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A new concept for preparing hollow metal oxide nanopowders by salt-assisted spray pyrolysis applying
nanoscale Kirkendall diffusion is introduced. The composite powders of metal oxide and indecomposable
metal salt are prepared by spray pyrolysis. Post-treatment under a reducing atmosphere and subsequent
washing using distilled water produce aggregation-free metal nanopowders. The metal nanopowders
are then transformed into metal oxide hollow nanopowders by nanoscale Kirkendall diffusion. CozO4
hollow nanopowders are prepared as first target materials. A cobalt oxide—NaCl composite powder
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prepared by spray pyrolysis transforms into several CozO4 hollow nanopowders by several treatment
processes. The discharge capacities of the CozO4 nanopowders with filled and hollow structures at
a current density of 1 A g~ for the 150th cycle are 605 and 775 mA h gfl, respectively. The hollow
structure formed by nanoscale Kirkendall diffusion improves the lithium-ion storage properties of CozO4
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Introduction

Nanopowders with hollow structures have received great attention
owing to their unique properties and potential application in
various fields including energy storage, gas sensors, solar cells,
and catalysts."™ Especially, hollow nanopowders with short ion
diffusion distances and high structural stability during cycling
could be successfully applied to energy storage systems, including
lithium- and sodium-ion batteries.”** Hollow nanopowders with
single- and multi-components have been mainly prepared by
liquid solution processes applying various organic and inorganic
templates.”>* The removal of the templates by acid etching or
calcination results in the hollow nanopowders. However, a more
cost-effective process has to be developed for wide application of
hollow nanopowders.

Aggregation-free hollow nanopowders have been prepared
from metal nanopowders obtained by the liquid solution method
applying the Kirkendall effect.>>! Cho et al. recently reported
the synthesis of spherical and nanofiber-type aggregates of
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hollow nanopowders.*>** The nanoscale Kirkendall diffusion
process was successfully combined with conventional spray pyrol-
ysis and electrospinning processes. The formation of a carbon
matrix embedded with metal nanopowders as intermediate
products was the key idea for the spherical and nanofiber-type
aggregates of hollow nanopowders.

Spray pyrolysis, which is a gas-phase reaction process, was
applied to the preparation of metal oxide nanopowders.>*™®
Okuyama et al. reported salt-assisted spray pyrolysis for the
preparation of aggregation-free metal oxide nanopowders.** ™’
The composite of a washable metal salt and a metal oxide
prepared by spray pyrolysis transformed into metal oxide
nanopowders after washing with water. However, the prepara-
tion of metal oxide hollow nanopowders has not been carried
out using the salt-assisted spray pyrolysis.

In this paper, the preparation of hollow metal oxide nano-
powders by salt-assisted spray pyrolysis applying nanoscale
Kirkendall diffusion is introduced. Composite powders of metal
oxide and indecomposable metal salt were prepared by spray
pyrolysis. The composite powder, with particles of several microns
in size, transformed into metal oxide hollow nanopowders by
applying nanoscale Kirkendall diffusion. The washable metal salt
powders embedded with metal nanopowders were prepared by an
initial post-treatment process under a reducing atmosphere. The
washing of the composite powders using distilled water produced
aggregation-free metal nanopowders. The post-treatment of metal
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nanopowders under an air atmosphere produced the metal
oxide hollow nanopowders. This process was first applied to
the preparation of Coz0, hollow nanopowders owing to their
good electrochemical properties for lithium-ion storage.

Results and discussion

The formation mechanism of the hollow Co;0, nanopowders by
salt-assisted spray pyrolysis is shown in Scheme 1. One cobalt
oxide-NaCl composite powder was formed from one droplet by
drying and decomposition of the metal salt. The post-treatment of
the cobalt oxide-NaCl composite powder under a reducing atmo-
sphere produced the Co-NaCl composite powder. The washing
of the reduced composite powder using distilled water produced
the aggregation-free Co metal nanopowders. Surface oxidation of
Co metal nanopowders during the washing process resulted in
a Co@Co30,4 nanopowder with a core-shell structure. The post-
treatment of the Co metal nanopowders under an air atmo-
sphere produced the Co;0, hollow nanopowders by nanoscale
Kirkendall diffusion. Small-radius Co cations (Co** = 75 pm)
diffused outward more quickly than the inward diffusion of
oxygen anions (O~ = 140 pm). The complete conversion of
metallic Co into cobalt oxide by nanoscale Kirkendall diffusion
resulted in hollow Co;0, nanopowders.

The formation mechanism of the Co;0, hollow nanopowders
by applying salt-assisted spray pyrolysis was investigated based on
the morphologies and crystal structures of the powders obtained
at each step. The XRD patterns of the powders obtained by salt-
assisted spray pyrolysis before and after reduction, shown in
Fig. 1a, have sharp peaks for NaCl salt. The powders directly
prepared by spray pyrolysis have minor XRD peaks for NaNO;.
The small peaks of metallic Co are observed in the XRD pattern of
the powders obtained after reduction at 500 °C. The reduction of

Salt-assisted spray pyrolysis

h{,%/_
Re 4 {2 .
- °® . ®
0 ° % CPR °
B o ° S o ® i o
e o0 ®
o o % . L] ° L
> d ° °
® o e o o
LIPS RO
Co;0,-NaCl Co nanopowders

Hollow Co;0,
Nanoscale Kirkendall diffusion

of
2y
4 R 0% " Co nanopowder

Co core-void-Co;0, shell
intermediate

Co core-Co;0, shell
intermediate

Scheme 1 Schematic diagram for the formation mechanism of the
hollow CozO,4 nanopowders by salt-assisted spray pyrolysis applying
nanoscale Kirkendall diffusion.
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Fig. 1 XRD patterns of (a) the powders obtained by salt-assisted spray
pyrolysis before and after the reduction process and (b) the powders
obtained after complete washing and post-treatment of the metallic
Co nanopowders under an air atmosphere at temperatures of 300, 400,
and 500 °C.

cobalt oxide resulted in ultrafine Co nanopowders embedded
within an indecomposable NaCl matrix. The XRD pattern of the
powders obtained after complete washing with distilled water of
the Co-NaCl composite powders, shown in Fig. 1b, reveals pure
crystalline peaks for metallic Co. The post-treatment of the
metallic Co nanopowders under an air atmosphere at tempera-
tures of 300, 400, and 500 °C produced phase-pure Coz;0,
powders, as shown in Fig. 1b. However, the broad XRD peaks of
the powders post-treated at a low temperature of 300 °C reveal the
ultrafine crystallite sizes of the Co;0, powders. The mean crystal-
lite sizes of the Co;0, powders post-treated at temperatures of
300, 400, and 500 °C calculated from the width of the (311) peak
using the Scherrer equation were 15.2, 17.1, and 19.6 nm, respec-
tively. The mean crystallite size of the filled Co;O, nanopowders
prepared as a comparison sample by washing the powders directly
prepared by spray pyrolysis at 500 °C was 19.0 nm.

The morphologies of the powders prepared by spray pyrolysis
before and after reduction are shown in Fig. 2a and b, respec-
tively. The SEM images reveal the spherical morphology and sizes

Phys. Chem. Chem. Phys., 2015, 17, 31988-31994 | 31989


http://dx.doi.org/10.1039/C5CP06206C

Published on 05 November 2015. Downloaded by Korea University on 02/01/2016 05:51:05.

Fig. 2 Morphologies of the powders prepared by spray pyrolysis (a) before
and (b) after the reduction process, (c) low and (d) high resolution TEM
images, (e) elemental mapping images, and (f) EDAX spectrum of the Co
nanopowders obtained after the washing process.

of the two samples; the sizes were on the order of several
microns. The TEM images of the metallic Co powders obtained
after washing, shown in Fig. 2c¢ and d, reveal a spherical-like
morphology and sizes on the order of nanometers. The high-
resolution TEM image shown in Fig. 2d shows clear lattice fringes
separated by 0.24 and 0.207 nm, which correspond to the (311)
and (400) crystal planes of metallic Co. The elemental mapping
images shown in Fig. 2e reveal complete reduction of cobalt oxide
to metallic Co and complete removal of NaCl by washing. It was
difficult to detect oxygen, sodium, and chlorine components in
the elemental mapping images.

The morphologies of the nanopowders obtained by post-
treatment of the metallic Co nanopowder under an air atmosphere
at temperatures of 400 and 500 °C are shown in Fig. 3 and 4,
respectively. The nanometer size of the metallic Co nanopowders
was well maintained, as observed from the SEM image shown
in Fig. 3a. The TEM images shown in Fig. 3b and c reveal the
hollow structure of the Co;O4 nanopowders. Co nanopowders with
dense structures transformed into hollow Co;O, nanopowders
by nanoscale Kirkendall diffusion, as described in Scheme 1.
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Fig. 3 Morphologies of the nanopowders obtained by post-treatment of
the metallic Co nanopowders under an air atmosphere at a temperature of
400 °C: (a) SEM image, (b) and (c) TEM images, and (d) high resolution TEM
image.

Fig. 4 Morphologies of the nanopowders obtained by post-treatment of
the metallic Co nanopowders under an air atmosphere at a temperature of
500 °C: (a) SEM image, (b) and (c) TEM images, and (d) high resolution TEM
image.

The high-resolution TEM image shown in Fig. 3d shows clear
lattice fringes separated by 0.28 and 0.24 nm, which correspond
to the (220) and (311) crystal planes of cubic spinel Cos0,
(JCPDS card no. 42-1467). The hollow Co30, nanopowders were
also prepared at a post-treatment temperature of 500 °C by
nanoscale Kirkendall diffusion, as shown in Fig. 4. The TEM
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image shown in Fig. 4c reveals the well-faceted crystal structure
of the hollow Co;0, nanopowder. The high-resolution TEM
image shown in Fig. 4d reveals the poly-crystalline crystal
structures with ultrafine nanocrystals. The TEM images of the
powders obtained at a post-treatment temperature of 300 °C
shown in Fig. S2 (ESIt) do not show a clear hollow structure.
The dense structure of the metallic Co, shown in Fig. 2, trans-
forms into a porous structure by oxidation to form Co0;0,.
However, incomplete conversion of metallic Co into Co;0,4 by
nanoscale Kirkendall diffusion forms powders with a porous
structure. The BET surface areas of the powders obtained by
post-treatment of the metallic Co nanopowders under an air
atmosphere at temperatures of 300, 400, and 500 °C were 10.8,
9.6, and 10.1 m* g, respectively. XRD patterns of the powders
obtained after post-treatment for 10 and 30 min of the metallic
Co nanopowders under an air atmosphere at a temperature of
500 °C are shown in Fig. S3 (ESIT). The complete conversion of
metallic cobalt into Co;0, occurred even at a short oxidation
time of 10 min. Fig. S4 (ESIf) shows the TEM image of the
Co30, nanopowders obtained after post-treatment for 10 min
of the metallic Co nanopowders under an air atmosphere at a
temperature of 500 °C. The complete conversion of metallic Co
into Co;0, resulted in the hollow structured nanopowder by the
nanoscale Kirkendall diffusion process.

The morphologies of the filled Co3;0, nanopowders formed
by conventional salt-assisted spray pyrolysis are shown in Fig. 5.

Spherical Co;0,~NaCl composite powders of several microns
in size directly prepared by spray pyrolysis transformed into
filled Co;0, nanopowders after washing with distilled water. The
TEM image shown in Fig. 5c¢ reveals the well-faceted crystal
structure of the filled Co;O, nanopowders. The high-resolution
TEM image shown in Fig. 5d shows clear lattice fringes separated
by 0.24 and 0.46 nm, which correspond to the (311) and (111)
crystal planes of cubic spinel Coz04. The elemental mapping
images and EDAX spectrum shown in Fig. 5e and f reveal the
complete removal of NaCl by washing. The BET surface area of the
filled Co;0, nanopowders is 33.7 m> g~ *. The N, adsorption and
desorption isotherms and Barrett-Joyner-Halenda (BJH) pore size
distributions of the four samples are shown in Fig. S5 (ESIT).
The filled CozO, nanopowders formed by conventional salt-
assisted spray pyrolysis had well-developed mesopores compared
with the nanopowders obtained by post-treatment of the metallic
Co nanopowders under an air atmosphere at temperatures of
300, 400, and 500 °C. The hollow Co;0, nanopowders prepared
by nanoscale Kirkendall diffusion had dense shell structures
without pores for gas permeable. However, the mesopores in
the filled Co;0, nanopowders formed by conventional salt-
assisted spray pyrolysis was due to the hard aggregation between
the nanopowders.

The electrochemical properties of the hollow Co;0, nanopow-
ders prepared by nanoscale Kirkendall diffusion are compared
with those of the filled Co;0, nanopowders in Fig. 6. The initial
discharge and charge curves of the four samples at a current
density of 1 A g~ " are shown in Fig. 6a. The four samples exhibit
similar shapes of initial discharge and charge curves, irrespective
of their morphologies. A long plateau region in the initial
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Fig. 5 Morphologies of the filled CozO4 nanopowders formed by conven-
tional salt-assisted spray pyrolysis: (a) SEM image, (b) and (c) TEM images,
(d) high resolution TEM image, (e) elemental mapping images, and (f) EDAX
spectrum.
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Fig. 6 Electrochemical properties of the powders post-treated at various
temperatures: (a) initial charge and discharge curves, (b) cycling performances,
(c) CV curves of the powders post-treated at 500 °C, and (d) rate performance
of the powders post-treated at 500 °C.

discharge curve at a voltage of approximately 1 V corresponding
to Li" insertion into the crystal structure of Co;0, and reduction
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of the Co ions to Co metal is observed.*>*° The initial discharge
capacities of the powders obtained by posttreatment of the
metallic Co nanopowders under an air atmosphere at tempera-
tures of 300, 400, and 500 °C were 884, 1163, and 1182 mA h g~ *
respectively, and the corresponding charge capacities were
629, 821, and 882 mA h g™, respectively. The initial discharge
and charge capacities of the filled Co;0, nanopowders formed
by conventional salt-assisted spray pyrolysis were 1099 and
862 mA h g ', respectively. The powders obtained by post-
treatment of the metallic Co nanopowders under an air atmo-
sphere at a low oxidation temperature of 300 °C had the lowest
initial discharge and charge capacities owing to the coexistence of
electrochemically inactive metallic Co. The cycling performances
of the four samples at a current density of 1 A g~ * are shown in
Fig. 6b. The discharge capacities of the powders obtained by
post-treatment of the metallic Co nanopowders under an air
atmosphere at temperatures of 300, 400, and 500 °C for the
150th cycle were 509, 691, and 775 mA h g, respectively, and
their capacity retentions measured from the second cycle were
80.6, 79.0, and 86.4%, respectively. The discharge capacities of the
filled Co;0, nanopowders formed by conventional salt-assisted
spray pyrolysis remained constant during the first three cycles,
thereafter decreasing continuously to 605 mA h g~' for the
150th cycle. The electrochemical properties of the Co;0, hollow
nanopowders showing excellent lithium-ion storage properties
were investigated by cyclic voltammograms (CVs). The CVs for
the first five cycles at a scan rate of 0.07 mV s~ ' in the voltage
range of 0.001-3 V are shown in Fig. 6¢c. The sharp reduction peak
observed at 0.89 V in the first cathodic sweep is attributed to Li*
insertion into the crystal structure of Co;O4 and the conversion
reaction between Co;0, and Li* to form metallic Co and Li,0.>*™*
One oxidation peak observed at approximately 2.0 V is attributed
to the oxidation of metallic Co to Co;0,4 and the decomposition
of Li,0.*** From the second cycle onward, the reduction peak
shifted to a higher potential at approximately 1.05 V owing to the
conversion of CozO, into ultrafine nanocrystals during the first
cycle.*"** The rate performance of the Co;04 hollow nanopowders
obtained at an oxidation temperature of 500 °C, in which the
current density was increased step-wise from 0.5 to 5 A g, is
shown in Fig. 6d. The final discharge capacities of the Co;0,
hollow nanopowders at current densities of 0.5, 1, 2, 3, 4, and
5Ag ' are 953, 908, 829, 752, 669, and 587 mA h g~ ', respectively.
The discharge capacities decreased slightly with increasing
current densities. The Coz0, hollow nanopowders revealed good
rate performance and good capacity recovery when the current
density returned to 0.5 A g, even after cycling at high current
densities.

Electrochemical impedance spectroscopy (EIS) measurements
were performed on the hollow and filled Co;0, nanopowders
before and after 1 and 100 cycles. The Co;O,4 hollow nanopowders
obtained by an oxidation temperature of 500 °C were used for the
EIS measurements. The Nyquist plots shown in Fig. 7 display
compressed semicircles in the medium-frequency range, which
indicates the charge-transfer resistance (R.) of the electrode.*>™*®
The hollow Co;0, nanopowders with high surface area initially
had a slightly higher charge-transfer resistance than the filled
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Fig. 7 Nyquist plots of the hollow and filled Coz04 nanopowders:
(a) before cycling, (b) after 1 cycle, and (c) after 100 cycles.

Co30, nanopowders. However, the two samples had similar

charge-transfer resistances after the first cycle owing to the
conversion of Coz0, into ultrafine nanocrystals during the first
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cycle. After 100 cycles, the hollow Co;0, nanopowders had a lower
charge-transfer resistance than the filled Co;0, nanopowders.
The structural destruction of the filled Co;0, nanopowders
during repeated lithium insertion and desertion processes
increased their charge-transfer resistance. Therefore, the hollow
structure formed by nanoscale Kirkendall diffusion improved the
lithium storage properties of the Co;O, nanopowders.

Experimental
Synthesis of hollow Co;0, nanopowders

In this study, cobalt oxide-NaCl composite powders were
prepared by the ultrasonic spray pyrolysis process shown in
Fig. S1 (ESIT). The spray solutions were obtained by dissolving
pre-determined quantities of cobalt nitrate hexahydrate
[Co(NO3),-6H,0, Junsei] and NaCl in distilled water. Indecom-
posable NaCl with a high melting temperature of 801 °C
was applied as a water-washable metal salt. The concentrations
of cobalt nitrate hexahydrate and NaCl were fixed at 0.09 and
0.9 M, respectively. The pyrolysis was carried out in a quartz
reactor 1200 mm in length and 50 mm in diameter and the
reactor temperature was maintained at 500 °C. Nitrogen
was used as the carrier gas at a flow rate of 40 L min™".
The precursor powders obtained by spray pyrolysis were post-
treated at 500 °C in a 10% H,/Ar gas mixture for 3 h and
subsequently washed with distilled water three times to remove
the washable NaCl. The Co nanopowders were transformed into
Co;0, hollow nanopowders by post-treatment at temperatures
of 300, 400, and 500 °C in air for 3 h. Filled Co;O, nanopowders
were also prepared as comparison samples by washing the
powders directly prepared by spray pyrolysis at 500 °C.
For simplicity, the Co;0, nanopowders formed by post-
treatment at temperatures of 300, 400, and 500 °C are referred
to as “Kirkendall-300”, “Kirkendall-400”, and “Kirkendall-500"
nanopowders, respectively.

Characterization

The crystal structures of the powders were investigated using
X-ray diffractometry (XRD, X'pert PRO MPD) with Cu Ko radiation
(A = 1.5418 A) 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
surface areas of the powders were calculated by a Brunauer—
Emmett-Teller (BET) analysis of nitrogen adsorption measurements
(TriStar 3000).

Electrochemical measurements

The electrochemical properties of the Co;0, hollow nanopowders
were analyzed by constructing a 2032-type coin cell. The anode was
prepared by mixing the active material, carbon black, and sodium
carboxymethyl cellulose (CMC) in a weight ratio of 7:2: 1. Li metal
and microporous polypropylene film were used as the counter
electrode and the separator, respectively. The electrolyte was 1 M
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LiPF¢ dissolved in a mixture of fluoroethylene carbonate/dimethyl
carbonate (FEC/DMC; 1:1 v/v). The discharge/charge characteris-
tics of the samples were investigated by cycling in a 0.001-3 V
potential range at various current densities. Cyclic voltammograms
were measured at a scan rate of 0.07 mV s~ ..

Conclusions

Cobalt oxide hollow nanopowders were prepared by salt-assisted
spray pyrolysis applying nanoscale Kirkendall diffusion. Filled
cobalt nanopowders formed by salt-assisted spray pyrolysis
transformed into hollow cobalt oxide nanopowders by nano-
scale Kirkendall diffusion. The electrochemical properties of
the hollow Coz0, nanopowders were compared with those of
the filled Co3;0, nanopowders prepared by salt-assisted spray
pyrolysis. The hollow structure formed by nanoscale Kirkendall
diffusion improved the lithium storage properties of the Co;0,
nanopowders by enhancing the structural stability during
cycling. Salt-assisted spray pyrolysis could thus be applied to
the preparation of metal oxide hollow nanopowders with
various compositions for wide applications, including energy
storage.
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