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ABSTRACT: Onion-like carbons (OLCs) are a class of fullerene-like circular nano-
allotropes of carbon, typically synthesized from nanodiamond (ND) via thermal annealing,
plasma spraying, and laser ablation. These methods require high temperature, high
vacuum, or inert gas. Here, we report an ambient electrospray deposition (AESD) process
to transform NDs (11 ± 1 nm in size) into OLCs (50 ± 13 nm in size) in water.
Transmission electron microscopy (TEM), field emission scanning electron microscopy
(FESEM), Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS) were used
for the characterization of NDs and OLCs. High-resolution TEM images showed an
increased interplanar spacing from ND (0.23 nm) to OLC (0.39 nm). Raman spectra
showed a shift in the ND peak from 1336 cm−1 to D-band at 1349 cm−1, and XPS quantitatively estimated an increase in the
graphitization ratio (sp2/sp3) from 0.95 to 3.16 after AESD. Comparison of electrospray with sonic spray confirmed that such a
transformation required an external voltage as well. AESD was also performed for NDs dispersed in ethanol and acetonitrile, which
showed a solvent-dependent transformation.

1. INTRODUCTION

Carbon has always amazed scientists with its unique ability to
form bonds of various kinds, and this property is distinctly
different from other elements in the periodic table.1,2 Due to
this, several nanoallotropes of carbon have been identified
since the discovery of fullerenes.3−6 These nanoallotropes can
be converted to each other accompanied by a change in their
hybridization.1,2 One such allotrope of carbon is nanodiamond
(ND), also known as ultradispersed diamond (UDD). It has a
core−shell-like architecture2 with an sp3 (diamond) core and
sp2 (graphitic) shells, surrounded by dangling bonds on the
surface. NDs are transformed into sp2-hybridized carbon called
onion-like carbons (OLCs) by the process of graphitization.
OLCs are multilayered fullerene-like carbon shells, also called
carbon nano-onions (CNOs), or carbon onions (COs).7,8

They have demonstrated their applicability in electrical double-
layer capacitors9 and high-performance supercapacitor electro-
des10 for energy storage due to high charge−discharge rates9

and possess capacitance similar to carbon nanotubes. High
conductivity and compatibility to form composites with other
inorganic materials have made them ideal candidates for solar
cell applications.11 They have also been studied for biomedical
imaging,12 biochemical sensing,13 and therapeutic nano-
carriers14 due to nontoxicity, suitability, and covalent
functionalization with most naturally occurring biomolecules.
Nitrogen-doped CNOs with gold15 and copper16 nanoparticles
have enabled the formation of nanocomposite electrochemical
sensors and efficient oxygen reduction electrocatalysts,

respectively. COs have also been utilized for water treatment17

because of their ability to absorb heavy metal ions.
Besides the applications of OLCs in capacitors, sensors,

water treatment, and so forth, there have also been efforts to
discover new methods for the synthesis of OLCs. The OLCs
were synthesized initially using carbonaceous materials or
amorphous carbon soot via heat treatment above 2500 K18 and
high-energy electron beam irradiation.19 Both the precursors
and methods used for the synthesis of OLCs have been
modified over time.20−28 ND, methane, propane, and aromatic
compounds have been utilized to obtain various structures of
OLCs ranging from spherical and polyhedral to hollow or
those containing metal cores, through annealing,20,21 chemical
vapor deposition (CVD),22 carbon ion implantation,23 arc-
discharge,24 pyrolysis,25,26 and so forth. Among all these
methods and precursors, large quantities of OLCs have been
synthesized from ND due to the ease of synthesis and
availability.7 The annealing of ND to OLCs introduced by
Kuznetsov et al. requires a high temperature of 1273−1773 K
and high vacuum.20 Later, Gubarevich et al. introduced a
plasma-spray method for the synthesis of OLCs from NDs,
which required a current of 100 kA and arc discharge at ∼10
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kPa of argon.27 The conversion of ND to a new diamond,
through CO as the intermediate, accompanied by a high-
temperature laser-induced transformation has also been
reported.28

In this paper, we have introduced a simple technique called
ambient electrospray deposition (AESD) for the trans-
formation of ND to OLC at room temperature and
atmospheric pressure. AESD is a subset of electrospray
ionization (ESI) that has immense applications in mass
spectrometry (MS).29 AESD has been proved to be a
promising technique for the synthesis of functional nanoma-
terials as well.30−32 Li et al. have used ESI for the synthesis of
silver and gold nanoparticles30 and showed an improved
catalytic activity by their use in the reduction of p-nitrophenol.
Our group has also reported the formation of metallic
nanobrushes of silver31 and distinct phases of Cu2S

32 using
AESD.
Our method of transformation of ND to OLC involves two

steps: (1) ES of ND suspension and (2) soft-landing/
deposition of the product on a conducting surface. ND before
ES and the transformed product (OLC) after ES were
thoroughly characterized by transmission electron microscopy
(TEM), field emission scanning electron microscopy
(FESEM), Raman spectroscopy, and X-ray photoelectron
spectroscopy (XPS). To understand the mechanism of
transformation of NDs to OLCs, a comparative study of ES
and sonic spray (SS) was performed. While SS leads to
graphitization of ND as in ES, the final nanoallotrope obtained
using SS differed from OLCs. This proved that an external
voltage is necessary and is essential to produce OLCs at
ambient temperature and atmospheric pressure. Additional
parameters that distinguish ES from SS such as the presence of
charge and electric field at the spray tip and Laplace pressure
on the droplet were also evaluated. Furthermore, we changed
the solvent from water to acetonitrile (MeCN) and ethanol
(EtOH) to understand the effect of the solvent on
graphitization. Transformation of ND to OLCs was facile in
water as compared to MeCN and EtOH. Factors such as
dielectric constant and surface tension vary in different
solvents, which affect ES and play a significant role in the
transformation.33−36 Additionally, understanding the interac-
tions between ND and solvent molecules is also required. Such
an interaction has been studied in detail by Holt et al.37

between ND and EtOH vapors. They have mentioned a
possibility of hydrogen bonding between the polar function-
alities on ND and EtOH molecules, which may stabilize the
surface of ND. Other attempts to understand the interaction
and solubility of ND are also known by dissolving it in various
polar and nonpolar solvents.38 All of them are known to
stabilize the ND particles and form dispersions, ascertaining
that the interactions between adjacent ND particles39 and with
the solvent38 molecules are pertinent to understand the
transformation.

2. MATERIALS AND EXPERIMENTAL METHODS
2.1. Materials. ND powder, ≥97% purity, was purchased

from Sigma-Aldrich. Borosilicate glass capillaries (outer and
inner diameters of 1.5 and 0.86 mm, respectively) were
prepared with a tip diameter of 30−45 μm (determined using
an optical microscope) to form a nanospray emitter using a
micropipette puller (P-97), Sutter instrument, USA. Indium tin
oxide (ITO) glass slides were purchased from Zhuhai Kaivo
Electronic Optoelectronics Technology Co., Ltd. Other

reagents such as MeCN and EtOH were of analytical grade
and used without further purification. Deionized (DI) water
(∼18.2 MΩ) obtained from Milli-Q was used throughout the
experiments.

2.2. Preparation of ND Suspension and Substrates
for Characterization. ND (1.5 mg) was dissolved in DI
water (1 mL) to obtain a 125 mM stock suspension.
Concentration was evaluated in terms of the C content
present. It was mixed thoroughly on a SPINIX vortex shaker
for 3 min and successively diluted to prepare a 1.25 mM ND
suspension. The diluted suspension (1.25 mM) of ND was
used for ES and SS because low concentrations are most
suitable in nanoESI.36 Similarly, ND suspension (1.25 mM)
was prepared in MeCN and EtOH to examine the effect of
solvents on the transformation of ND. The suspension was
electrosprayed on the carbon-coated copper grid by placing it
on top of an ITO glass slide (22 mm × 22 mm × 1.1 mm) for
HRTEM analysis. The same copper grid was fixed on a
conducting carbon tape and used for FESEM analysis. The
electrosprayed ITO glass slide was used directly for Raman and
XPS characterization.

2.3. Instrumentation. TEM and HRTEM measurements
of ND, before and after ES, were performed using a JEOL3010
at an accelerating voltage of 200 kV. FESEM measurements
were performed using a Thermo scientific Verios G4 UC
having a retractable detector. Confocal Raman imaging of ND,
before and after ES, was performed on a WITec alpha300 S
with a frequency-doubled Nd:YAG laser at 532 nm with 10
mW laser power, 2 s acquisition time, and 20 accumulations.
To identify the chemical oxidation states and for quantitative
estimation of ND and OLC, XPS was performed with an
electron spectroscopy for chemical analysis (ESCA) probe
temperature-programmed desorption (TPD) spectrometer of
Omicron Nanotechnology with a polychromatic Al Kα (hυ =
1486.6 eV) source having a step size of 0.08 eV. The binding
energies (BEs) of all the elements were calibrated with respect
to C 1s at 284.8 eV. The percentage of peak area was
calculated by taking the relative sensitivity factor (RSF) of
carbon as unity.

2.4. Ambient Electrospray Deposition (AESD) Setup.
The AESD setup (Figure 1) used for ES was composed of an

Figure 1. (a) Schematic representation of the AESD setup. (b)
Magnified optical image of the rectangular area in (a) shows the spray
plume soft-landing on the ITO glass slide. The spray plume in (b) was
visualized with a laser.
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external voltage source supplied by a variable DC power supply
and a nanospray assembly. The nanospray assembly was made
of a nanoESI capillary, platinum (Pt) wire (0.2 mm in
diameter), and ITO glass slide. The Pt wire was inserted in a
borosilicate capillary already filled with the ND suspension
using a microinjector pipette tip. The distance between the
capillary tip to the ITO glass slide was 8 mm. The assembly
was supported by a clamp and stand to keep it stable and firm.
The positive terminal of the voltage source was connected to
the Pt wire, and the negative terminal was connected to the
ITO glass slide, which was grounded. It was found that ES was
possible only in the positive mode. Therefore, the same was
followed throughout all the experiments. The applied voltage
and time required to collect 20 μL of the sample in the spray
plume were 2.6 kV and 1 h, respectively. The potential and tip
to capillary distance were optimized as described by Jana et
al.32

2.5. Sonic Spray (SS) Setup. The SS setup (Figure S5)
was composed of a N2 gas cylinder connected sideways to a T-
connector, a fused silica capillary (inner and outer diameters
were 150 and 300 μm, respectively) connected from the top of
the T-connector, and a vial (1.5 mL) that collects the SS. ND
suspension (1.25 mM) was loaded in a 500 μL Hamilton
syringe connected with the silica capillary using a union
connector and placed on the syringe pump. The syringe pump
continuously infused the ND suspension at a constant flow rate
of 5 μL min−1, which generated uncharged microdroplets on
contact with high-pressure N2. These microdroplets were
collected for 3 h in the vial and later diluted with 50 μL of DI
water for TEM and Raman. Subsequently, the SS was
performed at different pressures (5, 10, and 15 psi) to
optimize the pressure-induced graphitization.

3. RESULTS AND DISCUSSION

3.1. Transformation of NDs to OLCs Using AESD. In
AESD, a nanoESI capillary containing ND suspension (1.25
mM) was connected to the positive terminal of an external

voltage source (2.6 kV) (Figure 1a). As a result, a positive
charge was accumulated on the ES plume of ND, which was
soft-landed on a negatively charged counterelectrode, an ITO
glass slide. This region is marked by a rectangle in Figure 1a.
This is shown as an optical image in Figure 1b.

3.2. Characterization of ND before and after ES. TEM
images of NDs before and after ES are shown in Figure 2a−d.
The ND particles are spherical and highly aggregated (Figure
2a). The aggregation of NDs was attributed to the Coulombic
interaction among the surface functionalities of adjacent
particles.39 NDs showed the characteristic diamond lattice
(Figure 2b) with a lattice spacing of 0.23 nm due to the (111)
plane, comparable to that of diamond (0.21 nm). The product
of ES shown in Figure 2c,d was characterized as unique onion-
like concentric circular structures called OLCs. Unlike ND, the
OLCs are large and composed of concentric circular rings. The
increase in the size of OLCs is evident by the respective
particle size distribution of ND and OLCs shown in Figure
2e,f. The average particle size of ND was 11.26 ± 1.84 nm,
which increased to 50.71 ± 13.30 nm in OLCs (Figure 2e,f).
The HRTEM image of OLCs (Figure 2d) showed a lattice
spacing of 0.39 nm. This lattice spacing of OLCs varied from
0.33 to 0.35 nm.20,27,28 Such a variation is attributed to the
different synthetic protocols followed for this work compared
to the other conventional routes. The majority of OLCs
obtained by ES are overlapped with others or are deformed
slightly along the periphery on account of their soft-landing
process on the ITO surface (Figure 2c). It was difficult to
discern individual rings inside the OLCs most of the time;
however, the concentric circular nature was noticeable in the
HRTEM image (Figure 2d). The FFT images of NDs and
OLCs are shown as insets in Figure 2b,d, indicating the
prominent planes in each. The FFT of ND shows three pairs of
bright spots indicating its crystalline nature, and OLCs show a
concentric ring pattern that represents the multilayered
fullerene-like carbon shells as described by Isabel et al.40

Moreover, some of the FFT images of OLCs had two intense

Figure 2. TEM and HRTEM images of NDs (a,b) depicting a lattice spacing of 0.23 nm, and OLCs (c,d) obtained after ES with a lattice spacing of
0.39 nm. Insets of (b,d) show the corresponding FFT images. Particle size distribution gives a mean size of (e) 11.26 ± 1.84 nm for ND and (f)
50.71 ± 13.30 nm for OLC. The scale bars in (a,c) are 20 nm and (b,d) are 5 nm.
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spots (not shown here), which correspond to parallel layers
characteristic of graphitic structures. Such a discrepancy was
attributed to the presence of sp2-graphitic cover over ND. This
was because the spray conditions were not adequate to convert
all NDs into OLCs.
The transformation of ND to OLC took place over a

considerable region. It is evident by the large-area TEM images
of ND and OLC shown in Figure S1a,b.
We chose FESEM to see the morphological variations in ND

before and after ES. The distinct morphology and surface
structure of ND and OLCs were difficult to perceive;
nonetheless, the transformation from highly agglomerated
ND particles (Figure S2a) to overlapping OLCs (Figure S2b)
was seemingly evident. OLCs were observed distinctly due to
their large size in contrast to ND particles; the average size of
OLCs was 33−46 nm (Figure S2b).
The applicability of AESD to form OLCs at higher

concentrations (5 mM of ND suspension) was also tested.
Figure S3a−d shows the TEM and FESEM images of the
product obtained upon ES of 5 mM aqueous suspension of
ND, which also resembled OLCs. Close inspection of the
TEM images revealed the concentric nature of the OLCs,
similar to other concentrations (Figure S3a,b). The size of
OLCs varied in a wide range from 31 to 50 nm as evident by
the FESEM images (Figure S3c,d).
Besides monitoring the effect of concentration on the

transformation, it is equally important to know the formation
of the same product on different substrates after ES. To show
that ES on the ITO glass slide and carbon-coated copper grid
resulted in the same product, the deposited product on the
ITO glass slide was removed by scratching; then, the resulting
product was dissolved in 50 μL of DI water and drop-casted on
a TEM grid. Respective TEM and HRTEM images of the
product obtained upon direct ES on an ITO glass slide are
shown in Figure S4a,b, respectively. These images also showed

the formation of concentric circular rings, but they were
slightly distorted which may be due to the scratching of the
thin-layered product from the ITO surface. Thus, the
transformation was substrate-independent, to a significant
extent.
XRD measurements of ND and OLC are important for easy

visualization of the change in the lattice structure of ND upon
transformation to OLC. The OLCs were deposited as a thin
film after ES on the ITO glass slide, and the signals obtained
were weak with intense background due to ITO. Therefore, we
moved to alternative techniques such as Raman spectroscopy
and XPS.
ND is a suitable Raman analyte that possesses distinct

vibrational features. However, its photoluminescence nature
creates a huge rise in the background of the Raman spectrum.
The background associated with the vibrational features of ND
can be reduced by decreasing the wavelength of the excitation
laser employed because the lower wavelength such as 230 nm
matches with the band gap (5.4 eV) of ND.41 As the excitation
laser (532 nm) has a wavelength higher than 230 nm, the
background in the Raman spectrum was corrected using
suitable baseline correction. The spectra were normalized, and
peaks were fitted thereafter. Figure 3a shows the stacked
Raman spectra of ND before and after ES. In Raman spectra,
peak position and full width at half-maximum (fwhm) (Figure
3a) provide useful information pertaining to the change in the
hybridization of ND (sp3) to OLCs (sp2). Before ES, ND
shows an intense and sharp peak at 1336 cm−1 with 43 cm−1

fwhm value due to the presence of a cubic lattice of sp3-
diamond in the ND core. It also showed a broad peak in the
region of 1580−1650 cm−1, which was fitted with a
combination of two peaks (103 and 54 cm−1 fwhm) and
corresponds to the G-band of the graphitic shell surrounding
the ND core, specifically the in-plane stretching vibration of
the sp2 C−C bonds. The broadness of the G-band is also

Figure 3. Stacked Raman spectra (a) showcasing shift in the ND peak at 1336 cm−1 (before ES) to a broad D-band (green) at 1349 cm−1 (after
ES), graphitic sp2-C peak at 1632 cm−1 also got shifted to the G-band (pink) at 1624 cm−1. Stacked C 1s core-level XPS spectra (b) of drop-casted
ND (before ES) and OLCs (after ES) provide the percentages of sp2-C (green), sp3-C (blue), and C−O bound C (pink). The as-obtained and
fitted spectra are represented by gray and black curves, respectively.
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attributed to the presence of several other functionalities42 on
the surface, such as ν(CC), δ(O−H), mixed sp2−sp3
carbon, and some defects appearing on its surface. After ES,
the sharp ND peak at 1336 cm−1 (43 cm−1 fwhm) is blue-
shifted to a broader peak at 1349 cm−1 (105 cm−1 fwhm). The
latter was assigned to the D-band of disordered sp2-C over ND.
Another sp2-C peak appears at 1632 cm−1 (before ES), which
was fitted with two peaks at 1586 cm−1 (103 cm−1 fwhm) and
1636 cm−1 (54 cm−1 fwhm), showed a red shift to a relatively
sharp and single G-band around 1624 cm−1 (75 cm−1 fwhm)
after ES, corroborated with the literature.42−44 In conventional
annealing methods, fwhm values of the diamond feature and
that of the G-band increase up to 600 °C and decrease
subsequently with a further increase in temperature.43 In ES,
the fwhm of the diamond peak increased and that of the G-
band decreased after ES. Compared to detonated (∼40 cm−1)
or annealed ND, electrosprayed ND (105 cm−1) showed a
large increase in fwhm. The physical reason behind the
variation of fwhm values in detonation and annealed ND is due
to the phonon confinement effect as explained by Mermoux et
al.42 The detailed reason behind the large increase in fwhm
after ES is yet to be understood. A table showing a comparison
of observed Raman peaks with the authentic OLCs from the
literature7 is mentioned in Supporting Information, Table S1.
It was difficult to convert all the ND suspension into OLCs

because the spray conditions governed the overall trans-
formation. Therefore, a better approach to estimate the
amount of ND transformed to OLC was using XPS. It can
evaluate the amount of OLCs formed based on the percentage
of C transformed from sp3 to sp2. Quantification of sp2-C was
achieved by performing high-resolution XPS of ND before and
after ES. High-resolution spectra were fitted using Shirley
background with an equal fwhm for all peaks. Figure 3b shows
the C 1s core-level XPS spectra of the NDs (before ES) and
OLCs (after ES). The sp2- and sp3-hybridized C appear at
binding energies of 284 and 285.5 eV, respectively. The surface
of ND also contains oxygen-bound functionalities that are
represented by the C−O peak at 287.5 eV. The fwhm of the C
1s peak was 2.33 eV in ND and 1.59 eV in OLC. The peaks
were in good agreement with the existing literature and

showed a decrease in the fwhm values from ND to OLC, and
such a difference is attributed to intrinsic charge discrepancy.45

The area under each deconvoluted C1s peaks yields the
percentage of sp2-C, sp3-C, and C−O. In the transformation of
NDs to OLCs, the proportion of sp2-C has increased by 20%
with a simultaneous decrease in sp3-C. The sp2/sp3 ratio has
increased from 0.95 in ND to 3.16 in OLCs (calculation S1,
sp2/sp3 ratio), confirming the formation of OLCs.

3.3. Comparison between ES and SS of ND. To
understand the mechanism and the parameters essential for the
transformation, we performed an SS experiment, which was
devoid of an external voltage. The schematic of the sonic spray
setup is shown in Figure S5. A Hamilton syringe containing
ND suspension (1.25 mM) was discharged via a silica capillary
at a flow rate of 5 μL min−1 using a syringe pump. N2 gas was
maintained at 20 psi, which generated microdroplets of ND
suspension, a phenomenon similar46 to that of ES.
Figure 4a−d shows the TEM images of the product of SS

obtained at varied pressures from 5 to 20 psi. Fine aerosol
droplets were obtained in the spray in this range. Most of the
ND particles remain unmodified at 5 and 10 psi (Figure 4a,b),
but with an increase in pressure to 15 and 20 psi (Figure 4c,d),
transformation resulted in mild graphitization in ND. The
nanostructures obtained using SS were different in morphology
from the OLCs obtained by ES. The structure, shape, and size
of the product of SS were highly distorted and imperfect,
compared to the symmetrical and circular OLCs obtained
through ES.
To confirm the graphitization in SS, Raman spectral analysis

was performed. Figure 4e shows stacked Raman spectra of ND,
before spray, after ES, and after SS. The ND peak before spray
at 1336 cm−1 was broadened and shifted to 1365 cm−1 upon
SS by 29 cm−1, compared to a shift of 16 cm−1 on ES. This
shift was attributed to the D-band of graphite in both ES and
SS. Similarly, the peak at 1632 cm−1 was blue-shifted to 1598
cm−1, which corresponds to the G-band of C after SS. The
fwhm of the diamond peak in SS also increased to 184.94
cm−1, compared to 105.05 cm−1 in ES. These shifts confirmed
the pressure-induced graphitization of ND in the SS. This
comparison revealed that high pressure facilitates the process

Figure 4. TEM images (a−d) of the product obtained after SS at 5, 10, 15, and 20 psi. The inset of (d) shows its HRTEM image. Comparative
Raman spectra (e) showing shifts in the peak positions before spray (green), after ES at 2.6 kV (blue), and after SS at 20 psi (orange). The scale bar
in (a−d) is 20 nm each [inset of (d) is 5 nm].

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c00166
J. Phys. Chem. C 2021, 125, 10998−11006

11002

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c00166/suppl_file/jp1c00166_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c00166/suppl_file/jp1c00166_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c00166?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c00166?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c00166?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c00166?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c00166?rel=cite-as&ref=PDF&jav=VoR


of graphitization. However, SS could not produce the OLCs of
defined shape and morphology as obtained via AESD.
AESD and SS also differ in terms of the radius of the

capillary tip used, which is crucial to consider as it decides the
size of the droplet. The droplet size is smaller in AESD that
employs the nano-ESI mechanism than SS that is based on ES,
which may favor the transformation to OLCs in the former. To
check that we electrosprayed the ND suspension with a fused-
silica capillary (tip radius: 75 μm, three times larger than the
borosilicate capillary used in nano-ESI). It was observed that
concentric OLCs were formed, but most of them had irregular
shapes which were fused to each other along the edges
compared to separate OLCs produced using AESD (Figure
S6). Thus, the transformation was weakly dependent on the
droplet size. Therefore, we concluded that an SS experiment
with voltage can also form OLCs.
It is difficult to study the mechanism of the transformation

of the sp3-hybridized diamond core in ND to sp2-hybridised
OLC, due to the inherently small size and high speed of the
microdroplets formed during ES, which demands sophisticated
high-speed cameras coupled with microscopy to capture the
ultrafast plume in ES.47 A comparison of ES with SS aided in
accounting for the external factors responsible for the
transformation of NDs to OLCs via AESD. The optimized
parameters used in ES and SS are listed in Table 1.

Considering the importance of these parameters at 2.6 kV,
the electric field33 at the tip of the capillary was calculated as
1.45 × 107 V m−1 (calculation S2a, electric field at the capillary
tip). Such a high electric field at the capillary tip is responsible
for the generation of droplets by ES, with a charge29 of ∼10−14
C. Furthermore, the droplet present on the curved surface of
the capillary tip possesses an interfacial tension, which can be
related to the pressure inside the droplets and radius of
curvature of the capillary used. This pressure is termed as
Laplace pressure and can be calculated at the capillary tip
interface for ES and SS, using the relation mentioned by Lee et
al.48 (calculation S2b, Laplace pressure at the capillary tip).
The Laplace pressure in the capillary was higher in ES
compared to SS by 3.8 kPa, attributed to the smaller radius of
curvature of the capillary used in ES. An increase of 3.8 kPa in
ES was insignificant for rupturing the ND lattice. Thus,
additional parameters such as the electric field also should play
an important role. ES uses external voltage, which generates a
high electric field, and charge on the droplet, unlike SS. This
reaffirmed that the transformation to OLCs is highly
dependent on the presence of charge and high electric field
on the droplet at the capillary tip.
Besides the role of the Laplace pressure and electric field,

several rearrangements in the bond can happen as the droplet
is discharged from the capillary tip. The process of spray takes
microseconds. Various other phase transformations are
known49−51 to happen at ultrafast and femtosecond time
scales such as the nonthermal melting in Ge semiconductors,49

superheating, and melting of bulk ice.51 Since these phase
transformations involve rearrangements in bonds; we suggest
that the transformation of ND to OLC is facile on a short-time
scale. However, the actual mechanism of such a transformation
is still elusive. We may conclude that high Laplace pressure
combined with the electric field and charge on the droplets
facilitates the conversion in ES.

3.4. Effect of Solvents on the Formation of OLCs via
AESD. ES is highly dependent on the physical and chemical
properties of the solvent such as polarity, dielectric constant
(ε), and surface tension (γ).29,36 To understand the effect of
these properties of the solvent on the conversion of ND to
OLCs, we performed the ES in MeCN and EtOH in addition
to DI water. The parameters of ES, namely, capillary-tip to
ITO distance, the concentration of ND suspension, and
duration of spray, were kept constant throughout the ES
performed with various solvents. MeCN and EtOH showed a
liquid jet spray at 2.6 kV due to which the external voltage was
reduced to 1.4 kV to get a proper spray plume. This is because
MeCN and EtOH have low surface tension, which allowed the
formation of a Taylor cone at a lower voltage compared to DI
water.34 The properties which affect the ES in solvents are
presented in Table 2.

The transformation was found to be most favorable with DI
water in the regime of parameters used. The high dielectric
constant and polarity of water are known to stabilize the high
charge states and multiply charged species more efficiently.29

On the other hand, high surface tension of water makes it
difficult to release the spray in the form of a stable, gentle spray
plume at a lower voltage.34 Since external voltage is an
important criterion for the formation of OLCs as inferred by
the comparison of ES and SS, a high voltage must have
facilitated the conversion to OLCs better in water compared to
MeCN and EtOH. Thus, the overall effect led to the
transformation of ND particles in DI water more efficiently
than in the other two solvents.
Figure 5a,b shows the TEM images of ND before and after

ES, respectively, in MeCN. Similar to DI water, the extremely
aggregated nature of ND particles was retained in MeCN. The
average size of ND particles in MeCN also stayed the same,
which is apparent from Figure 5a. After ES, mild graphitization
was seen, but no OLCs were observed (Figure 5b) and large
amounts of ND particles stayed unmodified. Corresponding
Raman spectra corroborated the TEM results (Figure 5e). The
sharp peak at 1335 cm−1 before ES in MeCN was shifted
slightly to a higher wavenumber at 1339 cm−1 after ES. As the
change was within the instrumental resolution (4 cm−1), it was
concluded that the ND was affected negligibly after ES in
MeCN. The G-band of ND in MeCN at 1642 cm−1 on the
other hand was slightly red-shifted at 1639 cm−1 after ES, but it
lies in the same 1580−1650 cm−1 region.
Figure 5c,d shows the TEM images of ND dissolved in

EtOH before and after ES. In this case also, graphitization was
observed after ES (Figure 5d), but most of the ND particles

Table 1. Parameters Used in ES and SS

parameter ES SS

voltage applied (kV) 2.6 N/A
charge on the droplet29 (C) ∼10−14 N/A
electric field (V m−1) 1.45 × 107 N/A
radius of the capillary tip (μm) 25 75
Laplace pressure (kPa) 5.8 2

Table 2. Factors Affecting ES in DI Water, MeCN, and
EtOH

solvent polarity ε (F/m) γ (dyne/cm) V (kV) conversion

DI water 1 78.54 72.00 2.6 high
MeCN 0.46 36.64 28.40 1.4 low
EtOH 0.65 24.60 22.10 1.4 low
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remain untransformed. Raman spectra of ND in EtOH before
and after ES are shown in Figure 5f. The ND sp3-C peak at
1332 cm−1 before ES got shifted to 1337 cm−1, whereas the
broad G-band at 1625 cm−1 stayed at the same position after
ES. As mentioned earlier, the G-band is a contribution of
several functionalities present on the ND surface. A major
contribution to the G-band can arise due to hydrogen bonding
of the polar surface functionalities on the ND surface with
solvent molecules, due to which the Raman spectra of ND in
MeCN and EtOH are significantly different.
The transformation of ND to OLCs in ES involves a

complex mechanism as evident by the large increase in the size
of OLCs in comparison to NDs. Such a complex mechanism
may include transport reactions, which are stated as reactions
in which a substance goes to a vapor state and comes back to
the parent state in a pure form.52 ND suspension can undergo
a similar process by application of external voltage during
AESD, which evaporates some of its particles to a gaseous state
that can settle on the surface as OLCs. Although an in-depth
computational study may reveal the exact mechanism behind
the transformation, so far, a complete understanding of the
mechanism is elusive.
We propose that the reaction mechanism for graphitization

from sp3-hybridized C can be triggered on the surface and
proceed inward, resulting in OLCs. Understanding the
interaction of ND with charged solvent species at the
nanoscale can be a vital step in determining the pathway of
transformation in ES. For instance, in the case of water as a
solvent, it is possible that the positively charged suspension in
the nanoESI capillary can provide an impetus for protonation
of the surface functionalities, followed by their elimination.53

This leads to the formation of a positive charge on the surface
of ND. To compensate for the positive charge on the surface of
ND, either a rearrangement or CC bond formation from the
neighboring carbon atoms may take place. A similar process
happens at other locations on the surface of ND, which triggers
graphitization on the surface, and this may proceed inward. A
series of such events could lead to OLC formation.

4. CONCLUSIONS

In conclusion, we devised a methodology for the trans-
formation of NDs to OLCs using AESD. TEM, FESEM,
Raman, and XPS were used to characterize NDs and the ES-
produced material. An increase in size and lattice spacing was
observed in the TEM and HRTEM micrographs. Raman and
XPS spectra showed the conversion of sp3- to sp2-hybridized
carbon. The characteristic vibrational peak of the sp3 core in
ND was shifted from 1336 to the D-band at 1349 cm−1 with a
decrease in intensity in the Raman spectra which showed that
the transformation to OLCs occurred after ES. Although a
complete mechanism behind the transformation of NDs to
OLCs during AESD is difficult to comprehend at this stage, a
comparison between ES and SS confirmed that high voltage is
an essential condition for the generation of charged micro-
droplets to form OLCs. The application of high-pressure gas
on SS led to graphitization; however, OLCs were not obtained.
In addition, due to the dependency of ES on the type of
solvent used, AESD was performed in three solvents, namely,
DI water, MeCN, and EtOH. The high polarity and dielectric
constant of DI water tend to easily stabilize various charged
species formed during ES, but its high surface tension
compared to the other two made the formation of the Taylor
cone difficult. Consequently, the transformation of ND in DI
water occurred more efficiently than MeCN and EtOH. In this
way, AESD in its simple form has served as an efficient
technique for the transformation of NDs to OLCs under
ambient conditions, compared to the conventional methods
that require high temperature and pressure. The current sp2/
sp3 conversion ratio of NDs to OLCs (0.95−3.16) can be
scaled up using a multispray technique. AESD also avoids the
use of subsidiary gas spray such as ESI and can be used for the
direct synthesis of electrode materials. This approach of
transformation at ambient temperature and pressure will open
new areas for creating novel functional nanomaterials.

Figure 5. TEM images of ND dissolved in MeCN (a,b) and EtOH (c,d) before and after ES, respectively. Stacked Raman spectra of ND dissolved
in MeCN (e) and EtOH (f) before (green) and after (blue) ES. The scale bars in (a−d) are 50 nm.
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