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ABSTRACT

Lithium ion batteries are well established as a prominent option for electrical energy storage due to their
high-power and high-energy density. Here, we demonstrate fully reversible conversion in hollow carbon
spheres (HCSs) functionalized with copper oxide when applied as an anode material for lithium ion
batteries. HCSs have been produced with hard template and glucose as a carbon precursor. Copper oxide
has been prepared via thermal decomposition of copper precursor. The spherical structure is uniform in
diameter of 160 nm and shell thickness of ~10 nm. Copper oxide (Cu,0) nanoparticles of about 25 nm in
diameter are homogeneously distributed inside HCSs. The carbon structure between Cu;0 nanoparticles
buffers the volume change and prevents aggregation of Cu,O nanoparticles. Clearly, it provides also
unobstructed pathways for electron transport and Li* diffusion during charge/discharge processes. When
evaluated as anode material for lithium ion batteries, HCSs with Cu,0 nanoparticles deliver an enhanced
high specific capacity of 682 mAh/g at a current density of 50 mA/g and super stable cycling perfor-
mances even at higher current rates in comparison with HCSs. Therefore, these findings reveal a great

potential of HCS/Cu,0 nanoparticles as high-energy anode materials for LIBs.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

In recent years there is an ever-increasing demand for portable
electronics for consumer as well as for professional applications
which results in increasing energy demand of these devices.
Currently, the dominant energy storage technology for portable
electronic devices is rechargeable Li-ion batteries (LIBs), which is
mainly due to their high energy density and superior rate perfor-
mances but also because of their long cycling stability and low
manufacturing cost compared to other secondary batteries|[1-4].
However, the energy density of conventional graphite-based
lithium ion battery cells is greatly limited because the stoichio-
metric limit of Li* intercalation restricts the theoretical capacitance
of graphite to about 372 mAh/g (about 837 mAh/cm?). Therefore,
researchers are aiming at alternative high-capacitance anode
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materials. It seems that the carbon-based composite nanomaterials
are well-suited for this purpose, since they increase the capacity of
the anode even up to 1000 mAh/g[5]. A number of carbonaceous
materials including graphene, nanotubes, fullerenes, nanosheets
and nanofibers have been previously reported[6-17]. In most of the
cited examples, high specific surface area and associated high
reactivity with the electrolyte leads to ineffectiveness during the
first cycle and the materials often suffer from severe capacity fading
upon long-term cycling. A crucial parameter of electrode materials
is its porosity. It is important in terms of material contact with the
electrolyte solution which allows interfacial diffusion of Li ions, and
thus determines the overall electrochemical efficiency. For this
reason, it is considered that, the spherical morphology is advan-
tageous for the electrode material as it facilitates homogeneous
distribution of current, thereby reducing the electrolyte distribu-
tion and preventing growth of dendrites from lithium, i.e.,
improving the safety of LIBs. In the case of hollow carbon nano-
spheres (HCS) there is another advantage: the short diffusion dis-
tance for Li ions. It is also worth mentioning that the void space in
the hollow particles can buffer against the volume change during Li
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ions insertion/desertion and thus achieve better electrochemical
performance[18]. The above-mentioned properties of HCS can be
used to create composites with transition metal oxides (TMO),
because they have high theoretical capacities[19-22]. Especially,
the use of only TMO as active material is hindered by their poor rate
performance and low cycling life resulting from the large volume
changes during the conversion processes as well as often limited
transport of electrons and ions in the materials. Hence, when
designing such carbon/TMO composite one should aim at rather
small TMO nanoparticles in order to reduce the Li* diffusion dis-
tance[23-25]. Therefore, much work has been done to develop
strategies that would alleviate these problems. One of them is
combining TMO with carbon materials such as carbon nanotubes
[26-29] or graphene[30-32] because carbon materials can enable
fast electron transport, stabilize the system and act as elastic
buffers.

Furthermore, there are many reports that the combination of
carbonaceous material and copper oxide is characterized by high
capacity and improved cyclability when used as anodes in LIBs. Liu
et al published results for onion-like carbon coated Cu;O nano-
capsules which maintained a reversible capacity of 629 mAh/g after
50 cycles[33]. Zhang et al have reported Cu;O nanowires/func-
tionalized graphene composite. This material exhibited good cyclic
stability and decent specific capacity of 677 mAh/g after 50 cycles
[34]. There are also records reporting on other combinations of
carbonaceous material and copper oxide such as nano-structured
carbon-coated Cu,0 hollow spheres[35,36] mesoporous Cuy0 par-
ticles threaded with CNTs[37] or multi-yolk-shell copper oxide@-
carbon octahedral[38].

Herein, we report a facile and reproducible route to prepare
HCSs functionalized by Cu;O nanoparticles as advanced anode
material for high performance LIBs as illustrated in Scheme 1.
Hollow carbon spheres were obtained on a template of silica
nanospheres using glucose as carbon source. Carbon structure be-
tween CuyO nanoparticles can buffer the volume change, pre-
venting aggregation of the Cu,0 nanoparticles, and also providing
unobstructed pathways for electron transport and Li* diffusion
during charge/discharge processes. The electrochemical perfor-
mance of HCS/Cu,0 was evaluated by cyclic voltammograms (CV)
and galvanostatic charge-discharge (GCD). The results imply that
HCS/Cu,0 electrodes possess large capacity, good capability and
superior rate cycle stability.

2. Experimental section
2.1. Synthesis of SiO, sphere template

Silica spheres were prepared by the modified Stober method. In
a typical synthesis 4.5 mL of tetraethylorthosilicate (TEOS) was
added to a mixture of ethanol (150 mL) and concentrated ammonia
(25%, 6 mL). The solution was subsequently stirred for 16 h. Then,
0.45 mL of (3-Aminopropyl) triethoxysilane (APTES) was added and
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stirred for another 4 h. Finally, the product was dried in air at 90 °C
for 24 h.

2.2. Synthesis of HCS

Above-prepared solid silica structures were used as a template
to get HCSs. 0.5 g of silica spheres were dispersed in 80 mL of water.
Then 0.5 g of glucose was added and stirred for 30 min. The mixture
was placed in 100 mL autoclave at 180 °C for 12 h. In the next step,
the product was separated by filtration, washed with ethanol, dried
and annealed in inert gas at 800 °C for 2 h. Finally, to get HCS the
product was washed with hydrofluoric acid to remove the silica.

2.3. Functionalization of HCS with copper oxide nanoparticles (HCS/
Cu;O)

The HCS modified by metal oxide nanoparticles (HCS/Cu,0)
were prepared according to the following procedure: 50 mg copper
(II) sulfate were dispersed in 20 mL of ethanol and added dropwise
to 50 mg of HCS while stirring and heating at 50 °C. Afterwards, the
mixture was dried in air at 80 °C for 24 h. Then, the product was
annealed in inert gas at 400 °C for 2 h.

2.4. Characterization

HR-TEM micrographs were collected using an FEI Tecnai G2
F20 S Twin with a field emission gun operating at 200 kV. The
morphology of the samples was investigated by scanning electron
microscopy (Hitachi SU8000), with an acceleration voltage of
30 kV. Raman scattering was conducted on a Renishaw micro-
Raman spectrometer (A = 720 nm). X-ray diffraction (XRD) was
conducted on a Philips diffractometer (X'Pert PRO Philips diffrac-
tometer, Almelo, Holland) using Cu Ko radiation. The N, adsorp-
tion/desorption isotherms were acquired at liquid nitrogen
temperature (77 K) via Micromeritics ASAP 2420 instrument, and
the specific surface area was calculated by the Brunauer-Emmett-
Teller (BET) method. The pore-size distribution (PSD) was deter-
mined by the Barret-Joner-Halenda (BJH) method. Thermogravi-
metric analysis (TGA) was carried out on 10 mg samples using a
DTA-Q600 SDT TA at a heating rate of 10 C/min from room tem-
perature to 900 °C under air.

2.5. Electrochemical measurements

The as-prepared HCS/Cu;0 nanomaterials were used as elec-
trode materials for LIBs. The active materials, acetylene black and
PVDF were mixed in a weight ratio of 85:10:5, respectively. Sub-
sequently, N-methyl-pyrrolidone (NMP) was dropped to the pow-
der in order to form a slurry. The working electrodes were
fabricated by coating the slurry onto copper foam and dried in a
vacuum at 80 °C overnight. The testing coin cells were assembled
with the working electrode, metallic lithium foil as a counter

Cu
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<  Separator and electrolyte

=

= Anode (HCS_Cu0)
Pl Steel plate
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J\Q‘~\/5prmg
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Scheme 1. Graphical illustration of HCS/Cu,0 synthesis route and coin cell composition.
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electrode, NKK TK4350 film as separator, and 200 pl LiPFg in 1:1
ethylene carbonate (EC)/dimethyl carbonate (DMC) as the electro-
lyte. The assembly of the cells was carried out in an argon-filled
glovebox (German, M. Braun Co.). Electrochemical studies were
carried out by means of cyclic voltammetry (CV) and galvanostatic
cycling with potential limitation (GCPL). The measurements were
performed on a VMP3 multichannel potentiostat (BioLogic) at room
temperature.

3. Results and discussion

Fig. 1 shows the XRD patterns of HCS/Cu;0 and HCS samples,
respectively. In HCS, two broad diffraction peaks are observed at
24° and 44° which can be attributed to the (002) and (100) planes
of graphitic carbon[39]. In addition to these broad features, several
clear diffraction peaks in HCS/Cu,0 imply the presence of crystal-
line Cu;0. Specifically, according to COD 1000063, diffraction peaks
at 20 values of 36.5, 42.5, 61.6, 73.8 and 77.6° can be assigned to the
(111), (200), (220), (221), and (222) planes of cubic Cu;0, respec-
tively. The cubic lattice parameters of CuyO were calculated from
the (111), (200), and (220) diffraction peaks using Bragg’s law. The
resulting value of a = 4.252(2) A agrees well with literature reports
[40].

To further investigate the as-prepared samples, the morphology
of the materials was studied by TEM and SEM (Fig. 2). Pristine
hollow carbon nanospheres obtained from glucose on silica spheres
template is shown in Fig. 2A. They are uniform in diameter of
~160 nm with the shells thickness ~10 nm. The size of copper oxide
nanoparticles is in the range of 2—5 nm (see inset Fig. 2 D). SEM
images indicated the maintaining of the spherical structure of the
sample. Fig. 2C clearly shows that the surface of HCS/Cu,0 sample is
smooth, demonstrating Cu,0 nanoparticles are supported inside of
HCS instead of outside of HCS. No impurities or agglomerates were
noticed. As discussed above, HR-TEM of the HCS/Cu,O sample
(Fig. 2D) shows only one kind of periodicity of lattice fringe with a
spacing of 0.234 nm. This value nicely agrees to the separation of
the (111) planes in Cuy0 as determined by XRD (see Fig. 1). Quan-
titatively, our XRD analysis yields 0.245(1) nm.

To further demonstrate the existence of Cu;O nanoparticles
supported in HCS, EDS mapping was used to characterize the pre-
pared sample of HCS/Cu,O. Fig. 3 presents the STEM image and EDS

HCS/Cu,0

Intensity [a.u.]

20 30 40 50 60 70 80 90

Fig. 1. XRD patterns of HCS (red) and HCS/Cu,0 (black). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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mapping of HCS/CuyO. It proves that Cu and O elements are evenly
distributed in the sample of HCS/Cu,0, further implying that Cu,0
nanoparticles have been successfully incorporated in HCS.

The N, adsorption/desorption measurements for HCS and HCS/
Cuy0 shown in Fig. 4 imply typical type-IV profiles within relative
pressure of 0—1, which suggests the presence of different pore sizes
ranging from micro- to macropores. HCS exhibits larger specific
surface area which decreases after modification with metal oxide
nanoparticles. The parameter decrease upon CuyO functionaliza-
tion indicates the presence of Cu,0 nanoparticles in the pores and
their good distribution in the HCS. For HCS, the specific surface area
is 1159 m?/g with total a pore volume of 0.33 cm?/g. After modifi-
cation with Cuy0 nanoparticles, the specific surface area and the
total pore volume decreased to 790 m?/g and 0.18 cm?[g, respec-
tively (see Table 1).

Further information on the structure/defects of the materials is
obtained by Raman spectroscopy (Fig. 5). The Raman spectra of the
HCS and HCS/Cu;0 nanomaterials show two bands, i.e., the G- and
D-band, which are characteristic for all graphitic materials. They are
observed at ~1320 cm~! (D) and ~1598 cm™! (G). The G-band is
associated with stretching of the C—C bond in graphitic materials
which is common in all sp? carbon systems. The D-band is associ-
ated with the vibration of carbon atoms with dangling bonds in the
plane with termination by disordered graphite. The intensity of the
D-band measures the presence of such defects of the graphitic
structure. To quantify disorder in carbon material, the Ip/lg in-
tensity ratio is estimated. The value of Ip/Ig for HCS/Cu,0 (~1.40) is
not significantly higher than for HCS (~1.38), which may be asso-
ciated with no changes in order of sp? bonded graphitic domains
during decoration by Cu,0 nanoparticles[41].

The TGA measurements in Fig. 5 enable to reveal the carbon
content and the quality of carbon nanospheres. Pristine HCS starts
to decompose at 520 °C in air and the weight loss stops at 720 °C.
This suggests that carbon spheres are less stable than pure graphite,
which starts to burn above 600 °C[42]. There was no ash after
combustion, which indicates high purity of HCS. TGA of HCS/Cu,0
reveals that the Cu,0 content is ~23 wt%. In addition, the data imply
that the interaction of the metal oxide and the carbon induces
lower stability of HCS. The main weight loss for HCS/Cu,0 starts at
around 215 °C and ends at 400 °C.

3.1. Electrochemical measurements

To confirm the potential of the newly developed material (HCS/
Cuy0), lab-scale lithium cell prototypes were assembled using a
HCS/Cu,0-based electrode as anode. The cyclic performance of
HCS/Cu,0 shows a variety of reversible redox reactions as well as
irreversible processes, all of which governed by the electrochemical
properties of both carbon and Cu;0. Fig. 6A shows the initial
discharge—charge curves from HCS/Cu,0 electrode in a half cell
with a Li metal counter-electrode at the current density of
50 mAg~ .. In the reduction scan of the 1st cycle, the sample exhibits
irreversible reactions at 0.6 V.

CupO+ + +2Lit+ + +2e~+ —+Cu- + +Lir0 (1)

and the formation of solid electrolyte interface (SEI) at below
0.8 V. In this case the Cu;0 is reduced into Cu during the discharge
process. In the oxidation scan, the decomposition of SEI occurred at
below 2.0 V and the Cu metal is then re-oxidized into Cuy0 and
partially into CuO at 2.0—2.7 V during the charge process.

2Cu+ + +Liy0+ — +Cuy0- + -2Li» + +Cuo (2)

In the reduction region of the 2nd cycle, the CuO phase is
reduced to Cuy0 at 2.4 V.
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Fig. 2. (A) TEM images of HCS, (B) SEM, (C) TEM, (D) HRTEM images of HCS/Cu,0, and Cu,0 nanoparticles size distribution as obtained from statistical analysis of the TEM images

(inset).

Cuo« + +Lite ++e”+—-Cuy0 3)

and the Cuy0 phase is then reduced to the Cu metal at 1.4 V
[43,44].

Cuy0 -« + «2Lit+ + -2e-—-Cu- + -Li,0 (4)

Fig. 6B shows the first, the second and the fifth galvanostatic
discharge—charge curves of the HCS/Cu,0 between 0.05 and 3.0 V
(versus Li/Li+). The orange line shows the potential profile of the
first charge and discharge cycle of HCS/Cu,0 (376 mA h g~ ! and
860 mA h g~ !, respectively). The difference between the charge and
discharge capacity in the first cycle can be assigned to irreversible
effects such as the formation of the SEI layer. Thin SEI is formed on
the HCS/Cu,0 electrode after cycling, and more mesopores are
generated in the hollow structure, leading to the formation of
interconnected spaces, which are favorable to fast transport of
lithium ions and electrons. The stable SEI layer and hollow space on
electrodes can stabilize lithiation/delithiation and mitigate the
mechanical degradation originating from large volume expansion
during discharge. The Cup;0O having dominant (111) facets, the
enhanced of performance may be attributed to facilitating lithium
ion transport during the discharging/ charging process. The ca-
pacity data in crystal planes of the Cu,0 play an important role in
searching for high performance lithium-ion. The Cu,0 phase is
easily oxidized to the CuO phase in this cell system. In addition,
atom rearrangement and lattice/unit cell reconstruction were
needed when the formation of monoclinic CuO from Cu20 phase
occurred. However, on the (111) surfaces, which are a mixture of Cu

and O atoms, it is difficult for the oxidation reaction to occur.

Multiple plateaus are clearly observed on both discharge/charge
profiles, which are in good accordance with the CV curves. A
sequential decay in reversible capacities as the rate increase can be
observed. The electrode delivered capacities of 860 mAhg~',
487 mAhg~! 334 mAhg~!, 219 mAhg~!, 168 m hg~! and
112 mAhg ! at current densities from 50 to 1000 mAg~ . As shown
in Fig. 6D, the new anode material exhibits good Li*™ storage ca-
pacity and cyclic stability at each current density from 50 to
1000 mA g~ L. Notably, the fused HCS/Cu,0 presents much higher
capacities at each stage in comparison to pristine HCS[45]. Even at a
very high current density of 1000 mAg~, a satisfying capacity value
of ~112 mAhg ! is measured. It is interesting to note that even at a
current density of 50 mAg~! (second time), the capacity quickly
returned to 590 mAhg L. These results indicate an excellent rate
capability of the HCS/Cu,0-based electrode.

The Cu,0 and its composites have been studied widely in LIBs
and attained prominent achievements. The specific properties of
Cu,0 and its composites for LIBs are given in Table 2. The ability of
Cuy0 to retain its electrochemical capacity is significant and is
strongly dependent on the second component of composite.

From the above results, it is confirmed that Cu;0 nanoparticles
stored inside hollow carbon spheres exhibit excellent performance
when used as anode material of lithium ion battery. Due to the
synergistic effect between Cu,0 nanoparticles and hollow carbon
spheres, the hybrid HCS/Cu,0 material shows enhanced capacities
in which the void space in HCS can buffer against the volume
change during Li* insertion/desertion.
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Fig. 3. (A) high-angle annular dark-field scanning transmission electron microscopy (STEM) and energy-dispersive X-ray spectroscopy (HAADF-STEM-EDS) mapping of (B) carbon,
(C) oxygen, (D) copper of HCS/Cu,0. The red square in (A) illustrates the region studied in (B) to (D). (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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Fig. 4. N, adsorption/desorption isotherms (A) and pore size distribution profiles of HCS and HCS/Cu,0.

Table 1
Specific surface area, total pore volume, and main pore size of HCS and HCS/Cu,0 as
obtained by analysis of the N, adsorption/desorption isotherms in Fig. 4.

Sample Sger (M?/g) VroraL (cm®/g) Pore Size (nm)
HCS 1159 + 6.9 0.33 5.0
HCS/Cu,0 791 + 3.7 0.18 48

4. Conclusion

The contribution provides a facile route to prepare uniform

hollow carbon nanospheres loaded with copper oxide nano-
particles. The spheres were obtained by the deposition of carbon
from glucose onto silica sphere templates. Then, metal nano-
particles were selectively deposited inside HCS by precursor
decomposition. The obtained HCSs were 160 nm in diameter with a
shell thickness of about 10 nm. Based on TGA measurements, it was
determined that the content of copper oxide was ~23 % wt. Also a
slight decrease in order of sp? bonded graphitic domains with
decoration of Cu;0 nanoparticles was noticed. High capacities and a
good cycle performance make HCS/Cu,0 a promising anode ma-
terial for rechargeable lithium ion batteries.
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Table 2

Cu,0 and its composite materials for LIBs.
Materials Disharge capacity [mAh g-1] Ref.
Cu,0/graphene hierarchical nanohybrids 857 [46]
Graphene oxide nanosheets Cu,0 1326 [47]
Cuy0/MXene 143 [48]
Cu,0 embedded in porous carbon 882.6 [49]
This work 860
Core—shell structure morphology of Cu,0 120 °C 351 [50]
Cubic shape Cu,0 390 [51]
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