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ABSTRACT

The capability of fast charge and fast discharge is highly desirable for the electrode materials used in
supercapacitors and lithium ion batteries. In this article, we report a simple strategy to considerably improve
the high rate capability of Co;O, nanowire array electrodes by uniformly loading Ag nanoparticles onto the
surfaces of the Co;O, nanowires via the silver-mirror reaction. The highly electrically conductive silver
nanoparticles function as a network for the facile transport of electrons between the current collectors (Ti
substrates) and the Co;0, active materials. High capacity as well as remarkable rate capability has been achieved
through this simple approach. Such novel Co;O,~Ag composite nanowire array electrodes have great potential

for practical applications in pseudo-type supercapacitors as well as in lithium ion batteries.
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1. Introduction

Successful utilization of sustainable energy resources,
such as solar, water, or wind, largely relies on the
development of efficient electrical energy storage and
conversion (EESC) devices. Lithium ion batteries (LIBs)
and supercapacitors (SCs) are at the forefront of R&D
on EESC devices [1]. They have been extensively con-
sidered as power sources for electric vehicles (EVs),
portable electronics such as cell phones, cameras,
laptop computers and pulsed lasers, and large power
backup for the electric grid [2, 3]. For both LIBs and
SCs, a critical challenge is to develop electrodes

Address correspondence to yangli@cityu.edu.hk

possessing high energy density and power uptake
capability, i.e., the ability to deliver a large amount of
charge in a very short time [4].

Co30, has been demonstrated to be a promising
electrode material for LIBs and pseudo-type SCs
due to its low environmental footprint, low cost and
extremely high theoretical specific capacitance (3560
F/g) for SCs and capacity (890 mA-h/g) for LIBs [5-22].
Furthermore, cobalt oxide directly grown on current
collectors in the form of highly oriented nanowires
(NWs) has several additional advantages for app-
lications in electrodes [2]. First, the as-grown NWs
have good mechanical contact with the current
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collectors, being free of the binders and carbon con-
ductors that are generally used in making conventional
electrodes, which helps increase the specific energy
density [23, 24]. Second, the NW array structure can
expand the electroactive area for pseudocapacitive
reactions, provide effective electrolyte-accessible
channels for ion transportation, and shorten the
distance for ion diffusion, leading to considerably
reduced internal resistance and substantially improved
power performances [25]. Third, the geometry of such
novel NW arrays is believed to help accommodate
strain arising from the electrochemical redox reactions
as well as the large volume expansion during the Li*
insertion and de-insertion [26]. Therefore, Co;O, NW
array electrodes are an attractive candidate for the
construction of next-generation ultrahigh performance
LIBs and SCs [7].

Wu et al. have successfully prepared mesoporous
Co030s4 NW arrays on Ti substrates by a template-free
ammonia-evaporation-induced method [24] and
employed them as anodes for constructing LIBs. They
achieved a reversible capacity of >700 mA-h/g at a
current of 1 C and >350 mA-h/g at 50 C [23]. Gao et al.
have demonstrated that a specific capacitance of 746 F/g
at a current density of 5 mA/cm? can be obtained from
supercapacitors derived from Co;O, NW arrays [25].
In this article we show that both energy density and
rate performance of Co;O, NW array electrodes can be
substantially enhanced through the incorporation of
highly conductive silver nanoparticles onto the surfaces
of the Co;0, NWs.

2. Experimental
2.1 Preparation of Co;O, NW arrays on Ti substrates

The experimental procedure for the synthesis of Co;0,
NW arrays on Ti substrates was the same as described
in Refs. [23, 27]. In a typical procedure, 15 mmol of
Co(NO:s), was dissolved in 15 mL of deionized (DI)
water. Then 60 mL of 25% ammonia solution was
added dropwise to the Co* solution within 5 min with
vigorous stirring. Before being transferred into a covered
Petri dish, the above solution was stirred for another
10 min. Meanwhile, one side of a cleaned Ti wafer
was covered by a layer of nail polish. The Ti wafer

was put into the Petri dish with the other side facing
downwards, being about 2-3 mm away from the
bottom of the dish. The reaction setup was then kept
in an oven at 90 °C for 14 h.

2.2 Preparation of Ag-Co;0, composite NW arrays

The conventional silver-mirror reaction was utilized
to deposit Ag nanoparticles onto the surfaces of the
Co,0, NW arrays. Typically, 0.01 mol of AgNO; powder
was dissolved in 50 mL DI water at room tem-
perature to prepare a clear solution and then 50 mL
of 0.2 mol/L NaOH solution was added to the AgNO;
solution giving a brown precipitate. Concentrated
(10 mol/L) ammonia solution was then added dropwise
into the mixed solution under vigorous stirring until the
brown precipitate just dissolved. 50 mL of 0.4 mol/L
glucose solution was then added to the mixture with
vigorous stirring. The beaker was transferred to a water
bath at 90 °C. Ag coating of the Ti/Co,O, NW array
electrode was carried out by repeating the following
procedure 6 times: (1) immersion into the heated
AgNOs—glucose solution for 5 min, (2) washing with
DI water, ethanol and finally acetone, and (3) drying
in a vacuum oven at 60 °C for 2 h.

2.3 Materials characterizations

X-ray diffraction (XRD) patterns were collected on a
Philips powder diffractometer using Cu Ko radiation
(4=1.5405 A). Sample morphologies were examined
with a scanning electron microscope (JEOL-820) and
transmission electron microscope (Philips CM-20).
Elemental mappings were conducted using an energy-
dispersive X-ray (EDX) device attached to a JEOL-6490
SEM. For the elemental mapping and TEM, the Co;0,
NWs were scratched from the Ti substrate and re-
dispersed in ethanol solution by ultrasonification and
then dropped onto the surface of silicon wafers. No
metal coating treatment was performed on the samples
before characterization by electron microscopy.

2.4 Electrochemical performance evaluation

The Co;O, NW arrays grown on Ti foils were directly
used as electrodes for electrochemical characterization.
Coin cells (2025) for LIBs were assembled in an argon-
filled glove-box with Li metal foil (Aldrich, USA) as
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the counter and reference electrode, one layer of
Celgard 2025 (Celgard, Inc., USA) as the separator,
and LiPF; (1 mol/L) dissolved in an ethylene carbonate
(EC)/dimethyl carbonate (DMC) mixture (1/1 w/w) as
the electrolyte. Galvanostatic electrochemical experi-
ments were carried out on an Arbin Instruments (BT
2000, College Station, Texas, USA) battery cycler at
room temperature. The traditional three-electrode cells
were assembled for SC characterization employing
the Ti-Co;0O, NW arrays as the working electrode, a
Pt foil (2 cm x 5 cm x 0.005 cm) as the counter electrode
and a saturated calomel electrode (SCE) as the reference
electrode, and a 1 mol/L aqueous KOH solution as the
electrolyte. The measurements were performed on a
Princeton Applied Research (PAR) V3 instrument. To
determine the mass of the Co;O,—~Ag active materials
(m,) in the electrodes, we measured the original weight
(mp) of the Ti substrate with the grown CosOs—Ag NW
arrays, before any electrochemical testing. After testing,
the Co,0,~Ag NW active materials were scratched off
the Ti substrate by strong ultrasonification and then
the net weight of the Ti substrate (1m,) was measured.
The mass of the Co;0,—Ag active materials is given by
m, =my—ms The specific discharge capacitance (Cm)
of the capacitors can be calculated as follows: Cm =
IAt/(m,AV), where [ is the discharge current, At is the
duration required for discharging to a cut-off voltage
of —0.4 V, m, is the mass of active material in the
working electrode, and AV is the cut-off potential
difference between charge and discharge, i.e., 0.8 V in
the these experiments.

3. Results and discussion
3.1 XRD

Figure 1 shows the XRD pattern of the cobalt oxide
NW arrays (a) before and (b) after Ag incorporation.
Besides the reflections arising from the Ti substrate,
the patterns of the samples before and after Ag coating
can both be indexed to spinel Co;O,. This suggests that
the NW arrays prepared by the template-free ammonia-
evaporation-induced method are mainly composed of
spinel Co;0,, which is in good agreement with previous
reports [23-25]. Moreover, the Ag coating process did
not alter the crystal phase of the Co;O, NW arrays.
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Figure 1 XRD patterns of the cobalt oxide NW arrays (a) before

and (b) after Ag coating. The inset bottom green and blue bars

indicate the standard reflections from Ti (JCPDS-659622) and

Co3;04 (JCPDS-431003), respectively
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3.2 Electron microscopy and elemental mapping

The SEM images in Figs.2(a) and 2(b) reveal that
Co;04 NWs with diameters of 400-900 nm and lengths
ranging from 10 to 15 um were formed as arrays on the
Ti substrate. The very sharp image observed in Fig. 2(b)
is due to electron charging resulting from the low
electronic conductivity of the pristine Co;O; NWs.
TEM indicates that the NWs are quasi-single-crystal
in nature (Fig. 2(d)) and resemble a tubular structure
with a mesoporous cavity running throughout the wire
center (Fig. 2(e)), which is consistent with previous
reports [23, 24, 28]. After incorporation of the highly
conductive silver, the SEM image (Fig. 2(c)) is much
clearer than the one without Ag incorporation
(Fig. 2(b)), which can be attributed to the enhancement
in electronic conductivity resulting from the Ag coating
on the surface of Co;O; NWs. Some Ag nanoparticles
are observable on the surface of the Co;O, NWs as
indicated by red arrows in the TEM image (Fig. 2(e)).
Figure 3 shows the EDX spectrum and the corres-
ponding Co Kal and Ag Lal elemental mappings of
two selected Co;O,—~Ag NWs that have been scratched
off the Ti substrate and re-dispersed onto a Si wafer.
From the EDX result (Fig. 2(b)), the content of Ag in the
as-prepared Co;O,—Ag composite NWs is about 3 wt%.
It is evident from Figs. 3(c) and 3(d) that the Ag
nanoparticles are homogeneously distributed over the
surfaces of the Co;0, NWs.
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Figure 2 (a) Cross-sectional SEM, (b, c¢) plan-view SEM, and
(d, e) TEM images of the Co3;04 NW arrays before (a, b, d) and
after (c, e) coating with Ag. The electron diffraction pattern of the
Co030, NWs before Ag coating is shown in the inset of (d)
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Figure 3 (a) SEM image and (b) the corresponding EDX spectrum
of two selected Co;0,—Ag NWs that have been scratched off the
Ti substrate and re-dispersed onto a Si wafer. The corresponding
elemental distributions of (c) Co Kal and (d) Ag Lal in the two
selected Co;0,~AgNWs. The scale bar represents 1 um

3.3 Supercapacitors

Figure 4(a) shows galvanostatic charge and discharge
curves of the Co;O, NW array electrodes, before and
after Ag incorporation, at various current densities. The
reversible specific discharge capacitances of the
pristine Co;O, NW arrays were calculated to be 922,
768, and 516 F/g at current densities of 2, 5, and 10 A/g,

respectively. Compared with the pristine Co;O, NW
arrays, the Co;O,—~Ag NW array electrode displays
better capacitive performances with higher specific
capacitances of 1006, 950, and 900 F/g at current den-
sities of 2, 5, and 10 A/g, respectively. The benefit of
incorporating highly conductive Ag can be further
substantiated by considering the capacitive properties
at high current density. For the pristine Co;0; NW
arrays, the capacitance retention at 5 and 10 A/g was
found to be 83.3% and 54.2% of that at 2 A/g, re-
spectively. After being coated with Ag, however, the
NW array electrode retained more than 95% (at 5 A/g)
and 90% (at 10 A/g) of the capacitance at the low current
density of 2 A/g. Figure 4(b) shows the specific dis-
charge capacitance as a function of cycle number at a
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Figure 4 Capacitive performances of the Co;O4; NW arrays
electrodes with, and without, Ag incorporation: (a) galvanostatic
charge and discharge curves at various current densities; (b) specific
discharge capacitance versus cycle number at a current density of
10 A/g
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current density of 10 A/g for the Ag-incorporated Co,0,
NW array electrodes and the pristine Co;O, NW arrays
electrodes. For both types of electrodes, the value of
the capacitance continuously decreases over the first
100 cycles and becomes stable in subsequent cycles. The
capacitance retention is more than 95% of the initial
value after 5000 cycles for both types of electrodes. It
is evident that the Ag-incorporated Co,O, NW array
electrodes have much higher capacitance than their
pristine counterpart at high current density. The results
in Fig. 4 clearly demonstrate that the incorporation of
highly conductive Ag improves the performance of
the Co,0; active materials and, most importantly, sub-
stantially enhances the power capability of the Co;0O,
NW array electrodes.

3.4 Lithium ion batteries

Figure 5(a) shows the stabilized electrochemical voltage
profiles of the Co;O, NW array electrodes with and
without Ag incorporation at a very low rate (100 mA/g).
It is clear that the CosO,~Ag electrode has slightly
lower electrochemical charge and discharge potential
and higher reversible capacity (~1050 mA-h/g) com-
pared with the pristine Co;0, electrode (~975 mA-h/g).
The lower electrochemical potential implies that the
actual LIBs assembled from our Co;O,~Ag NW arrays
as an anode coupled with a cathode (for example
LiCo0O,) would have higher working potential, leading
to improved energy density.

Figure 5(b) shows the specific charge capacity of
the Co;0; NW array electrodes as a function of cycle
number and current density. It is evident that the
Co;0,~Ag electrode displays better electrochemical
activity than that of the pristine Co;0O, electrode.
In particular, the rate capability was considerably
improved after coating with Ag nanoparticles. The
Co;0,~Ag electrode showed more than 82% and 45%
capacity retention after the current density was incre-
ased from 100 to 2000 and 20 000 mA/g, respectively,
whereas for the pristine Co;O, electrode, only 74%
and 26% of the original capacity was maintained
when raising the current density from 100 to 2000 and
20 000 mA/g, respectively. The results in Fig. 5 further
confirm the advantages of incorporating highly con-

ductive silver in terms of improving the rate capability
of the Co;O, NW array electrodes.
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Figure 5 Lithium ion battery performances of the Co;O04 NW
array electrodes with and without Ag incorporation. (a) The 6th
cycle galvanostatic charge and discharge voltage profiles cycled
between 3 and 0.005V at a current density of 100 mA/g. (b)
Comparison of the cycling performance of the Co3;0, NW array
electrodes with and without Ag incorporation under different
current rates. The lower-left inset graph in (b) shows the charge
capacity as a function of the cycle number of the same electrodes
after being tested at 20 000 mA/g for 20 cycles and the current
density being reset at 2000 mA/g

After high-rate testing at 20 000 mA/g for 20 cycles,
the current density was reduced to 2000 mA/g and
the electrodes were further subjected to continuous
cycling. The results are shown in the lower-left inset
curves of Fig. 5(b). For the Co;O, NW array electrodes
with and without Ag incorporation, the specific charge
capacities almost recovered their original values of
about 900 and 720 mA-h/g, respectively, at a current
density of 2000 mAh/g. Although the capacity con-
tinuously decreased as the charge-discharge operation
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proceeded, the capacity retained more than 91% and
88% of the original values for the electrode with and
without Ag incorporation, respectively. This shows
that both electrodes demonstrate good reversibility,
and compare favorably with conventional nanopowder
samples [5]. Moreover, the electrode with an Ag coating
is slightly more durable than the one without such a
coating.

3.5 Mechanism of the rate capability enhancement

It is generally considered that the electrochemical redox
reaction in electrodes occurs only at three-phase
boundaries where the active material, the electrolyte,
and the current collector meet [29]. As schematically
illustrated in Fig. 6, the resistance to electron con-
duction from the Ti substrates to the Co;0, active
materials is very high, due to the inherent low electro-
nic conductivity of Co;O, [23]. However, the deposited
Ag network facilitates fast electron transport between
the current collectors and the active materials. Further-
more, the Ag coating can revive some dead areas that
have become inactive due to their loss of, or very poor,
contact with the current collectors, making them
electrochemically active, leading to improved
utilization of the active materials. Therefore, the very
special combination of the mesoporous NW array
geometries and the highly electronically conductive
Ag coating gives the Co;O; NW array electrodes a
very high energy density as well as a remarkable high
rate capability.

Electron transportation

Ag
R I Sh 8
w o
Cor0; TXX
b
. }t
Current collector B S )1

(a) Without Ag (b) With Ag

Figure 6 Schematic illustration of the fast electron transportation
between the current collectors and the active Co;O4 NW arrays
through the highly conductive Ag coating. The red solid-line arrow
in (b) indicates a much higher conductivity than the red broken-line
arrow in (a)

4. Conclusions

A small portion (~3 wt%) of Ag nanoparticles can be
homogeneously deposited onto the surfaces of Co;O,
NWs by a conventional silver-mirror reaction in order
to improve their electronic conductivity. The Ag-coated
Co30, NW arrays can be directly employed as electro-
des for half-cell pseudo-type supercapacitors and
lithium ion batteries and showed improved specific
capacity and markedly enhanced rate capability,
which is ascribed to the much improved electronic
conductivity resulting from the deposited Ag network.
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