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a b s t r a c t

Hollow CuO nanopowders are prepared using a simple spray drying process that relied on nanoscale
Kirkendall diffusion; these nanopowders have potential applications in lithium-ion batteries. Citric acid
is used as both the carbon source material and chelating agent and plays a key role in the preparation of
the hollow nanopowders. The formless CueC composite that formed as an intermediate product
transforms into slightly aggregated CuO hollow nanopowders after post-treatment at 300 and 400 �C
under an air atmosphere. The CuO hollow nanopowders exhibit higher initial discharge capacities and
better cycling performances than those of the filled-structured CuO nanopowders, which are prepared at
a post-treatment temperature of 500 �C under an air atmosphere. The discharge capacities of the CuO
nanopowders post-treated at 300, 400, and 500 �C for the 150th cycle at a current density of 1 A g�1 are
793, 632, and 464 mA h g�1, respectively, and their capacity retentions calculated from the maximum
discharge capacities are 88, 80, and 73%, respectively. The CuO nanopowders with hollow structures
exhibit better structural stability for repeated lithium insertion and desertion processes than those with
filled structures.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Nanostructured transition metal oxides have been studied as
anode materials for lithium-ion batteries (LIBs) for several decades
[1e15]. The detailed structure and mean size of the nanostructured
materials strongly affect the electrochemical properties of transi-
tion metal oxides for lithium-ion storage. Therefore, various types
of liquid-solution and gas-phase reaction processes have been
applied for the preparation of transition metal oxide materials for
LIBs [16e27]. Nanostructured cupric oxide (CuO) materials, which
have the advantages of low cost, chemical stability, and nontoxicity
and exhibit various nanobelt, nanofiber, necklace, and bundle-like
morphologies, have also been studied as anode materials for LIBs
[28e50]. In particular, Zhou et al. reported the preparation of
copper oxide hollow nanoparticles/graphene-nanosheet compos-
ites by applying the Kirkendall effect [50]. The difference between
the rates of the outward diffusion of metal cations through the
oxide layer and the inward diffusion of oxygen ions into the metals
during the oxidation process creates hollow-structuredmetal oxide
nanopowder [51e53].

Spray drying is one of the most preferred commercial processes
for the preparation of dry powders from a liquid solution or slurry
[54,55]. Thus far, several reports have demonstrated the use of
spray drying for the preparation of nanostructured spherical ma-
terials for applications in LIBs [56e62]. However, to the best of our
knowledge, the preparation of cupric oxide hollow nanopowders
by spray drying of an aqueous spray solution containing metal salts
has not been reported.
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Herein, we attempted to synthesize hollow CuO nanopowders
using a simple spray drying process applying nanoscale Kirkendall
diffusion. The precursor powders, which were several tens of mi-
crometers in size, prepared by the spray drying process trans-
formed into several hundred CuO hollow nanopowders after a two-
step post-treatment process. Citric acid, whichwas used as both the
carbon source material and chelating agent, played a key role in the
preparation of the slightly aggregated CuO hollow nanopowders.
The morphological and electrochemical properties of the CuO
nanopowders post-treated at various temperatures were
investigated.
Fig. 1. XRD patterns of the CueC and CuO nanopowders prepared by the first and
second step of the post-treatment process.
2. Experimental

The CuO hollow nanopowders were prepared using a com-
mercial spray drying system followed by a two-step post-treatment
process. The precursor spray solutions were obtained by dissolving
pre-determined quantities of copper nitrate trihydrate
[Cu(NO3)2$3H2O, Samchun] and citric acid (as a chelating agent) in
distilled water. The concentration of copper nitrate trihydrate was
fixed at 0.1 M. Similarly, the concentration of the citric acid used as
a carbon source material and chelating agent was maintained at
0.1 M. The temperatures at the inlet and outlet of the spray dryer
were 300 �C and 120 �C, respectively. A two-fluid nozzle was used
as an atomizer, and the atomization pressure was 0.5 bar. To pro-
duce CuO hollow nanopowders, the precursor powders obtained by
the spray drying process were post-treated at 400 �C in a 10% H2/Ar
gas mixture for 3 h and subsequently held at temperatures of 300,
400, and 500 �C in air for 3 h.

The crystal structures of the powders were investigated using X-
ray diffractometry (XRD, X'Pert PRO MPD) with Cu-Ka radiation
(l ¼ 1.5418 Å) at the Korea Basic Science Institute (Daegu). The
morphologies of the powders were investigated using field-
emission scanning electron microscopy (FE-SEM, Hitachi S-4800)
and high-resolution transmission electron microscopy (HR-TEM,
JEOL JEM-2100F) at a working voltage of 200 kV. The specific sur-
face areas of the powders were calculated based on
Scheme 1. Schematic diagram of the formation mechanism of the hollow Cu
BrunauereEmmetteTeller (BET) analysis of nitrogen-adsorption
measurements (TriStar 3000).

The electrochemical properties of the powders were analyzed
by constructing a 2032-type coin cell. The anode was prepared by
mixing the active material, carbon black, and sodium carbox-
ymethyl cellulose (CMC) in a weight ratio of 7:2:1. Li metal and
microporous polypropylene film were used as the counter elec-
trode and separator, respectively. The dimensions of the negative
electrode were 1 cm � 1 cm, and the active mass loading of the
active materials was approximately 1.0 mg cm�2. The electrolyte
O nanopowders produced via the nanoscale Kirkendall diffusion process.
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was 1 M LiPF6 dissolved in a mixture of fluoroethylene carbonate/
dimethyl carbonate (FEC/DMC; 1:1 v/v). The discharge/charge
characteristics of the samples were investigated by cycling in the
0.001e3 V potential range at various current densities. Cyclic
voltammograms were measured at a scan rate of 0.07 mV s�1.
Electrochemical impedance spectra were obtained by AC elec-
trochemical impedance spectroscopy (EIS) with a ZIVE SP1 over a
frequency range of 0.01 Hze100 kHz and at the potential
amplitude of 10 mV.
3. Results and discussion

The transformation of one copperecitrateenitrate complex
powder prepared by the spray drying process into numerous hol-
low CuO nanopowders via nanoscale Kirkendall diffusion is
described in Scheme 1. The first step, decomposition of the cop-
perecitrateenitrate complex under a H2/Ar atmosphere, produced
the CueC composite, in which Cu nanopowders were uniformly
embedded within the porous carbon matrix. One CuO hollow
nanopowder was formed from one Cu nanopowder by the nano-
scale Kirkendall diffusion process during the second step of the
post-treatment under air atmosphere. Complete combustion of the
carbon matrix occurred during the post-treatment process.
Consequently, the CueC composite transformed into several hun-
dred carbon-free CuO hollow nanopowders with slight aggregation
between the nanopowders.

The crystal structure and morphology of the CueC composite
prepared by the first step of the post-treatment process under a
reducing atmosphere are shown in Figs. 1 and 2, respectively. The
Fig. 2. Morphologies of the CueC composite prepared by the first st
XRD pattern in Fig. 1 shows the complete conversion of cop-
perecitrateenitrate into metallic copper. The spherical
morphology of the precursor powders directly obtained by the
spray-drying process transformed into the formless structure
after the first step of the post-treatment process, as observed in
the SEM and TEM images in Fig. 2. Fast decomposition of the
copperecitrateenitrate precursor and evolution of a large
amount of combustion gas during the post-treatment process
resulted in the formless structure. The SEM and TEM images in
Fig. 2bed reveal ultrafine Cu nanopowders uniformly dispersed
all over the semitransparent carbon matrix. The high-resolution
TEM image in Fig. 2e reveals clear lattice fringes separated by
0.25 nm, which corresponds to the (111) crystal plane of metallic
Cu. Segregation of metallic Cu occurred during the reduction
process, resulting in Cu nanopowders with a broad size distri-
bution. The mean size and geometric standard deviation of the
Cu nanopowders measured from the TEM images were 62 nm
and 1.72, respectively. The TG curve of the CueC composite
powders is shown in Fig. S1. A strict weight increase was
observed in the TG curve from 155

�
C owing to the oxidation of

Cu metal into CuO. A weight loss was observed from 300
�
C

onward owing to the degradation of amorphous carbon. The
carbon content of the CueC composite estimated from the TG
analysis was 14.5 wt %.

The CueC composite transformed into the carbon-free CuO
powders during the second step of the post-treatment process at
temperatures of 300, 400, and 500 �C under an air atmosphere.
The XRD patterns in Fig. 1 reveal the complete conversion of
metallic Cu into CuO, irrespective of the post-treatment
ep of the post-treatment process under a reducing atmosphere.
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temperature. The mean crystallite sizes of the CuO powders ob-
tained at the post-treatment temperatures of 300, 400, and
500 �C calculated from the (111) peak widths of the XRD patterns
using the Scherrer equation were 13, 17, and 26 nm, respectively.
The existence of metallic Cu within the CuO nanopowders post-
treated at various temperatures under air atmosphere was
studied by XPS analysis as shown in Fig. S2. The Cu 2p spectra of
the CuO nanopowders show only Cu peaks for the oxide, with
binding energies of CuO (933.1 eV for Cu 2p3/2 and 953.0 eV for
Cu 2p1/2). The peaks for metallic Cu were not observed in the XPS
spectra. The results of XPS analysis confirmed the formation of
pure CuO powders without metallic Cu by post-treatment pro-
cess even at a temperature of 300 �C.

The formless structure of the CueC composite was main-
tained after the second step of the post-treatment process at
300 �C, as observed in Fig. 3a. However, the CuO nanopowders
observed in the TEM images in Fig. 3b and c exhibit different
morphologies compared with those of the Cu nanopowders. The
dense-structured Cu nanopowders transformed into hollow-
structured CuO nanopowders via the well-known nanoscale
Kirkendall diffusion process [51e53]. A dense-structured Cu@
CuO nanopowder with a coreeshell structure was first formed
Fig. 3. Morphologies of the hollow CuO nanopowders prepared by the second step of the p
images, and (d) high resolution TEM image.
by surface oxidation of the Cu nanopowder. In addition, the
small-radius Cu (Cu2þ ¼ 73 pm) cation diffused outward more
rapidly than the inward diffusion of oxygen anions
(O2� ¼ 140 pm). The volume of empty voids and the size of the
nanopowder increased upon increasing the post-treatment time.
Consequently, complete diffusion out of Cu cations resulted in a
hollow CuO nanopowder as a result of the nanoscale Kirkendall
diffusion process. The shell thickness of the CuO nanopowder
observed in the TEM image in Fig. 3c was 14 nm. The high-
resolution TEM image in Fig. 3d reveals clear lattice fringes
separated by 0.23 nm, which corresponds to the (111) crystal
plane of CuO. The morphologies of the nanopowders obtained
after post-treatment process for 5 min at a temperature of 300

�
C

are shown in Fig. S3 to confirm the formation mechanism of the
hollow CuO nanopowders. The Cu@CuO nanopowders with
coreeshell structure and the Cu@void@CuO nanopowders with
yolk-shell structure formed as intermediate products were
observed in the TEM images. The morphologies of the CuO
nanopowders obtained at a post-treatment temperature of
400 �C are shown in Fig. 4. The SEM and TEM images of the
unground powders obtained directly by post-treatment in
Fig. 4aec reveal an aggregated structure between the
ost-treatment process at 300
�
C under air atmosphere: (a) SEM image, (b) and (c) TEM
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Fig. 4. Morphologies of the hollow CuO nanopowders prepared by the second step of the post-treatment process at 400
�
C under air atmosphere: (a) SEM image, (b) and (c) TEM

images, (d) SEM image obtained after milling process, and (e) high resolution TEM image.
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nanopowders. Necking between the nanopowders occurred
during the nanoscale Kirkendall diffusion process after com-
bustion of the carbon material, acting as a barrier for the ag-
gregation of the nanopowders. However, the field-emission SEM
(FE-SEM) image in Fig. 4d reveals the aggregation-free CuO
nanopowders obtained after simple hand milling using an agate
mortar. The high-resolution TEM images in Fig. 4b and c reveal
the clear hollow structure of the CuO nanopowders. The shell
thickness of the CuO nanopowder observed in the TEM image in
Fig. 4c was 28 nm. The shell thickness of the CuO nanopowders
increased upon increasing the post-treatment temperature un-
der an air atmosphere in the sintering process, as observed in
Figs. 3c and 4c. The high-resolution TEM image in Fig. 4e reveals
the crystalline structure of the CuO nanopowders formed by the
nanoscale Kirkendall diffusion process. The morphologies of the
CuO nanopowders obtained at a high post-treatment tempera-
ture of 500 �C are shown in Fig. 5. The formless CueC material
transformed into the CuO nanopowders with slight aggregation
between the nanopowders even without the milling process, as
observed in the SEM image in Fig. 5a. The TEM image in Fig. 5b
shows the filled structure of the CuO nanopowders. Some of the
large-size CuO nanopowders had hollow inner structures with
large shell thicknesses, as observed in the TEM image in Fig. 5c.
The hollow CuO nanopowders formed by the nanoscale Kir-
kendall diffusion process transformed into filled CuO nano-
powders as a result of the sintering process. The elemental
mapping images in Fig. S4 show the formation of carbon-free
CuO nanopowders irrespective of the post-treatment tempera-
tures under air atmosphere. The thermogravimetric (TG) curves
in Fig. S5 also show the complete combustion of the carbon
material during the second step of the post-treatment process
under an air atmosphere. The BET surface areas of the CuO
nanopowders post-treated at temperatures of 300, 400, and
500 �C were 12, 12, and 18 m2 g�1, respectively.

The electrochemical properties of the CuO nanopowders
prepared at different second-step post-treatment temperatures
are shown in Figs. 6 and 7. The cyclic voltammogram (CV) curves
of the three samples performed at a scanning rate of 0.07 mV s�1

are shown in Fig. 6. In the first cathodic sweep, the three sam-
ples exhibited clear reduction peaks at approximately 1.18 and
0.8 V, which are related to the complete reduction of Cu2þ to Cuþ

by the formation of the Cu2O phase and decomposition of Cu2O
into Cu and Li2O, respectively [63,64]. The reduction peak
observed at approximately 0.8 V is also related to the growth of
solid electrolyte interphase (SEI) layers over the powders
[63,64]. The broad reduction peak observed over 1.3 V in Fig. 6a
and b was attributed to the formation of LixCuO and CuⅡ

1-

xCuⅠ
xO1-x/2 [65]. In the anodic sweep, the broad oxidation peak

observed at approximately 2.4 V was attributed to the formation
of Cu2O (Cu0 þ Li2O 4 Cu2O þ Li2O) as well as the partial
oxidation of Cu2O into CuO [65]. The charge and discharge
curves of the three samples for the 1st cycle at a constant current
density of 1 A g�1 are presented in Fig. 6d. The CuO nano-
powders prepared at post-treatment temperatures of 300 and



Fig. 5. Morphologies of the CuO nanopowders prepared by the second step of the
post-treatment process at 500

�
C under air atmosphere: (a) SEM image, (b) and (c)

TEM images.
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400 �C had three plateaus in their first discharge curves at
approximately 1.75, 1.3, and 0.9 V. The initial discharge capac-
ities of the powders post-treated at 300, 400, and 500 �C were
1134, 1079, and 1011 mA h g�1, respectively, and their corre-
sponding charge capacities were 797, 617, and 463 mA h g�1,
respectively. The theoretical capacity of CuO as anode material
for lithium ion battery is ca. 670 mA h g�1. The extra capacity of
the CuO nanopowders may be due to the partial reversible
formation and decomposition of the gel-like SEI film on the
surface of the electrode and pseudo capacitance [66].

The cycling performances of the CuO nanopowders prepared
at different second-step post-treatment temperatures at a con-
stant current density of 1 A g�1 are shown in Fig. 7a. The
discharge capacities of the powders post-treated at 300, 400, and
500 �C for the 2nd cycle were 832, 628, and 473 mA h g�1,
respectively, and their discharge capacities for the 10th cycles
were 896, 786, and 623 mA h g�1, respectively. The discharge
capacities of the three samples gradually increased from the 2nd
to 10th cycle. The kinetically activated electrolyte degradation
and the formation of a polymeric gel-like film on the surface of
the nanopowders in the low potential region increased the
specific capacities during the first 10 cycles [67]. The Coulombic
efficiencies for the three samples are shown in Fig. S6. The initial
Coulombic efficiencies of the CuO nanopowders obtained at the
post-treatment temperatures of 300, 400, and 500 �C were 70.3%,
57.2%, and 45.8%, respectively. The CuO nanopowders obtained at
the high post-treatment temperatures of 500 �C had low initial
Coulombic efficiency due to their poor structural stability during
lithium insertion and desertion processes. The three samples had
high Coulombic efficiencies over 100% due to the step-by-step
activation of metallic Cu located inside the hollow CuO nano-
powders during the first 10 cycles. The discharge capacities of the
powders post-treated at 300, 400, and 500 �C for the 150th cycle
were 793, 632, and 464 mA h g�1, respectively, and their capacity
retentions calculated from the maximum discharge capacities
were 88, 80, and 73%, respectively. The different morphologies
and mean crystallite sizes of the CuO nanopowders post-treated
at 300, 400, and 500 �C affected their initial discharge and charge
capacities and cycling performances. The rate performance of the
hollow CuO nanopowders post-treated at 300 �C is shown in
Fig. 7b, in which the current density was increased step-wise
from 0.2 to 3 A g�1. The hollow CuO nanopowders had final
discharge capacities of 999, 918, 827, 763, 723, 683, 658, and
614 mA h g�1 at current densities of 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, 2.0,
and 3.0 A g�1, respectively. The discharge capacities of the hollow
CuO nanopowders were well recovered to 883 mA h g�1 when
the current density was returned to 0.2 A g�1 after cycling at high
current densities. Electrochemical impedance spectroscopy of the
CuO nanopowders post-treated at 300 and 500 �C before and
after cycling was conducted to evaluate their electrochemical
properties. The resulting Nyquist plots presented in Fig. 7c, d, and
S7 contain semicircles in the medium-frequency range, which are
assigned to the charge-transfer resistance (Rct) of the electrodes
[68,69]. Fig. 7e shows the equivalent circuit model used for ac
impedance fitting. The CuO nanopowders post-treated at 500

�
C

show the largest Rct of 201.8 U before cycling, as shown in
Fig. S7a. The charge-transfer resistances of the three samples
decreased after the first cycling because of the transformation of
the crystalline structure into an amorphous structure after the
first cycle. The Rct of the nanopowders increased from 8.1 to
10.4 U for the CuO post-treated at 300

�
C, from 17.8 to 19.5 U for

the CuO post-treated at 400
�
C, and from 19.1 to 43.5 U for the

CuO post-treated at 500
�
C as the number of cycles increases

from 1st to 10th cycle, as shown in Fig. 7c and d. The hollow CuO
nanopowders post-treated at 300 and 400 �C maintained their
low charge-transfer resistances during the first 10 cycles. How-
ever, the charge-transfer resistances of the filled CuO nano-
powders post-treated at 500 �C increased during cycling. In
particular, the Rct of the CuO nanopowders post-treated at 300
and 400

�
C for the 50th cycle were almost the same. However,

the Rct of CuO nanopowders post-treated at 500
�
C increased



Fig. 6. Electrochemical properties of the CuO nanopowders prepared by the second step of the post-treatment process at various temperatures: CV curves of the powders obtained
at (a) 300

�
C, (b) 400

�
C, (c) 500

�
C, and (d) initial charge/discharge curves.
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largely from 43.5 to 201.3 U during the further 40 cycles, as
shown in Fig. S7b. The structural destruction of the CuO nano-
powders post-treated at 500

�
C during repeated lithium insertion

and desertion processes increased the charge-transfer resistances
during cycling. On the other hand, the CuO nanopowders post-
treated at 300 and 400

�
C had high structural stability during

repeated lithium insertion and desertion processes due to their
accommodation of large volume changes during cycling. The
morphologies of the CuO nanopowders obtained after 50 cycles
are shown in Fig. S8. The hollow structure of the CuO nano-
powders prepared by the second step of the post-treatment
process at 300

�
C under air atmosphere was maintained even

after 50 cycles. On the other hand, the spherical morphology of
the CuO nanopowders prepared by the second step of the post-
treatment process at 500

�
C under air atmosphere was

destroyed after 50 cycles. The CuO nanopowders with hollow
structures exhibited better structural stability for repeated
lithium insertion and desertion processes than those with filled
structures. The electrochemical properties of the CuO hollow
nanopowders are compared with those of the CuO materials with
various morphologies reported in the previous literatures, and
the results are summarized in Table S1. The carbon-coated CuO
hollow powders prepared by spray pyrolysis had a discharge
capacity of 750 mA h g�1 at a current density of 670 mA g�1 after
300 cycles [63]. Graphene-supported shuttle- and urchin-like
CuO had a discharge capacity of 826 mA h g�1 at a current
density of 700 mA g�1 after 100 cycles [70]. However, the pre-
pared CuO hollow nanopowders had superior electrochemical
properties compared to those of the bare CuO materials reported
in the previous literatures.
4. Conclusions

The spray-drying process was applied in the large-scale pro-
duction of CuO hollow nanopowders. The spherical Cu-citrate-
nitrate powder obtained by the spray-drying process transformed
into a formless CueC composite after post-treatment under a
reducing atmosphere. The formless CueC composite produced
numerous CuO hollow nanopowders via the nanoscale Kirkendall
diffusion process. The amorphous carbon formed from citric acid
minimized the aggregation of Cu and CuO nanopowders during the
second step of the post-treatment process. The different mor-
phologies and mean crystallite sizes of the CuO nanopowders post-
treated at various temperatures affected their initial discharge and
charge capacities and cycling performances. The mean crystallite
sizes of the CuO powders obtained at the post-treatment temper-
atures of 300, 400, and 500 �C were 13, 17, and 26 nm, respectively.
The optimum post-treatment temperature for the nanoscale Kir-
kendall diffusion process to prepare CuO hollow nanopowders
exhibiting good electrochemical properties for lithium-ion storage
was 300 �C. This simple spray-drying process applying nanoscale
Kirkendall diffusion could be widely applied in the preparation of
transition metal oxide hollow nanopowders for wide applications
including energy storage.



Fig. 7. Electrochemical properties of the CuO nanopowders prepared by the second step of the post-treatment process at various temperatures: (a) cycling performances, (b) rate
performance, (c) Nyquist plots after 1st cycle, and (d) Nyquist plots after 10th cycle, (e) Equivalent electrical circuit.
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