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Abstract

A general and straightforward strategy was developed for fabricating transition
metal carbide (TMC)/carbon (C) core/shell nanospheres (NSs) by laser abla-
tion of transition metals in acetone/ethanol liquid. Various TMC/C core/shell
NSs such as TaC/C, NbC/C, HfC/C, and MoC/C core/shell NSs were suc-
cessfully fabricated, highlighting the generality of this method. Crucially, this
approach is green, facile, catalyst-free, and especially can be operated under
ambient environments. Interestingly, all of the as-synthesized TMCs in the NS
cores showed a cubic phase and structures similar to that of NaCl-type. The
cores were further encapsulated by amorphous carbon shell with different thick-
ness. As an example of the functional properties of these compound materials,
the TaC/C core/shell NSs obtained were investigated as a supercapacitor elec-
trode, which showed a large specific capacitance, excellent rate capability and
remarkable cycling ability, revealing that the NSs could be used as new elec-
trode materials for electrochemical energy storage. The photoluminescence of
TaC/C core/shell NSs exhibited strong emission under the specific excitation
wavelength at room temperature, showing potential biomedical applications due
to the good biocompatibility of carbon shell. Besides, the basic physical and
chemical reactions involved in the unique formation mechanism under highly
nonequilibrium states induced by ultrafast laser ablation were discussed.
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Abstract

A general and straightforward strategy was developed for fabricating transition
metal carbide (TMC)/carbon (C) core/shell nanospheres (NSs) by laser ablation
of transition metals in acetone/ethanol liquid. Various TMC/C core/shell NSs
such as TaC/C, NbC/C, HfC/C, and MoC/C core/shell NSs were successfully
fabricated, highlighting the generality of this method. Crucially, this approach
is green, facile, catalyst-free, and can be operated under ambient environments.
Interestingly, all of the as-synthesized TMCs in the NS cores showed a cubic
phase with structures similar to the NaCl-type. The cores were further encap-
sulated by amorphous carbon shells with different thicknesses. As an example
of the functional properties of these composite materials, the obtained TaC/C
core/shell NSs were investigated as a supercapacitor electrode, which showed
a large specific capacitance, excellent rate capability, and remarkable cycling
ability, revealing that the NSs could be used as new electrode materials for elec-
trochemical energy storage. The photoluminescence of TaC/C core/shell NSs
exhibited strong emission under specific excitation wavelengths at room tem-
perature, showing potential biomedical applications due to the good biocompat-
ibility of the carbon shell. Besides, the basic physical and chemical reactions
involved in the unique formation mechanism under highly nonequilibrium states
induced by ultrafast laser ablation were discussed.

1. Introduction

Developing core/shell architectures has become a prevailing strategy for synthe-
sizing a variety of materials with rational designs and controllable properties in
fundamental science and technological applications [?]. All previous successful
applications of this type of architecture significantly depend on the availability of
various shell frameworks with tunable compositions, thicknesses, and structures
over well-designed functional cores. At present, a number of shell frameworks,
such as polymers, silica, and semiconductors, have been developed to pursue
these aims [?]. Among these frameworks, carbon shells are most attractive
because of their outstanding properties and, in particular, their good stability
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under harsh application conditions [?].

Transition metal carbides (TMCs) exhibit amazing physical and chemical prop-
erties [?]. The unique combination of properties exhibited by covalent solids,
ionic crystals, and transition metals [?] results from the mixing coexistence of
covalent, ionic, and metallic bonds. Despite the many benefits of TMCs, sev-
eral problems have been observed during their technological applications. The
carbides undergo oxidation in a process that removes carbon atoms from the
surface, which drastically modifies the chemical properties of these materials [?].
The presence of oxygen also affects the performance of metal-carbide coatings
used in the fabrication of mechanical and electronic devices [?, ?]. Another
problem is easy agglomeration when the particle size is at the nanoscale level,
which leads to poor performance such as reduced catalytic activities and grain
growth inhibition. Carbon encapsulation (classified as amorphous carbon and
fullerene-like carbon) is regarded as an ideal solution to these problems because
of the high chemical and thermal stabilities of the carbon shell, which can be par-
ticularly applied in medical and electrochemical fields. Carbon materials with
various architectures are considered ideal candidates for electrochemical energy
devices in terms of high surface area, interconnected pore structure, high elec-
trical conductivity, and environmental friendliness [?].

Several methods, such as high-temperature carbonization [?], arc discharge [?],
and thermal decomposition [?], have been explored to achieve carbon encapsula-
tion. However, obtaining carbon-encapsulated TMCs using traditional methods
usually involves poor controllability, high energy consumption, toxic gas pro-
duction, and by-product generation. For example, the commonly used method
of electric arc discharge can synthesize a variety of carbon-encapsulated TMCs.
However, the desirable carbon-encapsulated TMCs are a minor product com-
pared with carbon nanotubes, amorphous carbon, and other carbon nanos-
tructures in the soot [?]. Therefore, synthesizing TMC/carbon (C) core/shell
nanospheres (NSs) with uniform size distribution and high purity through a
facile and effective method remains a significant challenge for most researchers.

Recently, laser ablation in liquid (LAL), a simple and green technique, has drawn
considerable attention from the scientific community because of its outstanding
ability to fabricate various nanomaterials and nanostructures [?], such as hollow
nanoparticles (NPs) [?], core/shell NPs [?, ?], quantum dots [?, ?], and active
colloids with high activity [?]. In this study, we show that the LAL technique
can prepare various TMC/C core/shell NSs such as TaC/C, NbC/C, HfC/C,
and MoC/C core/shell NSs by laser ablation of corresponding transition metals
in pure acetone or ethanol solution. Intriguingly, TaC/C core/shell NSs notably
exhibit outstanding energy storage performance, promisingly serving as new
electrode materials for supercapacitors.
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2.1. Preparation of TMC/C Core/Shell NSs

In a typical procedure, a metal plate (Ta, Nb, Hf, and Mo) with 99.9% purity
was fixed to a support in a vessel filled with 15 mL ethanol or acetone solution
and continuously rotated (10 rpm) by a motorized tunable stage (WNSC 400).
The liquid level above the target surface was about 10 mm. The plate in the
solution was irradiated for 30 min using a Nd:YAG pulsed laser at a wavelength
of 1064 nm, with 8 ns pulse duration, 120 mJ power energy per pulse, and a
1.5 mm diameter spot size. The products were collected by centrifugation and
dried in a desiccator at room temperature.

2.2. Characterization of TMC/C Core/Shell NSs

The morphology and structure of the product were characterized using a field
emission scanning electron microscope (FESEM) (Sirion 200 FEG) and a trans-
mission electron microscopy (TEM) (JEOL, JEM-2010) at a 200 kV acceleration
voltage. X-ray diffraction (XRD) analysis of the product was performed on a
Philips X’ Pert X-ray diffractometer with Cu-K radiation ( = 0.15419 nm; scan
step size = 0.033492°; time per step = 200.025 s). Raman spectra were mea-
sured on a confocal microprobe Raman spectrometer (RENISHAW in Via Ra-
man Microscope) with 532 nm Argon ion laser excitation. Nitrogen adsorption
isotherms at 77 K were obtained by Quantachrome, Autosorb-iQ. Fluorescence
spectra were measured on an FL 4500 fluorescence spectrophotometer.

2.3. Electrochemical Measurements

For electrochemical measurements, the working electrode used for supercapac-
itor testing was prepared by mixing 80 wt% of the synthesized TaC/C NSs
(3 mg), 15 wt% carbon black, and 5 wt% polytetrafluoroethylene (PTFE, 60
wt% in water, Sigma-Aldrich) binder. The resulting slurry was pressed onto a
1 cm X 1 cm nickel foam (2 mm thick) at 10 MPa. Cyclic voltammetry (CV)
and galvanostatic charge-discharge measurements were carried out on an IM6ex
electrochemical workstation (Zahner-Elektrik GmbH & CoKG, Kronach, Ger-
many) with a platinum plate as a counter-electrode and Ag/AgCl as a reference
electrode. The electrolyte for the test was 6 M L ' NaOH solution.

3.1. TaC/C Core/Shell NSs

TaC/C core/shell NSs were obtained by pulsed laser ablation of a tantalum tar-
get in pure acetone solution. The products were confirmed to be NSs by field
emission scanning electron microscope (FESEM) image (see supplementary Fig-
ure S1). Figure la [Figure 1: see original paper| shows the X-ray diffraction
(XRD) pattern together with the corresponding peak assignments. Peaks corre-
sponding to the (111), (200), (220), (311), (222), and (400) planes of cubic TaC
(JCPDS No. 65-7114) can be clearly observed. No diffraction peaks attributed
to other tantalum compounds, such as TaO /TaO, or to metallic tantalum were
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observed in the spectrum. All the peaks from cubic TaC are broad, which indi-
cates that the particle size of the product is fairly small. The Scherrer formula
was used to determine the particle size of the TaC/C core/shell NSs based on the
strongest peak of TaC (111), and a value of approximately 18 nm was obtained.
Bragg reflections at around 20°-30° 2 , corresponding to the diffuse scattering
from disordered amorphous carbon, show a large full width at half maximum,
indicating the amorphous nature of nanoscale carbons in the sample.

These results are well consistent with the low magnification transmission elec-
tron microscope (TEM) image displayed in Figure 1b, which shows that the
generated products are complete TaC/C core/shell NSs with a uniform shell
thickness of approximately 5 nm. The surfaces of the NSs are clean and show
no attachment of other NPs. Analysis of the corresponding selected area electron
diffraction (SAED) pattern (Figure 1c) of the TaC/C core/shell NSs indicates
that most of the diffraction points can be ascribed to five diffraction rings, i.e.,
the (111), (200), (220), (311), and (222) crystal planes, from interior to the
exterior of the NSs, which is in agreement with the XRD pattern of the NSs. A
high resolution transmission electron microscope (HRTEM) image (Figure 1d)
confirms that the well-crystallized core is encapsulated by an amorphous car-
bon shell. The crystal lattice spacing is ~0.257 nm, which corresponds to the
(111) plane of TaC. Figure le shows the plotted diameter distribution of TaC/C
core/shell NSs obtained by measurement of approximately 100 NSs. TaC/C NSs
with size ranges of 8-16 and 22-30 nm numbered much less than those with the
range of 16-22 nm; thus, a discontinuous distribution with a total range of 8-30
nm occurred. This result may be confirmed by photoluminescence (PL) spectra
of the NSs obtained at different excitation wavelengths. Figure 1f shows that the
PL intensity initially increases and then decreases as the excitation wavelengths
increased from 302 nm to 362 nm; however, the PL peak wavelength did not
change. The PL peak then began to red shift as the excitation wavelengths in-
creased from 362 to 402 nm, accompanying the rapid weakening of the intensity.
Actually, the PL peak wavelength can be tuned by continuous distribution of
the particle sizes, as previously demonstrated in semiconductor nanocrystals [?]
and carbide nanomaterials [?], which shows the size-dependent PL emissions at
different excitation wavelengths. In the present case, most sizes of the TaC/C
NSs were in the size range of approximately 16-22 nm, which indicates that
the size distribution is fairly narrow with a width of 6 nm; other particles with
larger and smaller size ranges accounted for <10% of the number of particles
sampled. Thus, the PL peak wavelength did not shift as the excitation wave-
lengths increased from 322 nm to 362 nm because of the narrow distribution of
the particle sizes, wherein the PL intensity was strong in contrast to the other
ranges. Many oxygen and hydrogen defects, as well as electron-deficient struc-
tures existing in the carbon shell in the formation process of rapid quenching,
easily enable charge transfer reactions, thereby exhibiting semiconductor-like
behavior [?, ?]. The unfilled electron shell structure and various electron en-
ergy levels from inner carbides, as well as the discrete HOMO-LUMO band and
empty orbitals of the surface carbon, are excited under ultraviolet excitation.
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Then, they interact, couple with each other, and generate PL emission from
the excited state to the lower energy levels. Small-sized core/shell NSs would
have larger optical band gaps. If particle size distribution is widely continuous,
they would display excitation wavelength-dependent PL emission because differ-
ent particle sizes possessing variation of band gaps contribute to corresponding
excitation wavelengths. When particle size distribution is discontinuous, the
band gaps would focus on a very small range. In this case, the main PL emis-
sion displays variation of intensity and cannot change its shift with the different
excitation wavelength. Such PL features of the TaC/C core/shell NSs may be
potentially applied in biomedical fields due to the good biocompatibility of the
carbon shell.

A typical Raman spectrum of the as-synthesized TaC/C core/shell NSs (Fig-
ure 1g) clearly shows the disorder and graphitic peaks corresponding to D-band
(~1380 cm ') and G-band (~1583 cm 1), respectively. The D-band is associated
with the crystalline disorder and structural defects of graphite [?], while the
G-band corresponds to the E g mode (stretching vibrations of sp? bonds) in the
basal plane of graphite [?]. Note that highly ordered graphite shows few visible
Raman-active bands, including the in-phase vibration of the graphite lattice (G-
band, ~1575 ¢m ') and the weak disorder band at the graphite edges (D-band,
~1355 c¢m 1; 2D-band, ~2665 cm 1) [?]. As in the case of TaC/C core/shell NSs,
the D and the G bands were broadened significantly and displayed shifts toward
higher frequencies (blue shift). The 2D mode appeared at ~2705 cm !, blue-
shifting by ~30 cm ! (Figure S2). These results show significant amorphization
of graphite containing a certain fraction of sp® carbons, more disorders, topolog-
ical defects, and vacancies in the carbon shell of the sample. Figure 1h shows
the as-measured nitrogen adsorption isotherms, which reveals that the particles
have a Brunauer-Emmett-Teller (BET) specific surface area of 331 m? gt, a
pore volume of 0.81 cm? g !, and an average pore width of 1.2 nm. Actually,
the BET specific surface area of the amorphous shell must be much higher,
considering that the density of TaC (14.3-14.65 g cm ?) is 6.7 times that of
amorphous carbon shell (graphite, 2.09-2.23 g cm ?). Such a large specific sur-
face area may result from the rapid quenching of the initially formed carbon at
high temperatures. In fact, the porosity of carbide-derived nano-carbons shows
strong temperature dependence because of the high reactivity [?]. For example,
nano-carbons derived from TiC NPs demonstrate a maximum specific surface
area of 2176 m? g ! at 800 °C and a minimum specific surface area of 730 m? g !
at 200 °C [?].

3.2. NbC/C Core/Shell NSs

In this experiment, pure ethanol solution was used as the liquid medium instead
of acetone to investigate the effect of liquid medium on the synthesized TMC
nanostructure. NbC/C core/shell NSs can be synthesized when the niobium
target (niobium and tantalum belong to the same group in the periodic table)
is ablated in pure ethanol solution. Figure 2a [Figure 2: see original paper]
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shows the XRD pattern of as-synthesized NbC/C core/shell NSs. Diffraction
peaks corresponding to the (111), (200), (220), (311), (222), and (400) planes
can be assigned to the peaks of cubic NbC (JCPDS No. 65-8784), similar to
the synthesized cubic TaC. No diffraction peaks attributed to other niobium
compounds, such as niobium oxides, or metallic niobium were observed, indi-
cating the high purity of the products. The diffraction pattern at around 20°-
30° 2, corresponding to amorphous carbon, may also be clearly observed. How-
ever, the intensity of amorphous carbon in these particles is weaker than that
in TaC/C core/shell NSs because the former presents a thinner amorphous car-
bon shell than the latter. Broadened diffraction peaks indicate that the size of
the products was at the nanoscale level. Using the Scherrer formula and the
strongest diffraction peak (111) of NbC, the size of the NbC/C core/shell NSs
was determined to be approximately 22 nm.

The low magnification bright-field TEM image in Figure 2b reveals that all of
the generated NSs have dark cores and bright thin shells with diameters ranging
from 10 nm to 35 nm, demonstrating the core/shell nanostructure of the syn-
thesized NSs, which is further confirmed by the HRTEM result. The surfaces of
NSs are also relatively clean, similar to that of TaC/C core/shell NSs (Figure
1b). The corresponding SAED pattern (Figure 2¢) shows that all of the diffrac-
tion points observed belong to six diffraction rings corresponding to the (111),
(200), (220), (311), (400), and (420) crystal planes of cubic NbC from interior
to the exterior, which is highly consistent with the XRD results. Interestingly,
Figure 2d shows that two NbC/C core/shell NSs conjugate together and form
peanut-like morphology with a uniform shell thickness of approximately 3 nm.
Furthermore, the cores are well crystallized with an interplanar spacing of 0.22
nm, which corresponds well to the d-value of the (200) crystallographic planes
of NbC with a cubic structure (Figure 2e).

3.3. HfC/C Core/Shell NSs

Hafnium and tantalum belong to the same period in the periodic table. When
the hafnium metal target was ablated in pure acetone solution, HfC/C core/shell
NSs were obtained, similar to the results obtained when the tantalum target was
ablated in acetone. The corresponding XRD pattern of the sample (Figure 3a
[Figure 3: see original paper]) shows that the fabricated nanostructure is a pure
cubic phase of crystalline HfC. All of the XRD peaks correspond to those in the
XRD JCPDS Card File No. 65-4931. Although almost no diffraction pattern
from the amorphous carbon shell can be observed because the peak intensity
of HfC is very strong, the local high magnification XRD pattern confirmed its
existence (see Supplementary Figure S3). Given that no other diffraction peaks
of hafnium oxides or metallic hafnium were observed in the XRD pattern, the
synthesized sample may be considered highly pure and crystalline.

Low magnification TEM image (Figure 3b) shows some NPs, besides the major
products of the HfC/C core/shell NSs in the sample. Small NPs were also at-
tached to the surfaces of the synthesized NSs. The corresponding SAED pattern
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(Figure 3c) shows results similar to those determined through the XRD, further
demonstrating the high purity and good crystallinity of the HfC/C core/shell
NSs. After the small NPs were fabricated in acetone solution, the aggregated
small HfC NPs tended to fuse and merge together under continuous laser irra-
diation, thereby resulting in the generation of larger HfC NSs (see red encircled
area in Figure 3d). Different from the tantalum and niobium products, ordered
onion-like carbon layers were unexpectedly formed on the surfaces of some HfC
NSs (see Figure 4e [Figure 4: see original paper] and Supplementary Figure
S4). The interplanar spacing of the sample was determined to be 0.27 nm,
corresponding well to the d-value of the (111) planes of the cubic HfC (Figure
3e).

Note that high-energy electron irradiation is capable of cutting and curv-
ing/bending the graphite layers by introducing topological defects. The atoms
of the irradiated object can be displaced from their positions above a certain
threshold of the electron energy and generate subsequent rearrangements,
leading to structure and phase transformation [?]. Figure 3f-h show sequential
TEM images of morphological evolution of the HfC NSs at different times under
high-energy electron irradiation. As irradiation time increased, the morphology
of the amorphous carbon shell altered slightly and tended to form a uniform
and smooth surface but did not finally change into onion-like carbon layers. On
the other hand, this finding confirms that the irradiation of the as-fabricated
NSs by a high-energy electron or pulsed laser performs an important function
in shaping the ultimate morphology of the carbon shell.

3.4. Formation Mechanism of TMC/C Core/Shell NSs

Based on the aforementioned experimental results, we confirmed that laser ab-
lation of transition metals in acetone/ethanol solution can fabricate various
TMC/C core/shell NSs, including TaC/C, NbC/C, and HfC/C core/shell NSs,
with cubic structures similar to that of NaCl. Therefore, investigating the forma-
tion mechanism of these TMC/C core/shell NSs is of fundamental importance
for synthesizing other TMC and nitride nanostructures. Previous studies [?]
reveal that the plasma plume (left of Scheme 1) induced by laser ablation of the
target in liquid expands ultrasonically and adiabatically, resulting in quenching
of the plasma plume. Consequently, clusters of target-related materials rapidly
interact with surrounding liquid and finally grow into NPs. In the present sam-
ples, the transition metals (tantalum, niobium, hafnium, and so on) considerably
differ from other metals and feature high melting points (2000-3000 °C), den-
sities, and hardness. Such characteristics influence the features of the plasma
plume induced by the pulsed laser and, in turn, strongly affect the morphology,
structure, and components of the final products.

Previous experimental and theoretical studies have demonstrated that ace-
tone/ethanol dissociation is a stepwise procedure that occurs sequentially in
increasing energy as C-C, C=0/C-0, and C-H bonds are each dissociated
[?], which indicates that the dominant multicharged ions should be C g+
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in contrast to O g+ and H q+. Scheme 1 shows the schematic formation
process of TMC/C core/shell NSs accompanying the evolution of plasma plume.
The formation process of TMC/C core/shell NSs during laser ablation in
pure acetone/ethanol solution can be divided into three continuous steps as
follows: (i) Various carbon-related species (the predominant species) produced
through the decomposition of ethanol or acetone molecules are involved in
the induced plasma plume by pulsed laser ablation, forming a complex of
carbon and metal in the gaseous state. Once nucleated, the initially formed
TMC NPs rapidly fuse/merge and grow at high temperature and high pressure
(HTHP) conditions provided by the plasma plume. In this situation, oxygen
and hydrogen were probably excluded because of their small amount and low
solubility in transition metals in contrast to carbon element under HTHP. (ii)
The plasma plume-induced cavitation bubble also has the feature of HTHP
(lower than counterpart in plasma plume), whose lifetime is very short, only
about 200 ns in deionized water [?]. In such a state, the initially formed TMC
NPs evolve into TMC/C core/shell NSs because of partial precipitation of
supersaturated carbon at lower HTHP. The generated TMC/C core/shell NSs
also absorb the remnant carbon species and grow further. When the cavitation
bubble explodes, the TMC/C core/shell NSs under HTHP are rapidly quenched
in the surrounding liquid, resulting in further precipitation of saturated carbon
outside of the NSs. Quenching NSs at high temperature could simultaneously
induce further decomposition of ethanol or acetone molecules and growth
during subsequent cooling. (iii) The TMC/C core/shell NSs formed in the
liquid are irradiated continuously by the pulsed laser, which exerts important
effects on the growth and morphology of the ultimate products.

Laser ablation in acetone seems to result in easier fabrication of TMC/C
core/shell NSs compared with laser ablation in ethanol. On the one hand,
acetone and ethanol have different molecular structures. Acetone contains
the C=0 bond with a bond energy of 728 kJ mol !, whereas ethanol contains
the C-O bond with a bond energy of 326 kJ mol!. Thus, oxygen atoms in
acetone are more stable than those in ethanol. Furthermore, acetone molecules
are able to produce more carbon atoms than those of ethanol under the same
decomposition condition. An important factor to consider is the formation of
H O molecules during the NS fabrication process. The H O molecules formed
can dissolve in ethanol, resulting in a gradual increase in oxygen concentration,
especially around the induced plasma plume, which might cause the formation
of metal oxides. By contrast, the H O molecules formed in pure acetone
solution cannot dissolve/diffuse, leading to two liquid layers (the lower one
is H O) that could beneficially sustain the high purity of acetone. Therefore,
laser ablation in acetone can reasonably provide a more favorable environment
with which to form TMC/C core/shell NSs than laser ablation in ethanol. Our
previous results in fact show that Ta O/Ta O (x = 1 or 2) core/shell NSs may
be obtained by laser ablation of the tantalum target in pure ethanol solution

7).

chinarxiv.org/items/chinaxiv-201710.00079 Machine Translation


https://chinarxiv.org/items/chinaxiv-201710.00079

ChinaRxiv [$X]

3.5. MoC/C Core/Shell NSs

As stated above, we have demonstrated the generality of the proposed strategy
for the fabrication of various TMC/C core/shell NSs and analyzed the formation
mechanism in detail. In order to further confirm the conclusions from this work,
we conducted new experiments to fabricate MoC/C core/shell NSs. Here, we use
pure ethanol solution as the medium to validate the feasibility of the proposed
method. Figure 4a shows the XRD pattern of the as-prepared sample. All of the
diffraction peaks marked with * and can be well indexed to cubic MoC with the
NaCl structure (JCPDS No. 65-0280) and orthorhombic Mo C (JCPDS No. 77-
0720), respectively. No other peaks of molybdenum or molybdenum oxides were
detected. The low magnification TEM image in Figure 4b indicates that most
of the NSs appear to be core/shell-like NSs due to the light color of shells.
The HRTEM image in Figure 4d reveals core/shell nanostructures with well-
crystallized cores and thin amorphous shells. A fast Fourier transform (FFT)
image (Figure 4c) corresponding to the HRTEM image (Figure 4d) indicates
that the planar surface of the NS is parallel to {111}, since the electron beam
is perpendicular to the surface of the NSs. The two-dimensional lattice fringe
spacing is 0.247 nm with an intersection angle of 109°, corresponding well to
(111) planes of cubic MoC phase (Figure 4e). The small NPs attached to the
NS surfaces (Figure 4b) could be partially collected by ultrasonic desorption
and centrifugation classification by several times, as shown in Figure 5f [Figure
5: see original paper]. Respective lattice spacing of 0.258 and 0.228 nm in the
HRTEM image was well indexed to the (002) and (211) planes of orthorhombic
Mo C (Supplementary Figure S5). Analysis of the corresponding SAED data
indicates that most of diffraction points can be assigned to four diffraction rings,
which were well assigned to four diffraction rings corresponding to the (002),
(211), (030), and (231) crystal planes of orthorhombic Mo C from the interior to
the exterior. The above results combined with XRD data and HRTEM analysis
show that the larger NSs are MoC/C core/shell NSs and the smaller NPs are
orthorhombic Mo C.

3.6. Electrochemical Behavior

Figure 5 shows that the synthesized TaC/C NSs have outstanding energy storage
performance as an electrode material for supercapacitors. The cyclic voltamme-
try (CV) curves obtained (Figure 5a) are nearly rectangular in shape at scan
rates of 25, 50, and 100 mV s !, which indicates good charge propagation within
the electrode of TaC/C core/shell NSs. Even at an ultrafast sweep rate of 200
mV s 1, the CV curves for the electrode of TaC/C NSs almost retain their rectan-
gular shape with slight variance, thereby revealing its remarkable rate capability.
Figure 5b shows the constant current charge-discharge performance of the elec-
trode of TaC/C NSs between 0.2 and 0.9 V at different current densities. During
the charging and discharging, the charge curves are symmetric to the correspond-
ing discharge counterparts in the entire range of potentials tested. Moreover,
the slope of every curve maintains a constant value at a specified current, which
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reveals good capacitive behavior and electrochemical reversibility. The specific
capacitance of the electrode can be calculated from the discharge curves based
on C = (It)/AV, as shown in Table 1 . Although the TaC/C core/shell NSs
have a relatively high specific gravity compared with pure carbon materials, the
specific capacitance ranging from 193 to 223 F g ! is much higher than those of
TaC nanowires/activated carbon [?], carbide-derived carbon (CDC) nanopow-
ders [?], and micro-mesoporous CDC [?], as shown in Figure 5¢. In general, the
specific capacitance of normal activated carbon-based electrodes can degrade 20-
30% at high current density because of the relatively high electrical resistance
of carbon material [?]. However, the TaC/C NSs electrode exhibited excellent
rate capability with increasing current density (>86.1% capacity retention at 8
A g 1), further demonstrating the remarkable charge propagation in the TaC/C
system. More importantly, only a slight loss of capacitance (<6%) was observed
after 5000 charge-discharge cycles (Figure 5d). Such excellent performance of
the electrode could be attributed to (i) the large specific surface area and the
prevention of aggregation arising from the amorphous carbon shell, (ii) the low
internal resistance because of good electrical conductivity of TaC/C core/shell
NSs, (iii) the high purity of the products (almost no by-products), and (iv) the
small size and the narrow particulate distribution of the NSs.

4. Conclusion

In summary, we have demonstrated an effective and versatile method that can
be used to fabricate TMCs/C core/shell NSs by laser ablation of transition met-
als (Ta, Nb, Hf, and Mo) in acetone/ethanol liquid. Various TMCs/C core/shell
NSs such as TaC/C, NbC/C, HfC/C, and MoC/C core/shell NSs were success-
fully prepared by this method. More importantly, this approach is green, facile,
and catalyst-free, especially being operated under an ambient environment. All
the as-synthesized TMCs in the cores have cubic phase with structures simi-
lar to NaCl-type, and the encapsulated amorphous carbon shell has different
thickness. In particular, the obtained TaC/C core/shell NSs showed outstand-
ing energy storage performance owing to the larger specific surface area and
good electrical conductivity, especially its large specific capacitance, excellent
cycling ability, and rate capability, promisingly serving as new electrode materi-
als for supercapacitors. In addition, the basic physics and chemistry involved in
the formation mechanism were discussed. Very promisingly, this strategy could
probably be extended to other transition metals to fabricate carbides/nitrides
or core/shell nanostructures, which can be potentially applied in many fields,
such as catalysis, electrochemistry, and medicine.
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