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On the morphological, structural and
electrochemical properties of entangled Cu-filled
carbon nano-onionsy
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In this work we demonstrate an advanced chemical vapour synthesis approach in which the synthesis of
Cu-filled carbon nano-onions (CNOs) is achieved by direct sublimation and pyrolysis of a not previously
used precursor, namely chloro(1,5-cyclooctadiene)copper() dimer. The cross-sectional morphology and
filling-ratio of the as grown CNOs were characterized by detailed transmission electron microscopy
(TEM), high resolution TEM analyses, Fourier transform and lattice profile analyses. The structural
graphitic arrangement and electronic properties of the CNOs were then investigated by means of X-ray
diffraction and absorption spectroscopy. The electrochemical impedance spectroscopy and cyclic
voltammetry of presented structures were also investigated and reveal a high electrical resistance. Finally
the electrochemical performances of this type of CNOs were compared with those of another type of
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Introduction

Carbon nano-onions (CNOs) are frequently defined as fullerene-
like structures consisting of 60N’ carbon atoms (N being the
number of carbon layers) arranged in concentric shells with
a graphitic arrangement.'” In the last decade these structures
have become an important focus of research thanks to their
excellent physical/chemical properties, which include high
surface areas in the order of 30-500 m® g~ ',*® high thermal
stability, giant capacitance*'® and high conductivity (in the
order of 10 S cm™?).° In addition to these characteristics, high
mechanical properties have been recently demonstrated.®
Applications of CNOs include energy storage,'>** dielectric,"***
additives for aerospace,” miniaturised fuel cells” and
others."™™” As electrode materials, CNOs have been reported to
provide fast charge/discharge rates. However due to the low
specific energy parameters reported up to now, more work is
necessary to tailor the properties of these nanostructures for
possible energy storage applications. Thanks to the strong
chemical stability CNOs have been recently considered suitable
also for the encapsulation of specific materials of interest and
their protection from interactions with the external environ-
ment."*® Indeed the CNOs shells can chemically passivate the
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CNOs filled with different metal-carbide materials.

chosen encapsulated material (specifically metals/alloys) and
limit its interaction with other chemical species that are present
in the external environment. An important attention has been
focused on the encapsulation of ferromagnetic nanocrystals (i.e.
Fe-based interstitial and substitutional alloys) within the CNOs
core due to the high coercivities that these materials can exhibit
when fabricated in small dimensions.?** In addition to the
cases above, the encapsulation of copper (Cu) inside carbon
materials (mostly CNOs and carbon nanotubes) has shown
great promise for technological applications thanks to its good
electrical and thermal conducting properties, and to its low
binding energy to carbon (ca. 0.1 eV).?**® Encapsulation of Cu
inside carbon materials has been reported to possibly lead to
important nanoscale applications such as spot-welding. In
addition Rheostatlike Behavior and Femtogram Cu Mass
Transport have been recently reported.” In particular these
kind of structures have been reported to (1) behave like nano-
scale rheostat like switches with the electrical resistance
strongly dependent on the copper filling ratio and (2) exhibit/
possess an electrically driven femtogram Cu mass transport
(at a speed of ca. 0.5 fg s~!) in condition of low applied voltages.
Such unique properties in the electrical resistance of Cu-filled
nanotubes could have important implications also on the
electrical and electronic properties of other carbon materials
when filled with Cu nanocrystals. Interestingly Cu-filled CNOs
have been previously synthesised by using: (I) DC arc discharge,
or (II) carbon-ion implantation into copper substrates.>”>*
Instead high temperature experiments performed between
copper dichloride dihydrate (CuCl,-2H,0) and calcium carbide
(CaC,) did not show Cu-encapsulation.”® Further work is
therefore necessary to better understand the conditions of Cu

This journal is © The Royal Society of Chemistry 2018
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encapsulation in CNOs and investigate the properties of these
nanostructures in presence of these type of crystals.

Here we demonstrate an advanced chemical vapour
synthesis (CVS) approach in which the synthesis of Cu-filled
CNOs is achieved by direct sublimation and pyrolysis of a not
previously used precursor, namely chloro(1,5-cyclooctadiene)
copper(i) dimer. The cross-sectional morphology and filling-rate
of the as grown CNOs is characterized by detailed transmission
electron microscopy (TEM) and high resolution TEM analyses.
The structural and electronic arrangement is then investigated
by means of absorption spectroscopy and X-ray diffraction
(XRD). The electrochemical impedance spectroscopy (EIS) and
cyclic voltammetry (CV) measurements of these structures are
also investigated and reveal their resistive properties.

Experimental
Synthesis

Cu-filled CNOs were fabricated by sublimation and pyrolysis of
50 mg of as purchased chloro(1,5-cyclooctadiene)copper(r)
dimer, in an Ar flow of 11 mL min~" on the top of quartz boats
positioned inside a quartz tube reactor of length 1.5 metres. A
one-zone electrical furnace was used for reaching the desired
temperature of pyrolysis (temperature of 990 °C). The subli-
mation temperature was of approximately 700 °C. The reaction
was started by sliding the furnace in the reaction zone along
a rail system. The used reaction time was 25 min. Note that
attempts of using lower evaporation temperatures with the use
of a preheater did not show successful evaporation of the
precursor. A fast cooling method was used to bring the samples
to room temperature. Cooling times in the order of 20 min were
achieved by removing the furnace along a rail system. See
scheme in Fig. 1 for direct visualization of the CVS approach.

Characterization

TEM and HRTEM investigations were performed using a 200 kV
American FEI Tecnai G*F20 fitted with field emission gun. XRD
analyses were performed with a Empyrean Panalytical diffrac-
tometer (Cu Ko with A = 0.154 nm).

Reaction Zone

Preheater

..§!!s!.°..s!!.r.9.9.'.!9.r!: ..... >

flanges
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~ LI\ 4 u\
/ Cl N\

Fig. 1 Scheme showing the experimental CVS setup used for the
fabrication of the Cu-filled CNOs.
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Raman spectroscopy experiments were performed with an
Andor SR-500i with a wavelength of 532 nm, acquisition time of
approximately 100 seconds per sample-area. X-ray photoelec-
tron spectroscopy (XPS) analyses were performed with an
Escalab 250Xi (see ESIT).

Electrochemical impedance spectroscopy measurements
were performed on a CHI660A workstation (Chenhua Instru-
ment Co. Ltd., China) in a conventional three-electrode system.
A modified electrode, a saturated calomel electrode (SCE) and
platinum wire were employed as the working, reference and
counter electrode, respectively. EIS measurements were per-
formed in 5 mmol L' K;[Fe(CN)s]/K4[Fe(CN)s] aqueous solu-
tion with 0.1 mol L™ KCI as the supporting electrolyte in the
frequency range from 100 MHz to 100 kHz.

Potassium-hexacyanoferrate(u)trihydrate (K4[Fe(CN)g]-
3H,0), potassium-hexacyanoferrate(u) (K;[Fe(CN)e]) and
potassium chloride (KCl) were provided by Sinopharm Chem-
ical Reagent Co. Ltd. (Shanghai, China). UV-Vis absorption was
recorded by using a Hanon i5 UV-Vis Spectrophotometer (Jinan
Hanon Instruments Co., Ltd., China).

Results and discussion

The cross-sectional morphology of the as grown CNOs was
firstly revealed by TEM micrographs as shown in Fig. 2A and B.
Curiously the as grown CNOs were found with an entangled-like
morphology which resembles that of recently reported Fe;C-
filled CNOs-buckypapers obtained by pyrolysis of ferrocene.*
Such a morphological arrangement may imply the presence of
a high number of van der Waals interactions between the
neighbouring CNOs.

The presence of Cu within the CNOs-core was also verified by
the presence of a clear dark-contrast in the core of numerous
CNOs, as shown in Fig. 2B. Further analyses of these structures
were then performed in HRTEM mode in the attempt to gather
further information on the structural arrangement of both the
CNOs and the encapsulated crystals.

As shown in Fig. 3A and B the presence of distorted-like
graphitic layers with lattice spacing in the order of 0.39 nm
was found. Furthermore, analyses of the inner CNOs-core
confirmed the presence of crystalline Cu. As shown in Fig. 3C,
the fast Fourier transform (FFT) of the area enclosed within the
red square revealed the presence of a lattice spacing of 0.20 nm
which could be ascribed to the 111 reflection of fec Cu.

In order to further investigate the level of crystalline graph-
itization of the CNOs further analyses were performed in
HRTEM mode. As shown in Fig. 4 these analyses revealed the
presence of a variable level of graphitization within the CNOs
structure (see pink arrow in Fig. 4A and HRTEM image in
Fig. 4B) as well as a variable filling rate. Typical examples of
hollow CNOs found within the as grown sample are shown by
the green arrow in Fig. 4A and in HRTEM mode in Fig. 5 where
a high detail of an empty CNOs-core is shown. Note in this case
the presence structural defects which could be ascribed to the
fast cooling rate imposed by the quench (note dark areas in
Fig. 5 indicating the presence of stress in the CNO structure).

RSC Adv., 2018, 8, 6870-6877 | 6871
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Fig. 2 TEM analyses in A and B showing the cross-sectional
morphology of the as grown CNOs arranged in an entangled bucky-
paper-like morphology.

Further analyses of graphitic-layer quality in the structure of
the CNO shown in Fig. 5 were then considered by means of
HRTEM analyses at higher magnification. As shown in Fig. 6
and 7 these analyses revealed the presence of both 002 and 004
graphitic reflections, as shown by the FFT analyses (of the area
within the red square) in the inset of Fig. 7 and profile analyses
in Fig. 6.

In the attempt to better evaluate the level of graphitic
arrangement within the CNOs, additional TEM analyses were
performed in other parts of the sample deposited on the TEM
grid. As shown in Fig. 8 and 9 these analyses revealed the
presence of another type of CNO structure coated by
amorphous-like carbon layers (see red arrow in Fig. 8).
Surprisingly HRTEM analyses in these type of CNOs revealed
also the presence of a Cu,O phase, as shown in Fig. 9 by the pink
arrow (lattice profile measurement) and by the FFT analyses of
the area within the red square. These analyses revealed the
presence of the following lattice spacings: 0.32 nm (red circles),
0.25 nm (blue circles) and 0.20 nm (orange circles) which could
be ascribed to the 110, 111 and 200 reflections of Cu,O with
space group Pn3m.

6872 | RSC Adv., 2018, 8, 6870-6877
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Fig. 3 HRTEM micrograph of a typical Cu filled CNO. In B the pres-
ence of graphitic layers is shown through profiling of the HRTEM
image. In C the presence of Cu in the CNO core is shown by FFT
analyses of the area within the red square.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 TEM analyses of typical Cu-filled and hollow CNOs comprised
in the buckypaper-like structure shown in Fig. 2.

In the attempt to verify these interpretations the use of XRD
analysis was then considered. As shown in Fig. 10 these analyses
revealed the presence of large quantities of Cu and small
quantities of Cu,O, confirming the above TEM analyses (see
also ESIf for additional XPS, Raman spectroscopy and Rietveld
refinement analyses). The presence of a graphitic arrangement
within the CNOs structure was also confirmed by a small peak
in the region of 26.03° 24.

The structural quality of the as grown CNOs was then ana-
lysed further by means of UV absorption spectroscopy. As
shown in Fig. 11 these analyses revealed the presence of a single
absorption feature in the region of 220 nm which could be
ascribed to the m-plasmonic characteristic electronic arrange-
ment of the CNOs. The observation of this feature confirms the
presence of CNOs within the as grown sample. However, the
presence of an unusual broadening was also found, as shown in
Fig. 11B. The broad shape of this characteristic absorption
feature could be possibly attributed to the variable level of
graphitization within the structure of the produced CNOs.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 HRTEM micrograph showing with high detail an example of
hollow CNO.

Profile

e
i 0:369nm

Fig. 6 Profile analyses of the graphitic layers comprised in the hollow
CNO previously shown in Fig. 5.

Attention was then focused on the electrochemical proper-
ties of the as grown CNOs. Note that the performances of Cu-
filled CNOs were also compared with those of another type of
CNOs filled with different metal-carbide materials (Fe3C).2° The
electrochemical properties of the bare glassy carbon electrode
(GCE), Fe;C filled CNOs and Cu/Cu,0 filled CNOs modified GCE
were investigated by cyclic voltammetry (CV), at a scan rate of
50 mV using the K;[Fe(CN)]/K4[Fe(CN)g] redox probe. The cyclic
voltammograms are shown in Fig. 12A and B. As it can be seen,
in the case of GCE a single pair of peaks (indicated as A;/C; in
Fig. 12A and B) appears due to redox reactions of the
K;[Fe(CN)g)/K4[Fe(CN)s] redox couple (curve a). A significant

RSC Adv., 2018, 8, 6870-6877 | 6873
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Fig. 7 FFT analyses of the graphitic layers comprised in the hollow
CNO previously shown in Fig. 5.

increase of the peak current response (faster electron transport
properties) related to that process, can be seen in the case of
Fe;C filled CNOs modified GCEs (curve b in Fig. 12A, peaks A,/
C,). However, additional pair of peaks (Fig. 12A, peaks A3/C3) is
apparent on the cyclic voltammograms of the Fe;C filled CNOs/
GCE. Those peaks can be assigned to the oxidation (forward
sweep, peak A;) and reduction (reverse sweep, peak Cj)
processes of Fe*'/Fe*" redox couple.*®

This indicates that iron oxide species (e.g. Fe;0,4, Fe,03) that
originate from the oxidation of Fe;C or are a secondary products
obtained during synthesis, are present on the sample surface. In
contrast with that located on the surface, the Fe in the form of

Fig. 8 TEM micrograph of the second type of CNO characterized by
amorphous-like carbon layers surrounding a Cu,O core.

6874 | RSC Adv., 2018, 8, 6870-6877
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Fig. 9 HRTEM micrograph, profile and FFT analyses (right and left
insets) of the Cu,O crystal shown in Fig. 8.

Fe;C located in the core of CNOs should be both physically
shielded from the electrolyte and chemically stabilized by
graphitic layers. Similarly, in the case of Cu/Cu,O filled CNOs/
GCE the cyclic voltammogram (curve c in Fig. 12B) is
composed of several peaks, indicating additional electro-
chemical processes occurring on the electrode surface. As
indicated, in the forward scan direction (anodic scan) two peaks
assigned as A, and A; can be assigned to oxidation of Cu® to
Cu,0, and Cu,O to complex hydrous CuO (represented by
CuO,(OH),_,,, where 0 = x = 1).>** The oxidation reactions are
followed by reduction process of hydrous CuO to Cu,O in the
reverse scan (cathodic scan), which is represented by appear-
ance of cathodic peak assigned as C;.*> The oxidation and
reduction peaks at higher potentials, indicated as A; and C;
(curve c in Fig. 12B), respectively, are due to redox reactions of
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Fig. 10 XRD pattern of the as grown Cu-filled CNOs.
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Fig. 11 UV spectroscopy analyses of the as grown Cu-filled CNOs.

the K;[Fe(CN)e]/K4[Fe(CN)g] redox couple.** Moreover, from the
CVs we can observe the increase of the peak potential values for
the redox reactions (AE,) of 0.116, 0.136 and 0.185 V for GCE,
Fe;C and Cu/Cu,0 filled CNOs modified GCE, respectively. The
increase of peaks potentials separation indicates that those
materials do not possess catalytic properties toward carried out
electrochemical reaction. Characteristic values obtained from
CV measurements are collected in Table 1.

In order to gain insight on the intrinsic electrochemical
properties of the Fe;C and Cu/Cu,O filled CNOs modified GC
electrodes, electrochemical impedance spectroscopy (EIS)
measurements were carried out within the probed frequency
range of 100 MHz to 100 kHz. Fig. 13 illustrates the Nyquist
plots of the impedance of the modified GCEs. It can be clearly
observed that the impedance curves show similar features, and
are composed of an arc and followed by a slanted line at low
frequency. While in the high frequency region, the intercept of
the semicircle on the real axis of the Nyquist spectrum repre-
sents the solution resistance (R.) which can be correlated to the
ohmic resistance of the electrolyte in the system, the contacts
and connections. The semicircles in the high and mid
frequency regions are attributed to the charge transfer

This journal is © The Royal Society of Chemistry 2018
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Fig. 12 Cyclic voltammograms of (A) GCE (a) and FesC filled CNOs/
GCE (b); and (B) GCE (a) and Cu/Cu,O filled CNOs/GCE (c), recorded in
5 mmol L™ Kz[Fe(CN)gl/K4lFe(CN)g] solution containing 0.1 mol L™t
KCL. Scan rate: 50 mV s~ Arrow indicates the scan direction.

Table 1 Cyclic voltammetry results obtained for GCE, FesC filled
CNOs/GCE and Cu/Cu,O filled CNOs/GCE

Electrode Peak” E[V] I[A] AE, [V]

GCE A 0.276 5.91 x 107° 0.116
C, 0.160 —5.60 x 10°°

Fe;C CNOs/GCE A, 0.249 1.40 x 107* 0.136
C, 0.113 —1.56 x 10°*
A, 0.823 2.00 x 107° 0.042
Cs 0.781 —1.35 x 107°

Cu/Cu,O CNOs/GCE A, 0.008 2.07 x 107° —
As 0.283 1.02 x 107* 0.275
C, 0.003 —5.96 x 10°°
Ay 0.808 1.04 x 107* 0.185
Cs 0.623 —2.12 x 10°°

¢ Peak annotation corresponds to assignment given in Fig. 12A and B.

resistance between the interfaces of the electrode materials and
electrolyte. The electron transfer which occurs in these regions
during the charge/discharge processes is conceptualized by an
interfacial charge transfer resistance (R.). Beyond the semi-
circle region, the Nyquist spectrum shows a long tail in the low
frequency region, which can be associated to the Warburg
resistance of the electrode. As dictated in Fig. 13, it is apparent
that the diameters of the Nyquist semicircles are varied for the
examined electrodes, and increase in order Fe;C filled CNOs/
GCE, GCE and Cu/Cu,0 filled CNOs/GCE. The charge transfer

RSC Adv., 2018, 8, 6870-6877 | 6875
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Fig. 13 Nyquist plot of the (a) GCE, (b) FesC filled CNOs/GCE and (c)
Cu/Cu,0 filled CNOs/GCE in 5 mmol L™ Ks[Fe(CN)gl/K4lFe(CN)gl
solution containing 0.1 mol L™! KCL. The frequency range was from
100 MHz to 100 kHz, and the amplitude 5 mV.

resistance (R,) values for Fe;C filled CNOs/GCE, GCE and Cu/
Cu,0 filled CNOs/GCE were estimated to be 53.4, 229.2 and
2391.7 Q, respectively; implying the relatively low internal
resistivity for the electrode that is modified with Fe;C CNOs.
From these results, it is apparent that the modification of the
GCE with Cu/Cu,0 filled CNOs exhibits the highest R, value,
consistent with the largest diameter of the Nyquist semicircle
within the high frequency region. An increase in the value of R,
implies that the modification decreases the conductivity of the
electrode, and increases the charge transfer resistance of the
K;3[Fe(CN)g]/K,4[Fe(CN)g] redox couple. This phenomenon can be
understood by referring to the composition of Cu/Cu,O filled
CNOs material where a variable level of graphitization is present.

Conclusion

In conclusion we have demonstrated an advanced CVS
approach in which the synthesis of Cu-filled carbon nanoonions
(CNOs) is achieved by direct sublimation and pyrolysis of a not
previously used precursor, chloro(1,5-cyclooctadiene)copper()
dimer. The properties of the as grown CNOs were then char-
acterized in detail by means of TEM, HRTEM, FFT, XRD,
absorption spectroscopy, EIS and CV. Particularly the CV and
EIS analyses show that these type of CNOs exhibit resistive
properties which appear to be strongly dependent on the crys-
talline quality of the graphitic carbon shells. Instead no influ-
ence of the encapsulated Cu/Cu,O crystals on these
characteristics was found.
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