a strong, continuously interpenetrating network
of CNTs immobilized on the matrix, termed as cCNT. Further
increase in conductivity was affected by the exposure of the yarns to
sulfuric acid (H,SO,). Acid exposure leads to —COOH and —OH
functionalization of CNTs. This leads to the saturation of some C
centers that bear the acid group, thus creating defects in the sp* C
network in CNTs. This, in turn, leads to an ease in the hole doping
mechanism of charge conduction and facilitates a drastic increase of
conductivity. Such —OH and —COOH functionalized cCNTs are
employed in control experiments.

Fabrication of the CNT Gas Sensor Device. The change in
resistivity with time of cCNT was observed in the presence of air and
in vacuum for comparison. It was then fixed in a pre-vacuumed gas
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Figure 1. (a) Schematic sequence of steps for the fabrication of cCNT. (b) Circuit for the measurement of electrical properties. (c) Current—
voltage plot recorded at various stages of the fabrication of cCNT from the pristine cellulose thread (color code: black, cellulose thread; red, first
dipping in 0.1% CNT-ink dispersion; blue, second dipping and ethanol wash; pink, third dipping and ethanol wash; and green, fourth dipping in
0.5% CNT-ink dispersion and ethanol wash). FE-SEM images of the (d) pristine cCNT and (e) breakdown observed after applying over the

threshold voltage of 16 V (scale bar: 100 ym).

sensing setup, which helped in observing the change in resistivity of
cCNT with time in the presence of different gases like N,, O,, H,S,
H,O vapor, and NH;.

Gas Sensing Setup. For in situ generation of H,S, 15% HCl in a
separating funnel was poured dropwise over powdered FeS placed in a
two-necked RB flask. The generated gas was passed over to the
connected Schlenk line, and the amount or concentration of H,S
(mm Hg/ppb) to be input into the pre-vacuumed setup was
controlled manually through a valve, monitored by a manometer in
terms of mm Hg. The sensing device inside the setup was attached to
a DC voltage supply and a multimeter for electrical measurements
(Figure S8). The change in resistivity with respect to time was
calculated after applying 75% of the breakdown voltage to the device
for different H,S gas concentrations (ppb). Similarly, the experiments
were done in the presence of air, vacuum, NH;, and H,O vapors for
comparison.

Characterization. Scanning electron microscopy images of cCCNT
were carried out in a JEOL JSM-7600F FEG-SEM instrument.
Electrochemical data were recorded using a Biologic SP 300
electrochemical workstation. I—V characteristics of the cCNT were
recorded for different concentrations of gas. The treated threads were
analyzed to see changes in chemical bonding using X-ray photo-
electron spectroscopy (Axis Supra Model, SHIMADZU group).

B RESULTS AND DISCUSSION

Pristine CNTs are synthesized through the water-assisted,
super-growth chemical vapor deposition route that provides
uniform and mono-disperse single walled carbon nanotubes
(CNTs) with an average diameter of 3 + 0.3 nm and length of
400 pm. The pristine CNTs are characterized through both
microscopic and spectroscopic techniques (Figure S11). The
cCNT is fabricated through a series of steps involving (i) the
formation of an aqueous dispersion of CNT-ink’>** and (ii)
dip-coating gristine cellulose yarns through the CNT-ink
followed****7** by (iii) the removal of the anionic stabilizer*’
(NaDOC, Figure 1a and Figure S1). Such a scalable and facile
approach results in the enhancement of the electrical
conductivity of the CNT-coated cellulose yarn (cCNT) by
~10" times when compared to the pristine cellulose yarn.
Importantly, the ohmic conductance is further improved by
~42% after treating the ¢cCNT in ethanol, which acts to
remove the surfactant (step iii) and thereby lowers the
junction resistance between the interconnected CNT (Figure
1a,c). These cyclic processes (steps ii and iii) are repeated to

create multilayer interconnected networks of CNT, resulting in
an electrical conductivity of ~7.5 S/cm. While a single dipping
was sufficient to coat CNTs on the cellulose thread and make
it electrically conductive. However, the electrical conductivity
measured from various segments of the same sample and
across multiple similar samples showed variations in electrical
conductivity.

This is attributed to the non-uniformity in the CNT coating
and the resulting inconsistency in the number of inter-CNT
junctions formed. Repeated dipping—washing—drying cycles
were carried out to remove any such inconsistency and achieve
uniform electrical conductivity (7.5 S/cm). The uniformity of
coating and the number of inter-CNT junctions reached a
saturation value with increase in the CNT loading. As seen
from Figure S2, the electrical conductivity shows a saturation
with increased CNT loading (0.125 mg/cm) and did not
change beyond that. It is important to note that such
stabilization of electrical conductivity over the macroscopic
length scales (over 10 cm) of the cCNT conductor is achieved
at ultra-low levels of CNT loading (0.125 mg/cm) due to the
long aspect ratio (10”) of the CNTs and their ability to form
dendritic interconnected networks."’

The surface of cCNT exhibits the presence of a uniformly
immobilized interpenetrating network of CNT and thereby
behaves as an ohmic conductor with monotonic, linear
current—voltage dependence (Figure 1c). This ensures
unchanged electrical conductivity over length scales (10 cm)
that are typically 4 orders of magnitude higher than the
dimension of individual CNTs (500 gm). Further, the uniform
coverage produces sharp surface features arising from
individual CNTs. This mimics the action of points in a
lightning conductor and thereby enables intense concentrated
electric fields (~4 X 10° V/m) that are at least 5 orders of
magnitude higher than those observed in conventional metallic
conductors.”>*' In addition to such high electric field flux,
localized thermal heating also operates in the CNT due to its
finite ohmic resistance. The combination of both high electric
field and Joule heating creates chemically reactive sites on the
surface of the cCNT.

Accordingly, a chemresistor device is fabricated with the
cCNT acting as both the sensing and transducing elements
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(Figure 1b,d). It is noteworthy that a DC bias of 16 V is able to
cause the complete rupture of cCNT (Figure le). Therefore,
all experiments are conducted at 75% of 16 V to avoid such
failures. Experiments conducted at a constant DC bias (12 V)
with N,/0O, as the carrier gas and vacuum (50 mm Hg) exhibit
a delayed time response leading to a minor (2—4%) increase in
the electrical resistivity of the chemresistor (Figure 2a).

() 5
2 N
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Oo. 1.04 Vac
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Q
0.8 Pas
0.6——— —
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75 150 225 300
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Figure 2. (a) Time evolution of the resistivity of cCNT in the
ambience of different analytes (NH;, water vapor, air, and vacuum)
and increasing concentrations of H,S. (b) Sensitivity of the conductor
in different concentrations of H,S. FESEM image of cCNT exposed
to H,S of concentration (c) 48 ppb, (d) 84 ppb, (e) 96 ppb, (f) 120
ppb, (g) 190 ppb, and (h) 310 ppb. Scale bar: 2 ym.

Control experiments that were carried out by replacing the
sensing element (cCNT) with metallic Cu wire failed to
produce any observable change in resistivity, indicating the
decisive role of cCNT. Additionally, control experiments were
carried out by applying a low, subthreshold potential difference
(0.5 V) to the cCNT, wherein no perceivable changes in
resistivity were observed either under varied concentrations of
H,S (75 and S00 ppb, Figure S3) or at ambient conditions
(Figure S10). This confirms the mandatory requirement of an
electric field for the solid—gas reaction to occur. Further,
identical -V measurements in the presence of an electric field
(~4 x 10° V/m) were carried out with cCNTs functionalized
with —OH and —COOH groups through treatment in H,SO,
(Figure S3). Consistent with earlier observations, the resistivity
of the device did not exhibit any noticeable changes in the
presence of 150 ppb of H,S (Figure S3). Taken together, these
control experiments confirmed the importance of both pristine
c¢CNT and electric field in the observations.

To probe the effect of other gases, identical experiments
were conducted under controlled relative humidity (40%). The
time evolution of resistivity showed a significantly sharp
increase in the first 60 s of exposure followed by saturation. An
identical trend was observed in experiments conducted with
NH; as the analyte (Figure 2a). Thereby, the ultra-high
sensitivity and the signal response of cCNT to its immediate
environment are established. The sensitivity obtained here
compares with that of gas chromatographic detectors, while the
time taken for signal stabilization is ~100 s. An identical yet
diametrically opposite trend obtained with NH; and humidity
clearly indicates the role of chemical charge transfer in the
observed changes in resistivity. Both H,O and NHj lead to
charge injection at the active sites of cCNT generated by the

intense electric field and localized thermal energy. These
observations encouraged further investigations into the
sensitivity of cCNT toward H,S.

Hydrogen sulfide (H,S) is a toxic and inflammable gas that
also doubles as an agricultural marker in paddy fields. The
precise detection of H,S poses a significant challenge due to a
major interferon in the form of moisture. Therefore,
developing an ultra-sensitive and chemospecific sensor for
H,S would immensely benefit these two contrasting and
critical aspects.

Inspired by this, the chemoresistive sensor—transducer
platform (cCNT) is subjected to systematic variation in the
concentration of H,S (pH,S) changing from 48 to 330 ppb
(Figure 2b). The relative change in resistance is observed to
follow a sigmoidal behavior with two clear domains (Figure
2b). An induction domain at H,S concentrations below 75 ppb
is observed. Since the site-specific solid—gas interfacial reaction
is established as the mechanism of sensing (vide infra), the
induction concentration refers to the minimum number of
active sites on the cCNT conductor that need to participate in
the solid—gas reaction for the change in resistivity to manifest
at the device level. Thus, the induction concentration of <75
ppb is also in agreement with the defect density of the cCNT
conductor (1.1 X 10''/cm?), as estimated from Raman
measurements. The initial domain 1 (yellow, Figure 2b)
exhibits a linear increase in resistivity and occurs between
pH,S of 48 and 120 ppb. Beyond this, domain 2 (blue, Figure
2b) is marked by the saturation of the signal response and
extends up to pH,S of 330 ppb. The observed saturation in the
signal from the cCNT corresponds to the saturation of its
surface with H,S. The Stone—Wales defect centers on the
cCNT act as pinning points*” for the z-electron charge density
and hence form the preferred reactive sites.

Importantly, the saturation observed beyond 120 ppb is in
excellent agreement with the defect density estimated from
Raman spectra. Detailed DFT calculations (vide infra) show
that the defect sites are important for the reaction to proceed,
and therefore, a pristine cCNT with no defect is unlikely to be
reactive. As the defect sites are limited, after 120 ppb pH,S, the
saturation occurs as all the defect sites are encaged with the
H,S. Systematic and calibrated exposure to H,S results in a
proportionate increase in the roughness of cCNT. (Figure S4
and Figure 2c—h). Thus, the kinetics of response and the
morphological changes observed point to the critical role of
surface sites on the cCNT. This is further investigated through
surface sensitive X-ray photoelectron spectroscopy (XPS). The
pristine ¢cCNT exhibits the characteristic binding energy
component at 284.6 eV arising from the characteristic sp
C=C framework (Figure 3a). Given the complexity of the
system, careful control experiments and analysis are warranted.
In this direction, the O 1s region of the as-prepared pristine
CNT powder and cCNT is compared (Figure SS).
Importantly, the XPS of the as-synthesized CNT powder did
not show the presence of any O 1s peak, reaffirming our
interpretation. This confirms that the C=0O peak observed in
cCNT is exclusively due to the cellulose substrate and not from
the CNTs themselves. In addition, the O 1s XPS in cCNT has
been analyzed and found to be consistent both before and after
exposure to H,S (Figure S6). Consequently, the pristine cCNT
does not exhibit any peak corresponding to S 2p, in contrast to
clear signatures observed for the same sample after exposure to
H,S (Figure 3b). Accordingly, S 2p;/, and S 2p, , are observed
at 163.8 and 165 eV, respectively. The prominent peak at
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Figure 3. XPS spectra of (a) C 1s and (b) S 2p of exposed cCNT. (c)
Deconvolution of C 1s spectra showing the evolution of the C—S
peak after exposure to H,S.

higher binding energy corresponds to the presence of sulfate
species (SO,”7) and is corroborated by the EDS analysis
(Figure S7). Furthermore, the C 1s region of the samples
provides in-depth information on the nature and site of the
solid—gas reaction. The presence of O=C—O at 288.9 eV in
pristine cCNT and its increasing peak intensity upon exposure
to H,S suggest the binding of sulfur on the cCNT surface.
While the peaks at 285.6 and 286.5 eV correspond to C—S and
C—O, respectively, these peaks are consistently observed in all
the samples exposed to H,S, making it challenging to pinpoint
the exact nature of the reaction site.*” Furthermore, the
diffusion of gaseous H,S and the skin-depth of XPS used to
probe the surface chemistry are expected to be similar, and
therefore, it is challenging to pinpoint the exact site of the
reaction. Finally, the survey spectra, O 1s spectra, and their
quantification before and after exposure to H,S concur with

the experimental understanding (Figure S8). Therefore, we
propose that both the C—S bond and the participation of
—COOH (from substrate) result in these XPS observations.

The thermodynamics of this reaction are captured by in situ
monitoring of the surface temperature at the reaction site.
Infrared-based thermometry (Figure 4a,c) indicates an increase
in the surface temperature of the cCNT under the influence of
the electric field (S V), originating from Joule heating (Figure
4b). In a vacuum, this temperature difference (AT) stabilizes
within 60 s, which is in excellent agreement with the time
response of the sensor (Figure 2a). Subsequent exposure to
H,S results in a significant lowering of the surface temperature
to below room temperature (AT = —6 °C) (Figure 4b). This
response is unique to H,S among the several analytes and
controls tested and thereby rules out the possibility of radiative
heat transfer. Further, the temperature of the cCNT stabilizes
below room temperature for over 120s. This time scale is in
good agreement with the time scale observed for signal
saturation in Figure 4c. Thus, the lowering of temperature
points to the endothermic reaction between H,S and cCNT,
which is confirmed from XPS measurements (vide supra). The
temperature profile increases beyond 3 min, indicating the
completion of the reaction. Moreover, such a reaction between
H,S and c¢CNT is repeatable, with periodic and precise
changes in the temperature of the cCNT for every pulsing of
the analyte (H,S).

B THEORETICAL STUDIES

Density functional theory (DFT) calculations have been
carried out in the gas phase in both the presence and absence
of an oriented external electric field (OEEF) to gain insight
into the mechanistic aspects of the above reaction and to
rationalize various experimental observations. All the calcu-
lations have been carried out in a small CNT model with
chirality (5,5) (for further details, see computational details in
the Supporting Information). To begin with, we have
optimized the structure of O, adsorbed on the CNT using
DFT (B3LYP/6-31G(d,p)) in a pristine environment and then
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Figure 4. Thermal images of heating of cCNT when applied to S V with (a) one cycle and (c) two cycles of exposure to H,S. (b and d,
respectively) The drop in temperature after exposure to H,S shows the endothermic behavior of the reaction (inset photo of cCNT with Cu tape

ends).
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Figure 5. (a) Reaction mechanism or pathway obtained from the DFT method with the important bond lengths in angstrom (A) unit in the
presence of 0.008 au OEEF and (b) enlarged view at the reaction site with atom numbers and OEEF direction. (c) Gibbs free energy profile
diagram of the reactant, product, and transition states of the same reaction in eV scale and (d) the same reaction mechanism in the absence of any

electric field.

used the same structure to apply an electric field in a certain
direction to estimate the binding affinity in the presence of an
external electric field. While O, is found to favorably bind to
CNT in the absence of applied electric field, when an OEEF of
0.008 au (atomic unit; 1 au = S1.4 V/A) along the
perpendicular direction of CNT (here +Y direction; Figure
Sab) is applied, the binding is estimated to be much more
favorable (by ~0.8 eV or 18 kcal/mol). This may be attributed
to the increased polarity and dipole moment of the overall
nanotube in the presence of OEEF (Tables S2—S4). At first,
the oxygen from the air is expected to bind preferably to the
defected site on the CNT surface.”” We have estimated the
transition state for the formation of the Ccype:O=0 bond,
and this is found to be a concerted transition state occurring
on the triplet spin surface (TS1) with an estimated barrier
height of 1.21 eV (27.8 kcal/mol) with respect to the reactants
at zero OEEF (Figure Sc,d and Figures S12 and S13). While
we cannot rule out the possibility that the oxygen might have
adsorbed on the CNT surface prior to the applied electric field,
in the presence of OEEF, the kinetic barriers are eased
significantly, facilitating stronger binding.

At the transition state, the O---O bond length increases from
1.21 A in the native state to 1.45 A at TSI, suggesting the
cleavage of the O=O 7 bond leaving a significant radical
character at the O, (spin density ~0.34 detected) atom sites.
After the transition state, the formation of an intermediate
(Intl) wherein the O, bound to SWCNT is assumed where
the O---O bond length is estimated to be 1.49 A, revealing the
partial cleavage of the double bond character of the O, upon
adsorption. In the next step, H,S is expected to approach and
form a weak complex having a strong hydrogen bonding
interaction between the H1 of the H,S and the adsorbed
oxygen (H--O distance is 1.92 A), and this yields a weak
complex that is exothermic in its formation by —0.15 eV with
respect to the CNT-O, adduct (Figure Sa). In the next step,
sulfur insertion between the weaker O--O bond is assumed to
take place via a concerted transition state (TS2) with an energy
barrier of 1.4 eV (32.2 kcal/mol). At this transition state, the
S§—O bond is only partially formed, and the S—H bonds are
elongated (S—O distance is 2.05 A, and S—H distances are
1.36—1.40 A; also see Table S2 in the Supporting
Information). In the next step, the S—O bond formation is
complete (Int2), and the formation of this intermediate is
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found to be relatively endergonic by 1.39 eV (32.1 kcal/mol),
suggesting that this is unlikely to be stable and is expected to
undergo a further transformation. The attack of sulfur on the
weakened O-+-O bond is found to be facilitated by the presence
of OEEEF as the same kinetic barrier in the absence of OEFF is
found to be ~1.2 eV higher, rationalizing the need for the
electric field to facilitate such a difficult transformation (Figure
Sc,d and Figures S12 and S13).

In the next step, the elimination of H, from Int2 is assumed
to take place via TS3, leading to the final product. The H,
elimination transition state (TS3) passes through a very high
energy barrier of 2.18 eV (50.2 kcal/mol) also in a concerted
fashion. Such a high barrier suggests that this step is the rate-
limiting step in the reaction profile (Figure S13). The final
product (Pdt) that is the sulfoxide adduct and the H, molecule
is slightly endergonic (0.35 eV or 8.0 kcal/mol; Figure
S$13).The S—O bond length is estimated to be 1.7 A in the final
product formation. The computed PES surface suggests that
the overall reaction is endergonic, and this is consistent with
experiments where exposure of CNT to H,S results in a
significant lowering of the surface temperature.

To assess the importance of the electric field in facilitating
the reaction, we have carried out the PES calculation using the
same schematic mechanism in the absence of OEEF (Figure
5Sc,d and Figures S12 and S13) and found that all the reactants,
intermediates, and transition states are significantly destabi-
lized by more than 1.0 eV compared to the PES computed in
the presence of OEEF. Most importantly, the TS3 passes
through an energy barrier of 3.30 eV (76.1 kcal/mol) energy,
which practically eliminates the possibility of this reaction
occurring in the absence of an electric field. The changes in the
structural parameters, NPA (natural population analysis)
charges from NBO calculations, and dipole moment
comparison have been made with and without the 0.008 au
OEEF (Tables S3 and S4). The total dipole moment is
directed perpendicular to the CNT (Figure Sb). The increased
dipole moment along the +Y direction indicates that in the
presence of an electric field, the reactions proceed via a
pathway that creates a significant polarity leading to this rather
unusual splitting of H,S, which is otherwise a cumbersome
reaction given the very high bond-dissociation energy (Do-
(HS-H) = 90 kcal/mol and AH(H,S) = 175.5 kcal/mol).**~*¢
Furthermore, we have also plotted the electrostatic potential
surface diagram to visualize the change in charge density while
applying the electric field in the gas phase perpendicular to the
CNT, and this clearly reveals the enhancement in the
polarization of atoms/bond charges in the presence of
OEEF, affirming our points (Figure S14). The application of
the electric field in the pristine CNT clearly shows a strong
contrast in charge separation, which is helping in O, binding.
Also, in the final product, the charge separation is more
prominent in the presence of an electric field compared to that
in the absence of an electric field (Figure Sl4c—f). The
theoretical reaction scheme presented here has been modeled
in the presence of aerial oxygen; however, the other aerial
species such as moisture (H,0), hydroxide, and acidic ions
could also be present”' and hence can participate in facilitating
the H,S binding and SO, adduct formation. Modeling the
reaction in the presence of OH™ ions has also been attempted
with DFT methods in the presence of OEEF. It was found that
after the binding of two OH™ ions to the neutral SWCNT, the
binding of H,S was energetically unfavorable of passes through

an intermediate that has energy close to 3.5 eV (see Figure S15
in the Supporting Information).

Additionally, we have also computed the Raman frequencies
of the pristine CNT as well as the final product. As expected
for the pristine CNT, the ring C—C stretching and C—H
bending occur at around 860 to 1600 cm™’, and the C—H
stretching takes place at more than 3000 cm™. Similar peaks
have been observed in the case of S-CNT (product). The SO,
group bending vibrations are prominent at less than 1000 cm™*
and are Raman inactive. The DFT computed Raman spectra
match quite nicely with the experimental Raman spectra
(Figure S17 and Tables SS and S6). Furthermore, the total
density of states (TDOS) and partial DOS have also been
plotted for the pristine CNT, SWCNT, Intl (O, adduct), and
final SO, adduct in Figures S12—S18 in the Supporting
Information.

B CONCLUSIONS

In summary, we illustrate the use of the electric field to
manipulate and drive unconventional chemical reactions at the
heterogeneous solid—gas interface of nanomaterials. The
defect centers have been proven to be more prone to such
reactions through a combination of spectroscopic, thermo-
metric, and theoretical insights. Such reactions induced distinct
and unique changes in the electronic structure of the
nanomaterials, leading to interesting opportunities to use
such ensembles as mimics of gas chromatographic systems.
Further, thermometric investigations pinpoint the enthalpy-
driven changes at the defect sites, providing observations that
are directly supported by theoretical calculations. Finally, the
prospect of carrying out chemical-specific and site-oriented
reactions using the external electric field opens newer
possibilities for the manipulation of electronic structure in
nanomaterials, leading to diverse applications in energy,
catalysis, and sensing based devices.
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