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In situ growth of NiO nanoparticles on carbon
paper as a cathode for rechargeable Li—O, batteries

Hong-giang Wang,*“ Xiao-ping E\an,a Xiao-hui Zhang,? You-guo Huang,® Qiang Wu,”
Qi-chang Pan® and Qing-yu Li{*2

Novel NiO nanoparticles have been successfully designed and directly grown on carbon paper (CP) as
a cathode for rechargeable Li—-O, batteries via a facile two-step in situ synthesis strategy, including
a simple electro-deposition technique, following by high temperature oxidation. Using in situ synthesis
methods means that the porous structure of CP is effectively inherited and the use of a binder avoided,
which eliminates possible side reactions and over-potential from the binder and enhances the
electrochemical performance. SEM and TEM show that the NiO nanoparticles homogenously cover the
exposed surface of CPs and the size of the NiO particles is around 10 nm. Benefiting from these
structural advantages, the binder-free cathode of NiO/CP exhibits a high discharge capacity of 8934
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Introduction

In recent years, the global energy crisis and environmental
destruction situation are getting worse, and the development of
efficient and clean energy sources has become imperative.'
Owing to their significantly high theoretical specific energy
density (5200 W h kg™ ), rechargeable Li-O, batteries (LOBs) are
a kind of energy storage and conversion device that is a prom-
ising candidate for next-generation electric power sources.’?
The theoretical energy density of Li-O, batteries is about eight
times higher than the conventional Li-ion batteries because of
the fact that the cathode active material (oxygen) is obtained
directly from the atmosphere without being stored in the
batteries.®” A typical nonaqueous Li-O, battery is composed of
a Li metal anode in contact with a Li-ion containing organic
electrolyte and a porous cathode.® During discharging, oxygen
from the atmosphere combines with Li* to yield discharge
products (e.g. Li,0,), which is defined as the oxygen reduction
reaction (ORR). During charging, the discharge products
decompose to Li" and oxygen, which is defined as the as the
oxygen evolution reaction (OER).”*** Many efforts have been
devoted to develop high performance Li-O, batteries. However,
the development of Li-O, batteries is still in the initial stage,
there are still many problems (such as low round-trip efficiency,
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mA h g1 under the current density of 100 mA g~

1 and could cycle more than 112 times within

a capacity limitation of 500 mA h g™%.

instability of the batteries and especially poor cycle life)
restricting the practical application of Li-O, batteries.”*™®

In order to solve the above problems, developing a suitable
catalyst is the critical link to achieve the application of Li-O,
batteries. On the one hand, high performance catalyst can
accelerate the ORR and OER as well as reducing the over-
potential for Li-O, batteries, on the other hand, an active
catalyst can effectively catalyze the decomposition of solid
discharge products, which would improve cycle life and round-
trip efficiency of Li-O, batteries.””*® In recent years, many
efforts have been devoted to study transition metal oxide due to
their advantages of low cost, excellent catalytic activity and
natural abundance.”?* NiO has been studied in Li-O, battery
due to its good catalytic performance,*®?® Swapna Ganapathy
also confirmed that Li,O, was more easily formed on the surface
of NiO owing to its potential nucleation site for the formation of
Li,O,, and this is supported by first principle calculations,
which predict a low interfacial energy for the formation of NiO-
Li,O, interfaces.?”

However, the poor conductivity of NiO limits its electro-
chemical performance. To overcome this problem, one effective
way to improve the conductivity of electrons is to add an electron-
conductive material as a support for the catalyst. Meanwhile,
such support should contain a lot of mesoporous to provide more
void spaces for storing Li,O,. Carbon paper has been widely used
as the collector of Li-O, batteries because of its unique porous
structure and excellent electrical conductivity.**°

Herein, we report a facile two-step procedure successfully
load uniformly NiO nanoparticles on the carbon paper (NiO/
CP). It is worth mentioning that this method was first
proposed to prepare NiO nanoparticles catalyst for Li-O,

This journal is © The Royal Society of Chemistry 2017
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Fig.1 Synthetic process of NiO/CP and structure of the rechargeable
Li-O, batteries.

batteries. As shown in Fig. 1, firstly, we use an effective and
simple electro-deposition method to prepare a free-standing
material that Ni nano-flowers directly grown from carbon
paper and then calcined oxidized to NiO at 550 °C in an air
atmosphere. Using in situ synthesis methods synthesized NiO
directly on the CPs to avoid the use of the binder, it eliminates
the problem of great polarization and poor electrochemical
performance due to the addition of the binder and inherits the
porous structure of CPs that promotes rapid transmission of
oxygen and Li ion and infiltration of electrolyte. In addition,
using electro-deposition method can effectively control the
morphology and size of the catalyst particles, increasing the
active surface area of the catalyst to improve the utilization of
the catalyst,” so that the electrochemical performance is
improved greatly.

Experimental
Preparation of NiO/CP

The positive electrodes were prepared via in situ fabricate NiO
nanoparticles anchored on carbon paper (NiO/CP). Firstly, we
electrodeposited nickel metal particles on carbon paper (Ni/CP)
under a current of 40 mA cm™ > deposition for 30 s wherein
titanium plate as the anode, carbon paper as the cathode. The
electro-deposition solutions consists of 100 g L™ NiSO,4-6H,0,
60 g L' NiCl,-6H,0, 40 g L' H;BO;, 0.1 ¢ L™" CN,H,S and
01¢g L' C;,H,5S0;Na. Then the samples were washed with
deionized water and dried at 80 °C for 1 h. Finally, we put Ni/CP
composite into the Branch Crystal tube furnace to calcine in air
atmosphere, and kept at 550 °C for 2 h. As a result, the metal
nickel oxidized to NiO.

Characterization of the electrodes

The morphology and structure of the NiO/CP are investigated by
scanning electron microscopy (SEM, Philips, FEI Quanta 200
FEG) and transmission electron microscopy (TEM, JEOL 2011).
The content of various components of NiO/CP composite was
determined from thermogravimetric analysis (TGA) (Nitzsch
STA 449C) at a heating rate of 5 °C min~'. The phases present in
the electrode were checked by X-ray diffraction (XRD-Rigaku D/
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Max-2550pc) with Cu Ko radiation (A = 0.1541 nm). X-ray
photoelectron spectroscopy (XPS) experiments were carried
out using an AXIS ULTRA DLD instrument, using aluminum Ko
X-ray radiation during the XPS analysis.

Electrode preparation and electrochemical measurements

Electrochemical characterizations of Li-O, cells were carried
out using 2032-type coin cells which were assembled in an
argon-filled glovebox. Li foil was used as the anode, 1 mol L™*
LiTFSi in mixed solution of tetraethylene glycol dimethyl ether
(TEGDME) was used as the electrolyte, Celgard 2400 and a glass
fiber were used as the separator and the NiO/CP composites as
the cathode. The cells were sealed except holes of the cathode
shell exposed to 1 atm O, environment. The electrochemical
properties were studied with a Land batteries measurement
system (LAND BT2013A, Wuhan, China). Galvanostatic charge-
discharge cycling was performed over a voltage window of 2.2-
4.3 V. The working electrode was measured at room tempera-
ture during the whole process.

Results and discussion

CPs, owning porous skeleton and stability, are popular current
collectors for Li-O, batteries. The porous and interconnected
morphology of CPs is shown in Fig. 2a. Because of its inter-
connected 3D scaffold structure which are benefit to the rapid
transmission of oxygen and the contact with the electrolyte and
the surface of catalyst, so it is used as a template for the growth
of NiO. High magnification SEM of CPs indicates that CPs are
consist of carbon fibers and the surface of CPs are smooth.
From the Fig. 2¢ and d we can clearly see that the flower metal
nickel were successfully coated on the surface of the CPs by
electro-deposition method and the size of nickel particle is
around 50 nm. The SEM images of the NiO/CP are shown in
Fig. 2e-g. In contrast to Fig. 2a and e, we can clearly see that
nickel oxide homogenously cover the exposed surface of CPs.
From high-magnification SEM of NiO/CP we can clearly see the
uniform and dense surface structure of NiO/CP and the diam-
eter of the NiO particles sizes which is only about 10 nm in
Fig. 2f and g. Nanoscale NiO particles improved the specific
surface area of cathode materials and more active sites were
exposed, thereby effectively improve the catalytic performance.
The corresponding elemental mapping spectrum of the NiO/CP
as shown in Fig. 2h, it can be seen that the carbon, oxygen and
nickel elements are homogeneously distributed in the whole
detected area and suggest that NiO nanoparticles were
uniformly loaded on the carbon paper.

Transmission electron microscope (TEM) analysis was per-
formed to further characterize the detailed morphology and
microstructure of the NiO/CP electrode. As shown in Fig. 3a and
b, TEM image indicates that NiO nanoparticles uniformly
distributed on the carbon paper with an average size of 10 nm.
High magnification TEM image of Fig. 3c reveals the spacing of
the adjacent lattice planes is 0.24 nm corresponding to the (111)
planes of NiO phase, which is further confirmed by X-ray
diffraction (XRD) (space group: Fm3m (225), JCPDS no. 47-1049).

RSC Adv., 2017, 7, 23328-23333 | 23329
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Fig. 3 (a—c) TEM images of NiO/CP.

The content of NiO in the NiO/CP composite was confirmed
by the thermo-gravimetric analysis (TGA) in O,. The TGA curves
of the NiO/CP composite is shown in Fig. 4. The one continuous
weight loss in the range of approximately 570-800 °C for the
NiO/CP composite is attributed to the oxidation of C of carbon
paper to CO,, when the temperature is higher than 800 °C, the
TGA curves tends to be gentle, indicating that the C element has
all become CO,. The mass fraction of NiO and CP in the NiO/CP
composite can be calculated to be around 7.75% and 92.25%,
respectively.

The XRD patterns of CP and the NiO/CP composites of with
the electro-deposition time of 30 s and 300 s are shown in Fig. 5.

23330 | RSC Adv., 2017, 7, 23328-23333

(a and b) SEM image of pristine CP; (c and d) SEM of the Ni/CP composite; (e—g) SEM of the NiO/CP composite; (h) EDS of the C, O, Ni.

/T 0.24nm(111)

~

The pure carbon paper shows one intense diffraction peaks
located at 26.3° and one weak diffraction peaks at 54.2°.
Compared with the pure carbon paper, when the electro-
deposition time which is consistent with experimental condi-
tions is 30 s, the NiO/CP composites with shows there was no
significant change, which may be attributed to that the content
of NiO is too little to detect and the disturbance of high intensity
of the C peak. When increasing the deposition time to 300 s, the
deposited quantity of NiO on carbon paper increases, which is
obvious in the XRD pattern. The NiO/CP composites exhibits
the typical characteristic peaks of NiO at 37.24°, 43.27° and
62.86°, according to JCPDS card no. 71-1179, these peaks can be

This journal is © The Royal Society of Chemistry 2017
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Fig.5 The XRD patterns of CP and the NiO/CP composites of with the
electro-deposition time of 30 s and 300 s.

assigned to the (111), (200) and (311) plane reflections of the
NiO, respectively. Highlighted X-ray diffraction patterns related
to the 260 range of 19-23° are shown in Fig. 5, there are two low-
intensity peaks at 75.39° and 79.38°, which can be attributed to
the (311) and (222) plane reflections of the NiO, respectively. In
addition, there are some Ni peaks in the XRD pattern due to
incomplete oxidation of Ni.

The chemical states of NiO/CP is also confirmed by X-ray
photoelectron spectroscopy (XPS) measurements. Fig. 6a
shows the XPS survey scan of the NiO/CP, which indicates the
presence of Ni, O, and C elements and shows a 2.76 at%
percentage composition of Ni and this content is obviously
lower than the detection range of XRD. Fig. 6b-d show the Ni
2p, O 1s and C 1s peaks, which were analyzed by using the
software of XPS peak version 4.1. In the Ni 2p spectra of Fig. 6b,
the main Ni 2p;, peak located at 861.4 eV, 855.2 eV and
851.1 eV (ref. 31 and 32) which all are characteristic peaks of the
NiO and located at 861.7 eV which is characteristic peak of the
Ni(OH),.** As shown in Fig. 6c, three peaks for the O 1s are
observed at 529.5 eV, 531.2 eV and 532.4 eV, which are associ-
ated with O 1s binding energy in O-Ni, Ni-O-H and O-C,***®
respectively. In the C 1s spectra of Fig. 6d indicates that NiO/CP
has three peaks at 284.6 eV, 284.7 eV and 285.6 eV, which

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 XPS spectra of the NiO/CP composite. (a) Survey scan; (b) Ni 2p
spectrum; (c) O 1s spectrum; (d) C 1s spectrum.

correspond to the binding energies of C 1s in C-C, C=C and C-
O, respectively.*

The electrochemical performance of the as-prepared NiO/CP
was investigated by the galvanostatic discharge/charge method.
Fig. 7a and b shows the charge and discharge curves obtained
by limiting the capacity of 1000 mA h g~' at various current
density. It can be observed from Fig. 7a that there is a very small
overpotential of 0.55 V in the middle of the charge-discharge
plateaus at the current density of 100 mA g~'. As the current
densities increasing, the overpotential increases appropriately,
when the current density increased to 300 mA g, the over-
potential increases to 1.3 V, but is still smaller than the over-
potential of the general Li-O, batteries. Besides, Fig. 7b shows
the discharge curves of the Li-O, batteries with the NiO/CP
electrode at different current densities. At 100 mA g, the
batteries deliveres extremely high discharge specific capacity of
8934.0 mA h g™, when the current density were increased to
200 mA g~ ' and 300 mA g~ ', the batteries still show higher
discharge specific capacity of 5000.4 mA h g~ " and 4361.4 mA h
g~ ', respectively, exhibiting good rate capability of the Li-O,
batteries with the NiO/CP electrode. The full discharge-charge
curves of the first ten cycles of the Li-O, batteries with the NiO/
CP electrode at the current density of 100 mA g~ ' as shown in
Fig. 7c. The first discharge specific capacity of the Li-O,
batteries is up to 8934.0 mA h g~ ' with a discharge platform of
2.73 V. Comparing with other Li-O, batteries systems which
using NiO as catalyst, it exhibits the highest discharge specific
capacity, which may be due to its unique spherical nano-
particles and allowing more active sites to be exposed.*™¢ After
5 cycles, the discharge specific capacity is still higher 4000 mA h
g ', while after 10 cycles, the discharge specific capacity
decreased to 1327 mA h g™, In fact, the stable full discharge/
charge Li-O, batteries system still can't be achieved due to
the accumulation of the discharge product and instability of the
electrolyte, which is still a serious challenge to be solved for Li-
O, batteries. The excellent electrochemical performance NiO/CP

RSC Adv., 2017, 7, 23328-23333 | 23331
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Fig. 7 Electrochemical properties of NiO/CP catalyzed Li-O,
batteries. (a) Discharge/charge curves of Li—-O, batteries with NiO/CP
electrodes at the current density of 100 mA g%, 200 mA g~* and 300
mA g~! with a limited of 1000 mA h g~* based on mass of NiO; (b) the
rate capacities of Li—O, batteries using NiO/CP electrode at the
current density of 100 mA g~ 200 mA g~ and 300 mA g~%; (c) full
discharge/charge curves between 2.2-4.3 V at 100 mA g~*; (d) cycling
performance of NiO/CP electrodes at 100 mA g~ with limited capacity
of 500 mA h g% (e) capacity and terminal voltage of discharge vs.
cycle numbers.

electrode is due to unique three dimensional structure, high
catalytic activity of NiO nanoparticles. As shown in Fig. 7d and e,
the cycle stability of NiO/CP cathode is investigated with a an
upper-limit capacity to 500 mA h g~ " at a current density of 100
mA g~ ' based on mass of NiO in the range of 2.0-5.0 V versus Li/
Li". Fig. 7d displays the superior cycle performance and excel-
lent stability of the LOBs with NiO/CP electrode which can be
cycled for 112 cycles and most of the discharge capacities are
delivered above 2.6 V. The 1st, 5th, 20th, 50th, 100th and 112th
cycles of discharge/charge voltage profiles are selected to
display in Fig. 7e, which further validated the excellent catalytic
performance of NiO/CP composites.

In order to further demonstrate the catalytic properties of NiO,
we made a comparison with pristine CP. NiO/CP and CP were
used as cathode and were assembled into the LOBs to compare
their electrochemical performance, which the specific capacity
was calculated based on the total mass of the whole cathode
electrode. As shown in Fig. 8, the Li-O, batteries with the NiO/CP
cathode and pristine CP electrode without NiO were cycled at the
current density of 0.05 mA cm ™2, The initial discharge capacity of
the NiO/CP cathode is 12.4 mA h g7, after 5th cycles, the capacity
reduced to 8.0 mA h g~ " and has been remained around 8.0 mA h
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Fig. 8 Discharge/charge cycling of Li—-O, cell with the NiO/CP
cathode and pure CP electrode without NiO, based on total electrode
mass at a current density of 0.05 mA cm™2.

¢ " until to 20th cycles. As a comparison, the initial discharge
capacity of the pristine CP cathode is only 3.6 mA h g™, after 5th
cycles, the capacity reduced to 1.2 mA h g~ and after 20th cycles,
the capacity is only 0.5 mA h g~'. Compared with the pure CP
without NiO, the NiO/CP composite has greatly improved the
specific capacity of Li-O, batteries.

Conclusions

In summary, we have designed a novel NiO nanoparticles directly
grown on carbon paper via an in situ method as the cathode for Li-
O, batteries. Compared with other methods, the size of NiO
nanoparticle obtained by this method is far less than hexagonal
plate NiO, so the specific surface area of NiO were greatly improved
and more active site were exposed. In addition, this strategy can
make NiO only deposit on surface of CPs, thus the NiO/CP elec-
trode inheriting the porous structure of CPs that promotes rapid
transmission of oxygen and infiltration of electrolyte. SEM and
TEM show that the NiO nanoparticles homogenously cover the
surface of CPs and the size of the NiO particles is around 10 nm.
Benefiting from the structural advantages, the binder-free cathode
of NiO/CP exhibits excellent catalytic performance and delivers
high discharge capacity of 8934 mA h g~ under the current
density of 100 mA g~ * and could cycle more than 112 times within
a capacity limitation of 500 mA h g™". These results suggest that
NiO/CP composite as binder-free and freestanding cathode elec-
trocatalyst, which exhibits good electrochemical performance
would promote the practical application of LOBs.
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