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ABSTRACT: Soft graphitizable carbon-based multifunctional nano-
materials have found versatile applications ranging from energy
storage to quantum computing. In contrast, their hard-carbon
analogues have been poorly investigated from both fundamental and
application-oriented perspectives. The predominant challenges have
been (a) the lack of approaches to fabricate porous hard-carbons and
(b) their thermally nongraphitizable nature, leading to inaccessibility
for several potential applications. In this direction, we present design
principles for fabrication of porous hard-carbon-based nanostructured
carbon florets (NCFs) with a highly accessible surface area (∼936 m2/
g), rivalling their soft-carbon counterparts. Subjecting such thermally
stable hard-carbons to a synergistic combination of an electric field
and Joule heating drives their transformation to free-standing
macroscopic monoliths composed of onion-like carbons (OLCMs).
This represents the first such structural transformation observed in sp2-based hard-carbon NCFs to sp2-networked OLCMs. Micro-
Raman spectroscopy establishes the simultaneous increase in the intensity of D-, 2D-, and D + G-bands at 1341, 2712, and 2936
cm−1 and is correlated to the reorganization in the disordered graphitic domains of NCFs to curved concentric nested spheres in
OLCMs. This therefore completely precludes the formation of a nanodiamond core that has been consistently observed in all
previously reported OLCs. The Joule heating-driven formation of OLCMs is accompanied by ∼5700% enhancement in electrical
conductivity that is brought about by the fusion of outermost graphitic shells of OLCs to result in monolithic OLC structures
(OLCMs). The porous and inter-networked OLCMs exhibit an excellent adsorption-based capture of volatile organic compounds
such as toluene at high efficiencies (∼99%) over a concentration range (0.22−1.86 ppm) that is relevant for direct applications such
as smoke filters in cigarettes.
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■ INTRODUCTION

Carbon along with its allotropic variations represents a vital
bridge between the natural and artificial worlds.1−3 Discovery
of new allotropes has been continuously receiving attention
over the past four decades and has seen the emergence of
exciting scientific phenomena, leading to a wide range of
applications.4−15 Simultaneous interest in approaches and
pathways for interconversion between such allotropes leading
to multifunctional materials is gathering increased signifi-
cance.16−19 Such interconversions are endothermic and
extremely slow processes, such as the natural conversion of
graphite to diamond. Therefore, the desire to enhance and
control the kinetics of such allotropic interconversions
demands unconventional approaches compared to those
adopted for C−H activation and CC bond formation.20,21

Accordingly, various forms of energy such as high-pressure,
laser-ablation, photothermal, and electric and thermal fields

have been utilized to drive these transformations in the desired
directions.1−3,10,22,23

One of the earliest transformations involved thermal
annealing of nanodiamonds at temperatures reaching up to
2000 °C under inert/vacuum conditions, leading to formation
of onion-like carbons (OLCs). Subsequently, such sp3 to sp2

transformations were also demonstrated through electron
beam irradiation on carbon black to form carbon nanotubes
(CNTs) and OLCs. The formation of concentrically nested
rings from nanodiamonds24−26 received significant interest
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from both a mechanistic standpoint27 and for their applications
in high power supercapacitors28,29 and solid lubricants.30

Therefore, while this approach produces a high yield of OLCs,
its energy-intensive nature and a range of byproducts obtained
owing to lack of control over the conversions have been its
major drawback. In comparison, the production of OLCs
through arc discharge31,32 yields highly crystalline materials but
at low yields, thereby demanding exhaustive purification
protocols. While thermal annealing proceeds under kinetically
controlled conditions, it results in formation of other
byproducts such as carbon nanohorns and nanotubes and
thereby requires detailed purification and separation protocols.
Accordingly, absolute structural uniformity with high yield

over the end product (OLCs) is desirable. Further, the large
scope for direct applications of OLCs has been severely limited
due to the familiar problem of quantum effects degrading in
macroscopic ensembles and at macroscopic dimensions.33

Significantly, the predominant focus has been on the
interconvertibility between the soft-carbons that exhibit
propensity for both catenation and graphitization. Accordingly,
these routes proceed through metastable intermediates but
always tend toward the thermodynamically preferred crystal-
line end products.
In comparison, hard-carbons are structurally and thermally

rigid and therefore are not envisaged for such interconversions.
Hard-carbons consist of randomly oriented graphitic domains
with an expanded d-spacing (∼0.4 nm).34 The existence of
short-range graphitic ordering and long-range disordered
domains is entropically unsuitable for catenative cross-linking,
as supported by the lack of any investigations in this direction.
A significant bottleneck lies in the lack of rational design
approaches to fabricate such high entropic hard-carbons.35−40

Conventional approaches involving pyrolysis of thermosetting
polymers result in complete pore collapse and therefore yield
bulk-phase hard-carbons with insignificant porosity and surface
areas. Therefore, nanostructuring pathways for fabricating
hard-carbons, analogous to those available for soft-carbons, are
desirable yet lacking. The dimensional long-range disorder in
hard-carbons and the resulting entropic penalty offer a distinct
possibility to capture and stabilize OLCs. Therefore, the
opportunity to create functional nanostructures of higher order
and simultaneously understand the feasibility of such trans-
formations in hard-carbons motivated the current investiga-
tion.
In this direction, we present two results in this work: (a) a

rational approach based on robust design principles to fabricate
hard-carbon nanostructures with well-defined porosity and
engineered morphology (i.e., nanocarbon florets, NCFs) that
enables (b) formation of macroscale OLC monoliths
(OLCMs) through a combination of electromigrative and
thermomigrative driving forces. The OLCMs (5 mm in length
and 1 mm in diameter) represent a macroscopic structure that
is uniformly constructed with OLCs (6.5 ± 1.2 nm) as
building blocks and fused through strong covalent CC
linkages. Thereby, the OLCM provides a pathway for
synergistic emergence of nanoscale properties in macroscopic
discrete solids as seen from characteristic optical phonons that
dominate the material over macroscopic dimensions of the
monolith. The endothermic conversion of NCFs to OLCMs is
driven by an electric field (1.7 × 103 V/m) and the associated
Joule heating-based thermal fields, generating temperatures of
∼2200 °C. The precise and uniform conversion of NCFs to
OLCMs is established through both microscopy and

spectroscopic results that corroborate to the stepwise
reorganization of the long-range disordered domains into
spherical Matryoshka-doll-like OLCs that further undergo
cross-linking to form the OLCMs. The retention of porosity
and the strained d-spacing (2.95 Å) over macroscopic
dimensions in OLCMs has been utilized for direct capture of
volatile organic compounds (VOCs) in a flow-through
geometry over a wide concentration range (0.22 to 1.86
ppm) that is typically encountered in cigarette filters.

■ MATERIALS AND METHODS

Synthesis of NCFs

Dendritic fibrous nanosilica (DFNS) served as the template for
fabrication of NCFs and was synthesized through a reported
procedure.41,42 The synthesis of nanocarbon florets was carried out
by passing acetylene (carbon source, 100 sccm) over DFNS in an
alumina boat under a He atmosphere (700 sccm) at 740 °C (10 °C/
min ramp rate). After cooling, a black powdered sample was etched
with 1 M NaOH for 5 h followed by repetitive washing with DI water
till the pH of the supernatant became neutral. It was oven-dried at 80
°C to obtain nanocarbon florets (NCFs).

Synthesis of Monoliths

NCFs (5 mg) were loaded into a cylindrical quartz tube with a length
of 5 cm and an inner diameter of 1 mm that is open at both ends. All
experiments were conducted on the NCF packed over a length of 5
mm inside such a cylindrical quartz tube. Two copper electrodes
inserted on either side provided electrical contacts to the NCF, while
the quartz tube enabled thermometric imaging. The copper electrodes
were held in place using shrink tubes after degassing the setup in a
vacuum desiccator for 15 min. The electrical measurements were
carried out by connecting the copper electrodes to a DC voltage
supply (GW INSTEK GPS-3303) that allowed simultaneous
monitoring of current. The OLCM was sliced with a knife blade for
cross-sectional measurements.

Material Characterization

Ex situ electrical measurements on OLCMs were done using a
Biologic VMP300 electrochemical workstation. Scanning electron
microscopy was carried out at an accelerating voltage of 5 kV using a
Carl-ZEISS Ultra 55 Field Emission Scanning Electron Microscope.
Transmission electron microscopy was acquired with an FEI Tecnai
G2, F30, at an accelerating voltage of 300 kV. The OLCM was
crushed, dispersed in isopropyl alcohol, dropped onto carbon-coated
copper TEM grids, and dried in an ambient atmosphere before
imaging. Powder X-ray diffraction (XRD) patterns of samples were
obtained using a powder X-ray diffractometer (Rigaku, Cu-Kα
radiation, 1.514 Å) at a scan rate of 5 deg/min. Raman
characterizations (spectra and imaging) were carried out using a
WiTec micro-Raman spectrometer equipped with a Nd-YAG (532
nm) laser source. A 50× objective lens (N.A. 0.8) was used to focus
the laser onto the sample. Raman imaging was carried out by
collecting 10,000 spectra over the desired area to generate color-
coded images. Confocal depth profiling was carried out over a depth
of 200 μm that was divided into 13 layers. The layers were
subsequently integrated using ImageJ to generate a three-dimensional
volume map. All spectra were acquired within 30 s using a grating of
1200 grooves/mm and a laser power of 2 mW. No laser-induced
change in the sample was observed under these conditions and
confirmed through repeated spectra taken at the same location.

■ RESULTS AND DISCUSSION
Hard-carbons have been traditionally synthesized through
high-temperature pyrolysis of thermosetting polymers.34

Although scalable, this route suffers from the lack of any
structural, chemical, and morphological control. Therefore,
rational design approaches for hard-carbons, analogous to
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those present for their soft counterparts such as CNTs,
graphene, and fullerenes, are lacking. Hard-carbons are a
structurally high-entropic combination of graphitic stacking in
the short range and highly disordered randomly oriented
graphitic domains in the long range, thereby presenting distinct
challenges in design principles. In order to overcome this, we
based our approach in utilizing an amorphous thermally stable
SiO2 framework in the form of DFNS as the template (Figure
1a and Figure S1). As opposed to conventional polymer
infiltration approaches that suffer from poor infiltration and
inefficient templating,43 we introduced the carbon precursors
through gas-phase diffusion with DFNS as the substrate. The
epitaxial deposition of carbon over the amorphous SiO2
framework introduces the orientational randomness, while
the kinetics of the chemical vapor deposition controlled the
thickness of carbon coating (Figure 1a and Figure S1). The
uniform deposition of the carbon and the subsequent complete
removal of DFNS are confirmed from both SEM-EDS and
TEM images (Figures S1 and S2) Accordingly, short-range
stacking and long-range disorder, characteristics of hard-
carbons, are obtained after removal of the DFNS template.
The resulting complimentary carbon nanostructure, resembling
a marigold with an open-ended accessible pore structure, is
referred to as nanocarbon florets (NCFs, Figure 1a and Figure
S1b,c).
The hard-carbon structure of the NCF is confirmed from

both vibrational characteristics and the microscopic evaluation.

Micro-Raman spectroscopy of the NCF exhibits two main
features corresponding to the D-band (1351 cm−1) and G-
band (1599 cm−1, Figure 1g). Specifically, while the G-band is
associated with the in-plane tangential vibrations, the D-band
is originated due to two-photon absorption followed by
transition in momentum space from Γ to Γ′ without going
through a nonradiative pathway, characteristic of intrinsically
disordered systems.44 Further the absence of any component at
1331 cm−1 clearly rules out the possibility of any sp3 C centers
in the NCF. Finally, the second-order peaks are broad and
unresolvable, signifying the disordered graphitic domains. This
is further confirmed from structural analysis through HR-TEM
that reveals the presence of short-range graphitic ordering with
an enlarged d-spacing of 0.4 nm along with intrinsic disorder in
the long range (Figure S3b and Figure 3i). Consequently,
electron diffraction reveals a large amorphous background
(Figure S3c). The X-ray diffractogram confirms this under-
standing with a broad (001) diffraction pattern at 24.9° in
agreement with the TEM image (Figure S3a). Thus, the
combination of these observations irrefutably confirms the
hard-carbon nature of the NCF. Finally, the unique
morphology with the open-ended structure provides a highly
accessible surface area (∼936 m2/g) and large pore volume
that is composed of both micropores (20%) and mesopores
(80%), as seen from Figure S3d. Thus, the NCF represents a
novel combination of intrinsically disordered structure
assembled into a hierarchically dendritic morphology.

Figure 1. (a) Schematic representation of fabrication of the OLCM from the hard-carbon NCF, going through the steps of electric field-induced
Joule heating. (b) Picture of the electrical setup containing the packed NCF in a quartz tube with Cu electrodes. The inset shows the magnified
view of the NCF column. (c) HR-TEM of the OLCM. (d) SEM image of the OLCM showing fused structures. (e) Variation of current−voltage
characteristics at various stages of conversion of the NCF to OLCM. (f) pXRD of the NCF and OLCM (inset: zoomed in graph showing a sharp
peak at 43.8° for OLCM). (g) Raman spectra of the NCF and OLCM.
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The NCF presents interesting possibilities for understanding
structural transformations among carbon allotropes. As
opposed to approaches involving thermal sintering and ion
bombardment,45 we based our design principles on an electric
field-driven structural change. The advantage of this approach
is the precise control over the transformation, leading to
uniformity in the resulting structure (vide infra). Such an
approach has not been adopted in earlier investigations,
primarily due to (a) the non-availability of porous, nano-
structured hard-carbon precursors, (b) high electromigrative
resistance of available soft-carbon precursors, and (c) high
electrical resistivity of nanodiamonds (2.5 × 108 Ω cm) when
compared to NCF (14.2 Ω cm, 0.07 S/cm).
The NCF is packed into a cylindrical column of a quartz

capillary at a packing density of 1.27 g/cm3 to achieve an
electrical conductivity of 0.07 S/cm that was maintained
constant for all the experiments (Figure 1a,b). An input voltage
(Vi) was employed to create an electric field (1.7 × 103 V/m),
leading to a current density of 764.3 A/cm2 (Figure 1e).
Although significantly lower than the electromigrative thresh-
old for nanocarbons (∼106 A/cm2),46 the high electrical
resistivity of the column ensures the corresponding Joule
heating. Thereby, it is proposed that the combination of
electromigrative and thermomigrative forces drives the
observed structural transformations.
The structural and chemical transformations driven by Vi are

evident from the pronounced increase in electrical conductivity
from 0.07 S/cm (at Vi = 0 V) to 4.17 S/cm (at Vi = 8.6 V),
representing a ∼5700% enhancement of electrical conductivity
(Figure 1e and Figure S4). This sets up an autocatalytic
process where the lowering of resistivity increases the
magnitude of current and therefore triggers the transformation
in the NCF column. The change in electrical resistivity was
monitored by applying a pulse voltage (Vp) that is significantly
smaller than Vi and therefore cannot play any role in the
changes observed. Finally, the system exhibits an ohmic
behavior for the entire range of Vi (Figure 1e and Figure S4).

The first confirmation of the structural transformation
originates from the conversion of the packed NCF column
into a self-standing cylindrical monolith (1 mm in diameter, 5
mm in length, Figure 1a,b). The free-standing structure is a
consequence of thermo-electromigration driving the fusion of
adjacent NCFs. It is evident that the packing density and the
electrical contacting are insufficient to drive this trans-
formation. Detailed experiments were carried out to under-
stand the pathway of such transformations and the structure of
the resulting monolith. Pristine NCF exhibits two character-
istic peaks corresponding to the graphitic (002) and (100)
reflections, corresponding to a d-spacing of 0.4 nm (Figure 1f
and Figure S3a). Although these peaks are retained upon
transformation to the monolith, their positions and FWHM
undergo distinct changes. The (002) peak exhibits a shift to
higher angles, indicative of a reduction in the d-spacing (0.29
nm) for the monolith (Figure 1f). Further, the FWHM of the
(002) reflection broadens for the monolith due to the lowering
of domain sizes brought about by the interlinking of the NCF.
Another marked change is the superimposition of a strong
asymmetric graphitic (100) reflection plane over the broad
feature present in pristine NCF (Figure 1f). These
observations are corroborated by the XPS results that exhibit
an invariant C 1s peak at 284.6 eV originating from the sp2

carbon content (Figure S5a). It is important to note that the O
1s peak shifts to a lower binding energy in the monolith,
possibly due to the aerial conditions under which the
experiment is carried out (Figure S5b).
Given that both electric fields and associated thermal fields

are simultaneously applied on the NCF column, it is important
to decouple and understand each role separately. Accordingly,
in situ infrared thermometric images reveal that the surface
temperature of the NCF column increases to ∼2200 °C at a Vi
of 8.6 V (Figure 2e and Figure S6a−g). This confirms the
thermomigrative field as the primary driver for the observed
transformation since the current density (764.3 A/cm2 at Vi =
8.6 V) is insufficient to drive electromigration in nanocarbons.

Figure 2. Infrared-based thermometric images of the sample at various Vi values of (a) 2.4 V at 60 s, (b) 4.2 V at 60 s, (c) 6.6 V at 60 s, (d) 8.6 V at
30 s, and (e) 8.6 V at 60 s. (f) Temporal evolution of temperatures at different input voltages.
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However, the high resistivity of the NCF column (14.2 Ω cm)
and the current flow (6 A at Vi = 8.6 V) are critical for resistive
Joule heating that drives the transformation of the NCF to the
monolith (Figure S4). Furthermore, an increase in Vi results in
both the higher temperature of the hotspot and longer time to
reach the steady-state temperature. (Figure 2f and Figures S7−
S9). Vi is the driving force for the Joule heating, and therefore
larger Vi results in a higher temperature in the NCF column.
Alongside the voltage-induced Joule heating, the thermal
dissipation of the NCF column dictates the higher temperature
of the hotspot and the longer time taken for reaching the
steady-state temperature. These observations are coupled to
the structural transformation of NCFs to OLCMs. Thus, the
use of current becomes a versatile handle to control the
dynamics and uniformity of such transformations in hard-
carbon nanostructures.
The evolution of temperature during the process is an

indication of the kinetics of the transformation of the NCF
into a free-standing monolith. It is observed that the magnitude
of steady-state temperature and the time taken to reach the
steady state are both monotonically proportional to the
magnitude of Vi (Figure 2f). Thus, the rate of temperate
increase is 0.15 °C/s for a Vi of 2.4 V, leading to saturation at
∼36 °C within 30 s (Figures S6−S9). In contrast, a larger Vi

(8.6 V) results in a steeper increase in temperature (36.2 °C/s)
and a delayed onset of the steady-state temperature (2200 °C
at 60 s), again underlining the thermal contribution to the
transformation observed (Figure 2f).

In-depth structural analysis of the free-standing NCF
monolith is carried out through micro-Raman spectroscopy
and HR-TEM. As discussed above, the Raman spectrum of the
pristine NCF confirms its hard-carbon nature and disordered
domain orientation. No deviation of this is observed after
packing the NCF into the quartz capillary (Figure 3a).
Application of Vi is accompanied by distinct changes in the
spectral features. The first noticeable feature is the inversion of
the intensities of D- and G-bands upon increasing the Vi from
0 to 2.4 V (Figure 3b,e). Although prominent, the intensity of
the D-band (ID at 1341 cm−1) is lower than the G-band (IG at
1585 cm−1) in the NCF (Figure 3a). The ID/IG ratio changes
from 0.92 to 0.98 at a Vi of 2.4 V and further increases to 1.0 at
a Vi of 6.6 V, reaching 1.2 at a Vi of 8.6 V (Figure 3h). Such a
monotonic increase in ID/IG at a higher Vi is in complete
contrast to earlier observations,47,48 where lowering of the ID/
IG ratio is conventionally observed and attributed to an
increase in graphitic crystallization.
Concomitantly, the D-band shows significant stiffening with

an increase in Vi (Figure 3e−g,l). The sharpening of the D-
band is also accompanied by the emergence of two distinct
peaks at 2712 and 2936 cm−1 corresponding to 2D and G + D
modes (Figure 3d). The sharp signature at 2712 cm−1 in the
OLCM is close to the value of HOPG (2719 cm−1)49 and
originates from the graphitic ordering of the nested onion-like
carbon shells in the monolith (OLCMs). Both the D + D′
mode (originating from the double resonance process) and the
G′ mode are confirmative of the few layer disordered graphene
that makes up the structure of the NCF. The conversion of the

Figure 3. Raman spectra at different input voltages: (a) 0 V, (b) 2.4 V, (c) 6.6 V, and (d) 8.6 V. Deconvoluted Raman spectra of samples subjected
to Vi values of (e) 2.4 V, (f) 6.6 V, and (g) 8.6 V. (h) Variation of ID/IG ratios and I2D with Vi. HR-TEM of (i) NCFs (white circles showing long-
range disordered graphitic domains) and (j) and (k) OLCMs. (l) Variation of spectral positions and FWHM of D- and G-bands at various Vi
values.
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NCF to OLCM is accompanied by the lowering of the
structural disorder due to which this peak disappears and is
replaced with sharp peaks attributed to the 2D and D + G
modes (Figure 1g and Figure 3h,l). Further, there is no
component corresponding to sp3 C centers as seen from the
complete absence of any component at 1331 cm−1 (Figure 3e−
g). Importantly, the increase in the ID/IG ratio is concurrent
with the increase in the intensity of the 2D-band (I2D, Figure
3h). The intense and sharp 2D-band is indicative of the defect-
free nature of the graphitic domains that form the OLCs. Such
an increase in ordering from the hard-carbon NCF is triggered
by temperature. Such temperature-induced defect healing
drives the transformation toward the thermodynamically stable
spherical assembly.48 However, an important difference in this
work is the hard-carbon origin of the OLCMs, rather than
from diamonds or soft-carbons.
Thus, the transformation of NCFs to OLCMs is proposed to

proceed from the surface to the core of the OLCs and
therefore precludes the formation of a nanodiamond core.
Further, the NCF with its intrinsic disordered domain
structure is not converted to graphitic crystals but rather
transforms into a spherically nested onion-like carbon
structure. Such a transformation is completed at 8.6 V, as
seen from the perfectly separated and resolved second-order
peaks (Figure 3d). These observations conclusively pinpoint
the monolith to be composed of onion-like carbons, and
therefore, it is henceforth referred to as onion-like carbon
monoliths (OLCMs). It is important to note that the final
values of FWHM of the D- and G-bands for OLCMs are in
excellent agreement with those reported earlier (Figure 3l and
Figure S10a−e).48,49 Furthermore, the spectral positions of the
D- and G-bands remain invariant throughout the trans-
formations. This again presents a contrasting observation
compared to the OLCs obtained from nanodiamonds. Herein,
the nanodiamonds carry a strong sp3 character and therefore
have to necessarily go through an sp3−sp2 structural trans-
formation to reach graphitic ordering. In contrast, the hard-
carbon NCF in our case is already composed of graphitic
domains that are randomly oriented with respect to each other.
Thus, the thermo-electrical driving force is responsible for the
reorganization of these domains, leading to a proportionate
increase in the intensity of D-band, 2D-band, and D + G
modes (Figure 1g and Figure 3l).
The observations from micro-Raman are conclusively

supported from the HR-TEM images of the OLCMs, which
show clear nested spheres with excellent ordering and stacking
(Figure 3j,k and Figure S11). The average size of the OLCs is
6.5 ± 1.2 nm, made up of ∼12−14 layers (Figure S11). This
supports the strong and sharp phonon modes seen in the
Raman spectra of samples after a Vi of 8.6 V and is supported
by a semi-emperical Tersoff model.50 Further, a nondiamond
core is observed, supporting the absence of the diamond line in
OLCMs. The fusion of the outer graphitic shells with each
other, leading to the formation of a monolithic structure, is also
observed in the TEM images.
Further validation of these arguments demands that these

spectral features be uniformly observed across macroscopic
dimensions of the sample. Accordingly, diffraction-limited
micro-Raman spectral maps were carried out based on the
intensities and FWHMs of the D, G, and 2D modes. Complete
retention of all spectroscopic signatures corresponding to
OLCs was observed throughout the macroscopic area (104

μm2) consisting of 10,000 spectral points (Figure 4a,c,d).

Further confirmation of uniformity is also the fact that the
spectral features were invariant across the multiple areas
acquired on both the surface and cross section of OLCMs
(Figure 4c). Confocal slices of OLCMs were used to
reconstruct the three-dimensional morphology that was also
in excellent agreement with the two-dimensional spectral maps
(Figure 4a and Figure S12). In addition, such three-
dimensional spectral reconstruction enabled correlation with
the morphological information in SEM images (Figure 4b).
Finally, the structural evolution of the NCF to OLCM and the
accompanying morphological changes (Figures S13 and S14)
are consistent with the spectroscopic conclusions.
The ambient conditions under which the transformations

occur provide a distinct possibility of the chemical function-
alization of the OLCMs. The X-ray photoelectron spectra of
the OLCMs exhibit a well-defined, characteristic C 1s peak at
284.6 eV corresponding to the CC network (Figure S5a).
The C 1s also reveals an additional component at 288.8 eV
corresponding to CO functionality, which is also confirmed
from the O 1s peaks (Figure S5b). Such partial and controlled
oxidation of the OLCMs is further confirmed from the
fluorescence lifetime measurements (Figure 5a−d). Excited-
state lifetime studies on the solid-state OLCMs (λex at 532 nm)
reveal a biexponential nanosecond decay, in agreement with
earlier reports (Table T2).51 Importantly, the τ1 lifetime
component at 3.4 ns dominated the entire area of the sample
with a single-modal, sharp peak in the histogram, confirming
the uniformity of the sample (Figure 5d and Table T2).
The free-standing porous nature of the OLCMs points to

several interesting applications in the domains of energy
storage28,29 and environmental remediation.51−53 In this
direction, the extensive graphitic surface of the OLCMs was
exploited to adsorb and trap VOCs such as toluene. The
experiments were conducted with toluene as the model VOC
in flow-through geometry to mimic the smoke filter of a
cigarette. Further, the concentration range (0.22−1.86 ppm),
ambience (N2, O2, and toluene), and flow rates (100 sccm)

Figure 4. (a) 3D Raman volume map based on the intensity of D-
bands. (b) Correlative SEM imaging superimposed on the Raman
map profile. (c) Raman spectra corresponding to the labeled regions
on (a) and (b). (d) Spectral positions and FWHM of D- and G-bands
estimated from the line profile spectra that are recorded over a
distance of 10 μm on the cross section of OLCMs.
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studied are of direct significance and relevance to the
conditions encountered during smoking of cigarettes (0.26
ppm).54

A significant decrease in the concentration of VOC
(toluene) was observed across the entire spectrum, signifying
an effective uptake by OLCMs (Figure 5e). The absolute
decrease in the concentration of toluene vapors is proportional
to the initial concentration of toluene. Accordingly, the VOC
capture efficiency was estimated as

= [ ] − [ ] [ ] ×VOC capture efficiency ( C C )/ C 100in f in

where [C]in is the initial concentration of toluene and [C]f is
the final concentration of toluene. It is observed that the VOC
capture efficiency is uniformly high across all [C]in investigated
(Figure 5c). This indicates that the diffusion of VOCs through
the pores of OLCMs drives their capture. Herein, the graphitic
surface of OLC facilitates the trapping of toluene through π−π
interactions while the porosity of OLCM ensures minimal
pressure drop across it.
Further experiments are carried out to comprehend the

mechanism of capture of toluene by OLCMs. Herein, the D-
band and G-band in the used OLCMs (after exposure to

toluene) exhibit peak broadening along with a shift to lower
wavenumbers compared to pristine OLCMs (Figure S15 and
Table T1). This is attributed to the tensile stress developed in
the OLCMs due to the incorporation of toluene within the
OLCMs. This is also reflected in the lowering of fluorescence
lifetime of the used OLCMs when compared to pristine
OLCMs (Figure 5 and Table T2). Further, the lowering of the
radiative decay lifetime also indicates the π−π-based
interaction between toluene and the OLCMs. These results
also expand the scope of the applicability of OLCMs for both
detection and capture of volatile organic compounds such as
toluene. Finally, the OLCMs show structural integrity and
retain the structure after exposure to toluene, as seen from the
TEM images (Figure S16), confirming their stability.
The capture of toluene is also reflected in the increase in the

resistance of the OLCM from 3.4 Ω for pristine to 42.1 Ω after
capture of toluene (Figure S17). This also points to the
possibility that toluene is captured both on the surface and
within the layers of the OLCM. The excellent VOC capture
efficiency is consistently above 90% over the entire range of
concentrations tested. The thermal stability of the OLCM and
its high VOC capture efficiency points to its direct applicability
in VOC filters.

■ CONCLUSIONS
In summary, besides providing concrete design principles for
fabrication of porous nanostructure hard-carbons, their
structural transformation driven by thermal and electric fields
leading to the formation of monolithic porous onion-like
carbon macrostructures is demonstrated. The fundamental
pathway leading to the reorganization of the randomly oriented
graphitic domains to form curved and nested carbon onions is
elucidated through a combination of in situ thermometry and
ex situ spectroscopic and microscopic techniques. These point
to the importance of Joule heating in leading the trans-
formation. The precise and tunable approach presented is
distinctly different from other sp3 to sp2 pathways and results
in monolithic structures that are hitherto not observed. Such
OLCMs have excellent VOC capture efficiency and thermal
stability and thereby provides transformative opportunities in
domains of energy storage, heterogeneous catalysis, and similar
interfacial applications.
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SEM, pXRD, HR-TEM, and BET curves of DFNS and
NCFs; SEM images, HR-TEM image, and line profile of
the OLCM; resistivity trend of the NCF to OLCM when
subjected to 0−8.6 V; C 1s and O 1s XPS spectra of the
NCF vs OLCM; IR thermal images of the OLCM at
different time intervals when subjected to 2.4, 4.2, 6.6,
and 8.6 V; IR thermal image of the packed NCF inside a
quartz tube at 0 V and temperature vs time profile of the
OLCM showing saturation at 2200 °C for 8.6 V at 120 s;
deconvoluted Raman spectra to show uniformity in D-
and G-bands across a 10 μm scale of the OLCM; 3D
Raman maps containing confocal slices of the OLCM of
G- and 2D-bands; SEM images showing the morphology
of the NCF at various scales in comparison to SEM
images showing morphology of the OLCM at various

Figure 5. Color-coded image of 2.25 μm2 area of OLCMs based on
the fluorescence lifetimes, recorded (a) before and (b) after exposure
to toluene. The color scale bars represent the average lifetime in
nanoseconds. (c) Fluorescence lifetime decay measured on pristine
OLCMs (black) and those exposed to toluene (red). (d) Histogram
of the fluorescence lifetime distribution across the entire area. (c)
Change in the concentration of toluene and the VOC capture
efficiencies of OLCMs over a concentration range of toluene (0.22−
1.86 ppm).
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