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f Au dotted Co3O4 nanosheets as
an efficient bifunctional catalyst for Li–oxygen
batteries†

Juan Xiang,‡ Taeseup Song‡ and Ungyu Paik

Two-dimensional Co3O4 nanosheets dotted with Au nanoparticles were synthesized on the carbon gas

diffusion layer as a bifunctional catalyst for Li–O2 batteries by thermal evaporation and low-temperature

calcination. The two-dimensional Co3O4 nanosheets improved the catalytic activity and Au nanoparticles

provided additional nucleation sites for the Li2O2 growth in the process of discharge, thus allowing the

uniform formation of Li2O2. Moreover, the size and distribution of Au nanoparticles were tuned by

evaporating Au in different thicknesses. The catalytic performance of the Co3O4–Au hybrid was

improved due to the synergetic effects of both materials and the improvements were closely associated

with the size and distribution of Au nanoparticles. When the rationally designed catalyst was used as

a cathode catalyst in Li–oxygen batteries, it lowered the polarization effect during cycling and realized

the stable cyclability for 70 cycles at a limited capacity of 1000 mA h g�1.
Introduction

Li–oxygen batteries (Li–O2 batteries) are a promising power
source with a high theoretical energy density compatible with
gasoline (�13 W h g�1).1–3 However, the application scope of Li–
O2 batteries is limited by the low energy efficiency and poor cycle
stability caused by the low electronic conductivity of insoluble
discharging products.4–6 Various carbon materials including
commercial graphene, carbon, carbon nanotubes and metal-
based catalyst were proposed as the cathode.7–10 However,
carbon electrode can react with Li2O2 to form Li2CO3.11,12 Inde-
composable side products (e.g. Li2CO3) formed during charging/
discharging process could cover the metal based catalyst, which
leads to the degradation of the catalytic activity. Therefore, the
development of the catalyst that can signicantly reduce the
polarization or carbonaceousmaterial free electrode is necessary.
Moreover, nonconductive binders such as polyvinylidene uoride
(PVDF) increased the impedance of cells.13 So it is necessary to
develop a binder-free cathode with well-designed catalysts.

Nanostructured metal oxide catalysts including MnO2,
Co3O4, and RuO2 were reported as efficient OER and ORR
catalysts in Li–O2 batteries.14–17,24 Compared with other transi-
tion metal oxides, Co3O4 shows the better capacity retention,
initial capacity, and the superior activity towards OER and
ORR.18–22 Kim et al. obtained carbon nanotube/Co3O4
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nanocomposites selectively coated with polyaniline via an elec-
tropolymerization method. Co3O4 particles on the CNT surface
facilitated the dissociation of reaction products such as Li2O2 and
reduced the overpotential.23 Au is one of the most active ORR
catalysts in non-aqueous media by promoting ORR through the
peroxide route.4,25–30 Fan et al. anchored gold nanoparticles to
vertically aligned carbon nanotubes, in which Au acted as addi-
tional nucleation sites for Li2O2 growth.27 Besides, by improving
the conduction property of the carbonate species, Au nano-
particles (Au NPs) can effectively reduce overpotentials of Li–O2

batteries and extend the life cycle of the batteries.27 In this regard,
rationally designed Au NPs and superior-active Co3O4 composite
can improve electrochemical properties of non-aqueous Li–O2

batteries by taking the advantages of both Co3O4 and Au.
In this study, two-dimensional (2D) Co3O4 nanosheets

(Co3O4 NSs) decorated with different thicknesses of Au NPs
growing directly on the carbon gas diffusion layer (GDL) were
prepared by the combination of thermal evaporation and low-
temperature calcination. Commercially ordered GDL was
employed as a conductive support with high electronic
conductivity and electrocatalytic activity.28–30 The as-prepared
hybrid cathode had many tailored properties. Firstly, the 2D
geometry of Co3O4 NSs provided sufficient space for Li2O2 as
well as the large surface area for uniform Au nanoparticle
loading. Secondly, the conformal coating of binder-free Co3O4

NSs–Au catalyst on GDL could prevent the direct contact
between carbon support and Li2O2, thus solving the problems
caused by carbon oxidation.31 Thirdly, the direct growth of
Co3O4 NSs–Au on GDL could effectively avoid by-products
generated during binder decomposition and enhance the elec-
tronic conductivity. Moreover, by controlling the evaporation
This journal is © The Royal Society of Chemistry 2017

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra09855c&domain=pdf&date_stamp=2017-11-06
http://orcid.org/0000-0002-6626-7643
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra09855c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007081


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 2
:1

2:
39

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
conditions, the size and distribution of Au NPs were tuned to
obtain the optimal ratio of Au to Co3O4. With the rationally
tailored cathode architecture and synergistic effect between the
hybrid catalysts, the Li–O2 battery with GDL-Co3O4 NSs–Au
cathode exhibited the excellent electrochemical performance of
the low polarization and stable cyclability.

Experimental
Material synthesis

The carbon gas diffusion layer used in the experiment was ob-
tained from Sigma Aldrich without further treatment. The
synthesis method of Co3O4 ultrathin NSs on GDL substrate (GDL-
Co3O4 NSs) involved two steps: thermal evaporation and subse-
quent thermal treatment (Scheme 1 in ESI†). First, a layer of
cobalt seeds were deposited on a GDL substrate by thermal
evaporation technique. High-purity cobalt target wasmounted on
a tungsten boat at a distance of around 60 cm to the GDL
substrate. The system was evacuated by a cryopump up to
a pressure of 5� 10�6 Torr for evaporation. The cobalt layer grew
by evaporating cobalt with the voltage of 115 to 135 kV applied on
the tungsten boat and the lm deposition rate was increased
from 0.1 to 0.3 Å s�1 until a lm thickness of the cobalt layer
reached 100 nm. The deposition rate of the individual source was
controlled by Incon quartz crystal rate monitor. Aer evapora-
tion, the as-made cobalt lm was thermally treated in a quartz
tube furnace at 310 �C for 1 h with a ramping rate of 5 �Cmin�1 in
air atmosphere. To synthesize gold-dotted Co3O4 ultrathin NSs,
gold nanoparticles with the thickness of 10 nm, 30 nmand 50 nm
were deposited on the as-synthesized GDL-Co3O4 NSs substrate
by thermal evaporation and denoted as GDL-Co3O4 NSs–10Au,
GDL-Co3O4 NSs–30Au, and GDL-Co3O4 NSs–50Au, respectively.
The deposition rate was controlled to be 0.1 Å s�1 by Incon
quartz crystal rate monitor. To synthesize gold-dotted GDL, gold
nanoparticles with a thickness of 30 nm were deposited directly
on GDL substrate by thermal evaporation with a deposition rate
of 0.1 Å s�1 and denoted as GDL-30Au.

Material characterization

GDL, GDL-30Au, GDL-Co3O4 NSs and GDL-Co3O4 NSs–10/30/
50Au was characterized by using X-ray diffraction (XRD,
Rigaku D/MAX RINT-2000), scanning electron microscopy
(SEM, JEOL JSM-7600F), and high-resolution transmission
electron microscopy (HR-TEM, JEOL JEM-2100F). Energy-
dispersive X-ray spectroscopy (EDS spectra) were analyzed by
EDX attached to the TEM instrument. X-ray photoelectron
spectrometer (XPS, VG microtech ESCA2000) was used to
analyze the compositions of GDL-Co3O4 NSs and the discharge
products of GDL-Co3O4 NSs and GDL-Co3O4 NSs–30Au. The
Brunauer–Emmett–Teller (BET) method was used to calculate
the specic surface area of samples.

Electrochemical measurements

Pure GDL, GDL-30Au, GDL-Co3O4 NSs and the as-prepared GDL-
Co3O4 NSs–10Au, GDL-Co3O4 NSs–30Au, and GDL-Co3O4 NSs–
50Au were used as cathodes without any additive or binder and
This journal is © The Royal Society of Chemistry 2017
1 M bis(triuoromethane)sulfonimide lithium (LiTFSi, Sigma-
Aldrich, 99.5%) in tetraethylene glycol dimethyl ether
(TEGDME) was used as the electrolyte. Then the cells were
assembled in an argon-lled glove box by stacking Li metal as
a counter electrode, polypropylene as a separator and air elec-
trodes welded between stainless steel meshes. The electro-
chemical properties were evaluated with a galvanostat/
potentiostat (TOSCAT 3000, Toyo Systems, Tokyo, Japan).

Results and discussion

The pristine GDL was woven by carbon ber with a diameter of
about 10 mm (Fig. S1a†) and smooth surface (inset in Fig. S1a†).
X-ray diffraction (XRD) measurement was conducted to identify
the phase of GDL, as shown in Fig. S1b.† Two peaks at 26.3� and
54.6� are indexed to the (002) and (004) planes of the typical
graphite (JCPDS no. 41-1487). The morphology of the as-
prepared GDL-30Au and GDL-Co3O4 NSs was then investigated
(Fig. 1a–c). Aer gold deposition, Au NPs were accumulated and
the surface of GDL became rough. The size of Au NPs is tens of
nanometers (Fig. 1a). Field-emission scanning electron micro-
scope (FESEM) and high-magnication transmission electron
microscopy (TEM) images revealed that Co3O4 NSs had the
vertically aligned geometry and a smooth surface with a thick-
ness of 5 to 10 nm and a width of 100 to 300 nm (Fig. 1b–c). Inset
in Fig. 1c shows a high-resolution TEM image of the single
Co3O4 NS. The lattice fringes were separated by the spacing of
0.233 nm, which was consistent with the (222) plane of Co3O4.
Typical SEM images of as-prepared GDL-Co3O4 NSs–30Au are
shown in Fig. 1d. It showed the similar vertically aligned
morphology of the nanosheets, suggesting that the Co3O4 NSs
remained stable during the thermal evaporation process.
Moreover, Au NPs uniformly distributed on the surface of Co3O4

NSs were clearly observed (Fig. 1e). The size of Au NPs is about
20 nm. The interplanar spacing of the Au nanoparticle was
approximately 2.35 Å, which corresponded to the (111) plane of
the Au phase (JCPDS card no. 04-0784, inset in Fig. 1e). Fig. 1f
displays X-ray diffraction (XRD) patterns of GDL-30Au, GDL-
Co3O4 NSs, and GDL-Co3O4 NSs–30Au. Aer Au deposition, the
XRD pattern of the GDL-30Au shows four additional peaks at
38.2�, 44.4�, 64.6�, and 77.5�, which are indexed to the (111),
(200), (220) and (311) planes of Au crystalline (JCPDS card no.
04-0784). The diffraction patterns of the GDL-Co3O4 NSs in the
2q range from 10� to 80� are indexed to cubic Co3O4 phase
(JCPDS card no. 073-1701). For GDL-Co3O4 NSs–30Au, the
diffraction patterns in the 2q range from 10� to 80� are well
consistent with the peaks from Au, cubic Co3O4 as well as
graphite, indicating the successful fabrication of GDL-Co3O4

NSs–30Au hybrid catalyst. Additionally, X-ray photoelectron
spectroscopy (XPS) was employed to analyse the chemical
composition and the valence state of GDL-Co3O4 NSs. The XPS
spectra of Co and O elements in GDL-Co3O4 NSs are shown in
Fig. S2a and b.† Two distinct peaks at 780.1 and 795.2 eV are
assigned to 2p3/2 and 2p1/2 of Co

2+, whereas two small peaks at
789 and 803.9 eV are respectively ascribed to 2p3/2 and 2p1/2 of
Co3+ (Fig. S2a†).32,33 A high-resolution spectrum for the O 1s
region shows two peaks at 530 and 531.7 eV, which respectively
RSC Adv., 2017, 7, 51652–51657 | 51653
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Fig. 1 (a) SEM image of pristine GDL-30Au; (b) SEM and (c) TEM image
of GDL-Co3O4 NSs; inset in (c) shows a corresponding HRTEM image
of Co3O4 single nanosheet; (d) SEM images and (e) TEM images of
GDL-Co3O4 NSs–30Au, inset in (e) shows a corresponding HRTEM
image of Au NPs, (f) XRD pattern of GDL-30Au, GDL-Co3O4 NSs and
GDL-Co3O4 NSs–30Au.

Fig. 2 (a) Initial charge/discharge curves of GDL-30Au, GDL-Co3O4

NSs and GDL-Co3O4 NSs–30Au; charge/discharge profiles of (b) GDL-
30Au, (c) GDL-Co3O4 NSs and (d) GDL-Co3O4 NSs–30Au equipped
Li–O2 batteries upon repeated cycles between 2.3 V to 4.5 V with the
capacity limited to 1000mA h g�1; (e) rate performance of the cell with
GDL-Co3O4 NSs–30Au cathode.
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correspond to the lattice oxide ions and the low coordinated
oxygen ions (chemisorbed oxygen) on the surface (Fig. S2b†).34,35

Nitrogen adsorption–desorption measurement was conducted
to further investigate the surface area of GDL-30Au, GDL-Co3O4

NSs, and GDL-Co3O4 NSs–30Au (Fig. S3†). The isotherms of
GDL-Co3O4 NSs and GDL-Co3O4 NSs–30Au are type-IV with
hysteresis loops in the middle- and high-pressure regions,
indicating the co-existence of micro- and mesoporous struc-
tures in the electrode. GDL-Co3O4 NSs–30Au delivered the
highest surface area of 20.8 m2 g�1 compared with 3.8 and 13.5
m2 g�1 for GDL-30Au and GDL-Co3O4 NSs. The increase in the
surface area might be caused by the deposition of Au on the 2D
Co3O4 nanosheets.

To conrm whether the out-morphology Co3O4 NSs would
inuence the catalytic activity of GDL-Co3O4 NSs–Au, 50 nm and
200 nm thick cobalt has been deposited on GDL and trans-
formed into Co3O4 by thermal treatment. Vertically aligned
Co3O4 NSs cannot be formed on 50 nm thick cobalt (Fig. S4a†).
For those with 200 nm cobalt deposition, vertically aligned
Co3O4 NSs grew successfully (Fig. S4b†). The size and distribu-
tion to Co3O4 NSs were similar to those of the Co3O4 NSs formed
on 100 nm thick cobalt layer.

The electrochemical properties of the GDL-Co3O4 NSs–30Au
were investigated to evaluate its potential as a bifunctional
composite catalyst for the oxygen electrode of Li–O2 batteries.
The 1st full discharge/charge curves of GDL-30Au, GDL-Co3O4

NSs and GDL-Co3O4 NSs–30Au between 4.5 V and 2.3 V at
a current density of 0.5 mA cm�2 were obtained (Fig. S5†). The
GDL-Co3O4 NSs–30Au exhibited the outstanding rst discharge
capacity of 4585 mA h g�1, compared with GDL-Co3O4 NSs
(2784 mA h g�1) and GDL-30Au (2974 mA h g�1). The GDL-
Co3O4 NSs–30Au delivered the rst-cycle coulombic efficiency
around 67.8%, showing the improved reversibility than GDL-
Co3O4 NSs (64%) and GDL-30Au (63.7%). Fig. 2a shows the rst
charge/discharge voltage curves with GDL-30Au, GDL-Co3O4

NSs and GDL-Co3O4 NSs–30Au at a limited capacity of
51654 | RSC Adv., 2017, 7, 51652–51657
1000 mA h g�1. It is necessary to limit the capacity during
cycling because Li2O2 is accumulated on the surface of the
electrodes along with capacity enhancement, thus deactivating
the catalytic sites and depressing the electron conductivity of
the oxygen electrode.8,22,36 The tetraethylene glycol dimethyl
ether (TEGDME) was used as the electrolyte solvent due to its
higher stability toward O2

� than carbonate-based electrolytes.37

As shown in Fig. 2a, the charge and discharge medium voltages
are about 3.5 V and 2.6 V for the GDL-Co3O4 NSs–30Au catalyst,
demonstrating signicant improvements in both oxygen
evolution reactions (OER) and oxygen reduction reactions (ORR)
compared to that of GDL-30Au and GDL-Co3O4 NSs. The
potential difference between the ORR and OER curves was
calculated from the data in Fig. 2a (Table S1†). The GDL-Co3O4

NSs–30Au catalyst showed the lowest oxygen electrode potential
differences. The potential difference of GDL-Co3O4 NSs–30Au
was 0.89 V, whereas those of GDL-30Au and GDL-Co3O4 NSs
were 1.27 V and 1.49 V, respectively. The lowest overpotential of
GDL-Co3O4 NSs–30Au among all the synthesized hybrid cata-
lysts for the oxygen electrode reactions conrmed that it had
superior catalytic activities for both ORR and OER.38 Fig. 2b–
d demonstrates the charge/discharge proles of GDL-30Au,
GDL-Co3O4 NSs and GDL-Co3O4 NSs–30Au. The GDL-Co3O4

NSs–30Au also exhibits the excellent cycling performance of 70
cycles, which are much longer than those of GDL-30Au (8 cycles)
(Fig. 2b) and GDL-Co3O4 NSs (50 cycles) (Fig. 2c). In the cycles,
the charging potential rises gradually, whereas the discharging
This journal is © The Royal Society of Chemistry 2017
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potential drops gradually to near 2.3 V. This phenomenon could
be ascribed to the indecomposable nature of the side products
(e.g., Li2CO3) during charging/discharging.39 Fig. S6† shows the
rst charge/discharge voltage curves employing GDL-Co3O4 NSs
from 50, 100 and 200 nm thick Co depositions at a limited
capacity of 1000 mA h g�1. The charge/discharge curves of GDL-
Co3O4 NSs from 100 and 200 nm thick Co deposition are almost
overlapped, indicating that thicker cobalt deposition cannot
further improve the catalytic activity of GDL-Co3O4 NSs. For
GDL-Co3O4 NSs from 50 nm thick Co deposition, the overall
potential is even larger than GDL-Co3O4 NSs from 100 nm thick
Co deposition. This result reveals that the 2D geometry of Co3O4

NSs plays an important role on the improvement in the catalytic
properties of the GDL-Co3O4 NSs–Au hybrid catalyst. For
comparison, pure GDL without loading any other catalyst was
tested under the same condition. As shown in Fig. S7,† it
delivers the capacity less than 100 mA g�1 aer 10 cycles,
demonstrating the prominent catalytic effects of Au NPs and
Co3O4 NSs. Additionally, the rate performance of GDL-Co3O4

NSs–30Au is also tested (Fig. 2e). Even at a high current density
of 2 mA cm�2, the discharge capacity still reaches
1536 mA h g�1. Furthermore, the Li–O2 battery with GDL-Co3O4

NSs–30Au cathode shows the excellent performance compared
to previously reported results (Table S2†).

To study the inuences of size and distribution of Au NPs on
the catalytic performance of the Co3O4–Au hybrid, Au NPs with
different thicknesses of 10 nm and 50 nm was deposited on the
Co3O4 NSs, respectively. As shown in Fig. S8a and c,† similar
vertically aligned nanosheets were maintained aer Au depo-
sition. However, the size of Au NPs increased with the increase
in the Au deposition. The sizes of Au NPs were respectively
tuned to be 10 nm and 40 nm for GDL-Co3O4 NSs–10Au, and
GDL-Co3O4 NSs–50Au. Meanwhile, from the magnied TEM
Fig. 3 (a) Initial charge/discharge curves of GDL-Co3O4 NSs–10Au,
GDL-Co3O4 NSs–30Au and GDL-Co3O4 NSs–50Au; (b) the variation
of discharge and charge medium voltage with the cycle number of
GDL-Co3O4 NSs–10Au, GDL-Co3O4 NSs–30Au and GDL-Co3O4

NSs–50Au; charge/discharge profile of (c) GDL-Co3O4 NSs–10Au and
(d) GDL-Co3O4 NSs–50Au equipped Li–O2 batteries upon repeated
cycles between 2.3 V to 4.5 V with the capacity limited to
1000 mA h g�1.

This journal is © The Royal Society of Chemistry 2017
images of GDL-Co3O4 NSs–10Au and GDL-Co3O4 NSs–50Au, it
revealed that the thicker Au NPs deposition layer led to the
larger area covered by Au NPs for Co3O4 NSs (Fig. S8b and d†).
The interplanar spacing of the Au nanoparticle for GDL-Co3O4

NSs–10Au and GDL-Co3O4 NSs–50Au was approximately 2.35 Å,
which corresponded to the (111) plane of the Au phase (JCPDS
card no. 04-0784) (inset in Fig. S8b and d†). Fig. S8e† displayed
the XRD patterns of GDL-Co3O4 NSs–10Au and GDL-Co3O4 NSs–
50Au, showing similar diffraction peaks with GDL-Co3O4 NSs–
30Au, further proving the successful dotting of Au NPs on Co3O4

NSs. Fig. S8f and g† demonstrate the EDS spectra of GDL-Co3O4

NSs–10Au and GDL-Co3O4 NSs–50Au, revealing that the Au
content increased when the Au NPs deposition layer became
thicker.

The effects of Co3O4–Au hybrid catalyst with different
distributions and sizes of Au NPs on the overpotential and
cycling performance of Li–O2 batteries have been further
studied with the limited capacity of 1000 mA h g�1. As shown in
Fig. 3a, GDL-Co3O4 NSs–30Au catalyst still demonstrates the
lowest charging plateau and the highest discharging plateau
compared to GDL-Co3O4 NSs–10Au and GDL-Co3O4 NSs–50Au,
indicating that the GDL-Co3O4 NSs–30Au still has the best
catalytic activity toward both ORR and OER processes. Mean-
while, the variations of medium voltage of GDL-Co3O4 NSs–10/
30/50Au with the cycle numbers and charge/discharge proles
of GDL-Co3O4 NSs–10/50Au are shown in Fig. 3b–d. GDL-Co3O4

NSs–30Au delivers the lowest overall overpotential and the most
cycles compared to those with 10 nm and 50 nm Au NPs. The
above results demonstrated that the size and distribution of Au
NPs inuenced the catalytic performance of Co3O4–Au hybrid
greatly, indicating the importance of rational design of Au NPs
and Co3O4 NSs. The improvements in electrochemical perfor-
mances of GDL-Co3O4 NSs–30Au electrode can be attributed to
the rationally designed electrode conguration and the syner-
gistic catalytic activity of Au-introduced Co3O4 NSs. The 2D
geometry of Co3O4 NSs provides enough space for discharging
Fig. 4 XRD patterns of (a) GDL-Co3O4 NSs and (b) GDL-Co3O4 NSs–
30Au after discharge to 2.3 V.

RSC Adv., 2017, 7, 51652–51657 | 51655
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Fig. 5 Schematic diagram of GDL-Co3O4 NSs–30Au electrode at different stages of charge and discharge.
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products and the large contact area between the catalyst and
discharging product. Meanwhile, a proper amount of Au NPs
allow the facile formation and the decomposition of discharg-
ing products, thus leading to the reduction of the polarization
effect. The combination of Au NPs and Co3O4 NSs results in the
enhanced catalytic effect over both OER and ORR, thus
improving the cycling stability and round-trip efficiency.

To reveal the mechanism for the improved catalytic effect of
GDL-Co3O4 NSs–30Au, we compared the phase composition and
morphology change of GDL-Co3O4 NSs and GDL-Co3O4 NSs–
30Au electrodes. XRD and XPS were conducted to analyse the
phase change for GDL-Co3O4 NSs and GDL-Co3O4 NSs–30Au
electrodes (Fig. 4 and S9†). Aer the 1st discharge, newly
generated peaks at 23.32�, 32.9�, 35.0�, 40.6�, and 58.68�,
respectively corresponding to (002), (100), (101), (102) and (110)
peaks of Li2O2 (JCPDS card no. 09-0355), was observed (Fig. 4).
This result indicated that Li2O2 was the major discharging
product for both GDL-Co3O4 NSs and GDL-Co3O4 NSs–30Au
electrodes. Furthermore, XPS Li 1s spectra were obtained from
the discharge of GDL-Co3O4 NSs and GDL-Co3O4 NSs–30Au
cathodes (Fig. S9†). The peaks at 54.5 eV and 55.3 eV could be
assigned to Li in Li2O2 and the surface lithium carbonate
species formed during the decomposition of glyme electrolyte
contacting with lithium peroxide, respectively. The morpho-
logical changes in the GDL-Co3O4 NSs and GDL-Co3O4 NSs–
30Au electrodes in the different states of discharge and charge
were then investigated in order to understand the discharge–
charge behaviors (Fig. S10a–h†). Unlike the toroid-shaped dis-
charging product in previous reports, lm-like Li2O2 was
formed on the surface of GDL-Co3O4 NSs and GDL-Co3O4 NSs–
30Au aer the 1st discharging (Fig. S10a–e†). The thin
lm formed aer 1st discharge sticks closely to the nanosheets
and becomes thicker when discharging to higher
capacities.7,40–42 Subsequently, all discharging products were
almost fully decomposed from the surface of both GDL-Co3O4

NSs and GDL-Co3O4 NSs–30Au electrodes aer recharging
(Fig. S10b–f†). The morphological changes in both electrodes
were correlated with the formation and decomposition of Li2O2

during cycling. However, aer 50 cycles, GDL-Co3O4 NSs and
GDL-Co3O4 NSs–30Au electrodes exhibited totally different
behaviours in the morphological change. For the GDL-Co3O4

NSs electrode, it was difficult to observe the 2D conguration of
the electrode aer discharging/recharging. The surface of the
electrode was completely covered by discharging products and
51656 | RSC Adv., 2017, 7, 51652–51657
the void space was blocked (Fig. S10c and d†). For the case of
GDL-Co3O4 NSs–30Au electrode, 2D conguration was main-
tained and the discharging product was removed aer charging
(Fig. S10h†). A possible mechanism was proposed to explain the
different morphology evolution of GDL-Co3O4 NSs and GDL-
Co3O4 NSs–30Au, as shown in Fig. 5. During the discharge
process, Au NPs behave as additional nucleation sites for Li2O2

growth, forming Li2O2-enwrapped Co3O4 NSs–30Au (Fig. 5i). A
small amount of carbonate species were formed simultaneously
as proved by XPS spectra. In the charging process, the Au NPs
embedded in Li2O2 promote the decomposition of carbonate
species and improved the conductivity of discharging products
simultaneously, thus leading to the early decomposition of the
discharging layer (Fig. 5ii).27 In the following cycles, the chan-
nels formed by the decomposed discharging products enable
the continuous contact between the hybrid catalysts and O2,
thus resulting in the lower overpotential of the cells (Fig. 5iii).
Meanwhile, the distribution and size of Au NPs inuence the
formation/decomposition of the discharging products greatly,
indicating the importance of rational design of the hybrid
structure. Aer continuous charging/discharging, large parti-
cles were decomposed to form a thick layer of discharging
products on the surface of GDL-Co3O4 NSs–30Au surface.
Consequently, the improved electrochemical performance was
achieved by the combination of Au NPs with the proper size and
distribution and the Co3O4 NSs. These results highlighted the
power of GDL-Co3O4 NSs–30Au hybrid electrocatalyst and
indicated that the performance of Li–O2 batteries could be
further improved by rationally designed hybrid catalysts.
Conclusions

In summary, 3D, binder-free and free-standing Co3O4 NSs
decorated with a proper amount of Au NPs growing on GDL was
successfully synthesized. When it was employed as an O2

cathode, the cells exhibited the lower polarization during
cycling and the improved cyclability of 70 cycles at a limited
capacity of 1000 mA h g�1. The enhanced electrochemical
properties of the Li–O2 cells with GDL-Co3O4 NSs–30Au elec-
trode demonstrated that rationally designed structures and
materials could further improve the catalytic properties of the
hybrid catalyst. The SEM images aer charging/discharging
clearly present the role of gold in promoting the decomposi-
tion of carbonate species and improving the conductivity of
This journal is © The Royal Society of Chemistry 2017
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View Article Online
discharging products. Furthermore, both the catalytic synergy
effect from rationally designed Au NPs and Co3O4 NSs and the
morphological advantages generated by the 2D geometry of
Co3O4 NSs/uniformly coated small Au NPS enable the enhanced
electrochemical properties. This strategy suggests a way to
improve the catalytic properties of metal oxide materials for Li–
O2 batteries.
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