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Ruthenium nanocrystal decorated vertical graphene nanosheets@Ni foam as
highly efficient cathode catalysts for lithium-oxygen batteries

Abstract

The electrochemical performance of lithium-oxygen (Li-O2) batteries can be markedly improved through
designing the architecture of cathode electrodes with sufficient spaces to facilitate the diffusion of
oxygen and accommodate the discharge products, and optimizing the cathode catalyst to promote the
oxygen reduction reaction and oxygen evolution reaction (OER). Herein, we report the synthesis of
ruthenium (Ru) nanocrystal-decorated vertically aligned graphene nanosheets (VGNS) grown on nickel
(Ni) foam. As an effective binder-free cathode catalyst for Li-O2 batteries, the Ru-decorated VGNS@Ni
foam can significantly reduce the charge overpotential via the effects on the OER and achieve high
specific capacity, leading to an enhanced electrochemical performance. The Ru-decorated VGNS@Ni
foam electrode has demonstrated low charge overpotential of ~0.45 V and high reversible capacity of 23
864 mAh g-1 at the current density of 200 mA g-1, which can be maintained for 50 cycles under full
charge and discharge testing condition in the voltage range of 2.0-4.2 V. Furthermore, Ru nanocrystal
decorated VGNS@Ni foam can be cycled for more than 200 cycles with a low overpotential of 0.23 V
under the capacity curtained to be 1000 mAh g-1 at a current density of 200 mA g-1. Ru-decorated
VGNS@Ni foam electrodes have also achieved excellent high rate and long cyclability performance. This
superior electrochemical performance should be ascribed to the unique three-dimensional porous
nanoarchitecture of the VGNS@Ni foam electrodes, which provide sufficient pores for the diffusion of
oxygen and storage of the discharge product (Li202), and the effective catalytic effect of Ru nanocrystals
on the OER, respectively. Ex situ field emission scanning electron microscopy, X-ray diffraction, Raman
and Fourier transform infrared measurements revealed that Ru-decorated VGNS@Ni foam can effectively
decompose the discharge product Li202, facilitate the OER and lead to a high round-trip efficiency.
Therefore, Ru-decorated VGNS@Ni foam is a promising cathode catalyst for rechargeable Li-O2 batteries
with low charge overpotential, long cycle life and high specific capacity.
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Ruthenium nanocrystal decorated vertical graphene
nanosheets@Ni foam as highly efficient cathode
catalysts for lithium-oxygen batteries

Dawei Sul, Dong Han Seo?, Yuhang Ju3, ZhaoJun Han?, Kostya Ostrikov?, Shixue Dou?, Hyo-Jun Ahn®,

Zhangquan Peng® and Guoxiu Wang!

The electrochemical performance of lithium-oxygen (Li-O,) batteries can be markedly improved through designing the
architecture of cathode electrodes with sufficient spaces to facilitate the diffusion of oxygen and accommodate the discharge
products, and optimizing the cathode catalyst to promote the oxygen reduction reaction and oxygen evolution reaction (OER).
Herein, we report the synthesis of ruthenium (Ru) nanocrystal-decorated vertically aligned graphene nanosheets (VGNS) grown
on nickel (Ni) foam. As an effective binder-free cathode catalyst for Li-O, batteries, the Ru-decorated VGNS@Ni foam can
significantly reduce the charge overpotential via the effects on the OER and achieve high specific capacity, leading to an
enhanced electrochemical performance. The Ru-decorated VGNS@Ni foam electrode has demonstrated low charge overpotential
of ~0.45V and high reversible capacity of 23 864 mAh g~ at the current density of 200 mA g~1, which can be maintained

for 50 cycles under full charge and discharge testing condition in the voltage range of 2.0-4.2 V. Furthermore, Ru nanocrystal
decorated VGNS@Ni foam can be cycled for more than 200 cycles with a low overpotential of 0.23 V under the capacity
curtained to be 1000 mAh g~! at a current density of 200 mA g~ 1. Ru-decorated VGNS@Ni foam electrodes have also achieved
excellent high rate and long cyclability performance. This superior electrochemical performance should be ascribed to the
unique three-dimensional porous nanoarchitecture of the VGNS@Ni foam electrodes, which provide sufficient pores for the
diffusion of oxygen and storage of the discharge product (Li>0,), and the effective catalytic effect of Ru nanocrystals on

the OER, respectively. Ex situ field emission scanning electron microscopy, X-ray diffraction, Raman and Fourier transform
infrared measurements revealed that Ru-decorated VGNS@Ni foam can effectively decompose the discharge product Li>05,
facilitate the OER and lead to a high round-trip efficiency. Therefore, Ru-decorated VGNS@Ni foam is a promising cathode
catalyst for rechargeable Li-O, batteries with low charge overpotential, long cycle life and high specific capacity.

NPG Asia Materials (2016) 8, e286; do0i:10.1038/am.2016.91; published online 8 July 2016

INTRODUCTION

Rechargeable Li-O, batteries have been considered to be one of the
most promising systems as future power sources for electric vehicles
owing to their high theoretical energy density of 3505 Wh kg~ 1.1~
However, the development of practical Li-O, batteries faces several
serious challenges, including high overpotential between charge and
discharge, poor cycling stability, low Coulombic efficiency and low
rate capability.>® The reaction mechanism in a Li-O, cell involves an
oxygen reduction reaction (ORR) in the discharge process and an
oxygen evolution reaction (OER) in the charge process, during which
molecular O, reacts reversibly with Li* ions (Li*+O,+2e~ < Li,O,,

with an equilibrium voltage of 2.96 V vs Li).”>!% This mechanism is
very different from the traditional intercalation reactions of Li-ion
batteries. Although the theoretical overpotential for a Li,O, film is
only 0.2V, the practical overpotential normally reaches as high as
1.5V, because there are limitations on charge transport through
the insulating Li,O, particles to the LiO,—electrolyte interface.”!!
Therefore, it is essential to lower the charge potential to improve Li-O,
battery performance. So far, it has been identified that catalysts and
appropriate non-aqueous electrolytes can effectively overcome these
problezms.6’7’12 Various catalysts, such as metal oxides, metal nitrides
and noble metals have been investigated as suitable cathode catalysts in
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Li-O; cells to reduce the charge overpotential.'>~!> The use of catalysts
can decrease the charge potential to ~3.8V from ~4.2V.21617
Therefore, finding suitable cathode catalysts is an effective approach
to solve the overpotential problem.'$-20 Recently, ruthenium (Ru) and
RuO, have been reported as active catalysts towards the OER, which
achieved high reversible capacity, low charge overpotential and good
cycling stability.?1=23

Because the discharge product Li,O, cannot be dissolved in organic
electrolyte, the Li;O, could block the oxygen diffusion path and also
could cause volume expansion of the electrode, resulting in electrode
degradation. Therefore, optimizing the structure of the cathode
materials is crucial to improve the performance of Li-O, batteries.
Recently, vertical graphene nanosheets (VGNS) showed great promise
as electrode materials because of their excellent electrical conductivity,
large surface area and, in particular, their inherent three-dimensional
(3D) open network structure, with graphene flakes oriented perpen-
dicularly to the electrode surface, in contrast to the usual horizontal
graphene.?*

Herein, we have developed a one-step, low-cost and environmen-
tally benign natural precursor (butter) approach to the synthesis of
VGNS on Ni foam using a plasma-assisted chemical vapor deposition
process in a low temperature environment (400°C) without any
non-conductive polymeric binders. We also loaded Ru nanocrystals on
the VGNS@Ni foam. The as-prepared Ru-decorated VGNS@Ni foam
shows a 3D, open network architecture with the tailored, vertically
oriented graphene covering the Ni foam skeleton and forming a
channel structure. The Ru nanocrystals are homogeneously distributed
on graphene nanosheets. The as-prepared Ru-decorated VGNS@Ni
foam can provide sufficient voids to accommodate Li,O, and facilitate
oxygen diffusion through the 3D network. It has been proved that this
architecture is an important factor that influences the overall electro-
chemical performance of the Li-O, batteries. Furthermore, it can also
efficiently reduce the charge overpotential and increase the cycling
stability.

EXPERIMENTAL PROCEDURE

Synthesis of VGNS@Ni foam

The deposition of VGNS was carried out in a plasma chemical vapor deposition
system. Porous Ni foam was used as the substrate without any catalyst. The Ni
foam was firstly pasted with butter before being loaded in the reactor. Care was
taken to make sure that the butter remained uniform across a large area. Then,
the Ni foam was loaded directly into the radiofrequency inductively coupled
plasma chamber. A gas mixture of Ar and H, was then fed into the system for
growing the VGNS. The power of the radiofrequency plasma was 1000 W, and
the growth lasted for 9 min. No external substrate heating was used during the
growth process, yet the substrate temperature was estimated to be 400 °C owing
to the plasma-heating effects. The H, concentration was maintained at 80%,
which provided the best graphitic quality for the VGNS. The pressure was
maintained at 2.5 Pa throughout the process. The obtained VGNS can reach up
to ~0.4 mgcm™! at the Ni form skeleton.

Synthesis of Ru@VGNS@Ni foam catalysts

In a typical synthesis process, VGNS@Ni foam materials were dispersed in
RuCl; solution with constant stirring at room temperature, and then the
triblock copolymer (HO(CH,CH,0),s(CH,CH(CH3)-0O)o(CH,CH,0);96H)
(Pluronic F127) was added under vigorous stirring for 24 h. After that, the
VGNS@Ni foam materials were separated by filtration and dried at room
temperature. The dried sample was aged in air at 50 °C for 48 h in a Petri dish
and then calcinated by heat treatment at 300 °C for 3 h under 5% H,/Ar
atmosphere.
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Structural and physical characterization

The crystal structures and phases of the materials were characterized by X-ray
diffraction (XRD; Siemens D5000, Aubrey, TX, USA) using Cu Ka radiation.
The morphology was analyzed by field emission scanning electron microscopy
(FESEM; Zeiss Supra 55VP, Jena, Germany). The details of the structure were
further characterized by transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM; JEOL JEM-2011, Tokyo, Japan). Selected area
electron diffraction patterns were recorded by a Gatan charge-coupled device
camera in a digital format. Atom-resolved HRTEM images were obtained by
high-angle annular dark field scanning TEM (JEOL JEM-ARM200F, Tokyo,
Japan). Optical images were collected with a Canon EOS 660D camera (Tokyo,
Japan). Raman spectra were collected using a Renishaw inVia Raman spectro-
meter system (Renishaw, Gloucestershire, UK) equipped with a Leica DM LB
microscope (Leica, Wetzlar, Germany) and a 17 mW at 633 nm Renishaw
helium neon laser source. Fourier transform infrared spectra were collected on
a Nicolet Magna 6700 FT-IR spectrometer (Thermo Fisher, Scoresby, VIC,
Australia) with 0.9 cm~! standard optical resolution using a KBr beam splitter.
Thermogravimetric/differential thermal analysis was performed at a heating rate
of 5°C min~ ! under air flow from room temperature to 900 °C on a 2960 SDT
system (New Castle, DE, USA), and the Ru-decorated VGNS was measured
after being stripped from the Ni skeleton. N, adsorption—desorption isotherms
were collected on a Micromeritics 3Flex analyzer (Micromeritics Instrument
Corporation, Norcross, GA, USA) at the testing temperature of 77 K.
Brunauer-Emmett-Teller analysis was used to determine the surface area
and was calculated using the isothermal points at a relative pressure of
P/Py=0.05-0.25.

Electrochemical testing

Swagelok-type cells were designed to investigate the charge and discharge
properties and the cyclability in Li-O, batteries. The cells consist of a stainless
steel cylinder plunger to support a Li foil anode (3 mmX@l5mm) and a
special stainless steel tube to allow oxygen access to the back side of the
cathode. The cathode electrodes were cut into disks with a diameter of 14 mm.
Therefore, the active materials of VGNS and Ru-decorated VGNS can reach up
to 0.56 and 0.93 mg, respectively. The cathode was placed on the separator, and
a thin open disk of 316 stainless steel mesh was placed on top to act as the
current collector. The entire cell was gas-tight except for the stainless steel mesh
window, which exposed the porous cathode to the O, atmosphere. The Li-O,
cells were assembled in an Ar-filled glove box (Unilab; MBRAUN, Garching,
Germany) with water and oxygen levels <0.1 p.p.m. A glass microfiber filter
(Whatman, ¢21 mm, Maidstone, UK) separator was used, soaked in an
electrolyte consisting of 1M LINO; (99.99%; Sigma-Aldrich, Castle Hill,
NSW, Australia) in dimethyl sulfoxide (anhydrous, >99.9%; Sigma-Aldrich).
The water content of the electrolyte was measured by a Mettler Toledo C20
Karl Fischer Titrator (Columbus, OH, USA). All measurements were conducted
in 1 atm dry oxygen atmosphere to avoid any negative effects of humidity and
CO,. Galvanostatic discharge—charge cycling was conducted on a Neware
battery testing system. The specific capacity was calculated according to the
mass of the VGNS or Ru-decorated VGNS only. For the electrochemical
performance testing, more than 10 cells were tested at each current density. To
investigate the charge and discharge products and the corresponding structural
and morphological changes, the cells were charged and discharged to the
required voltages, and then opened in the glove box. The active materials were
removed from the electrodes and washed with dimethyl sulfoxide before being
used for ex situ XRD, s.e.m., Raman and Fourier transform infrared
investigations. The in situ differential electrochemical mass spectrometry
(DEMS) analyses have been conducted to confirm that the discharge—charge
processes were overwhelmingly dominated by ORR/OER in Ru-decorated
VGNS@Ni foam Li-O, cell. The system is based on a commercial quadrupole
mass spectrometer (Thermo Fischer, Waltham, MA, USA) with turbo
molecular pump (Pfeiffer Vacuum, Wetzlar, Germany), which is backed by a
dry scroll pump (Edwards, Narellan, NSW, Australia), and a leak inlet, which
samples from the purge gas stream. For the detection of the gases evolved, Ar
carrier gas was used as an internal tracer with a flow rate of 2.0 ml min~!,
which was precisely controlled with a digital mass flow controller (Bronkhorst,
Ruurlo, Netherlands). Gas ghromatography mass spectrometry was performed
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Figure 1 (a—) Low magnification field emission scanning electron microscopy (FESEM) images of vertical graphene nanosheets (VGNS)@Ni foam. (d—f) High
magnification FESEM images of VGNS@Ni foam. (g, h) Highly resolved FESEM images of VGNS@Ni foam. (i) Low magnification cross-sectional FESEM

image of VGNS@Ni foam. (j) Schematic illustrations of the VGNS@Ni foam.

using an MD800 benchtop quadrupole mass spectrometer coupled to a
GC8000 gas chromatograph (Fisons Instruments, Manchester, UK).

RESULTS AND DISCUSSION

Morphology and crystal structure characterization

The porous Ni foam provides a large volume to accommodate a high
density of VGNS and an interconnected conductive network to ensure
good electrical conductivity.?>2 The VGNS was synthesised from the
environmentally benign natural precursor, butter, by a one-step and
efficient process because of the unique ability of the plasma. During
the whole synthesis process, there is no metal catalyst needed, avoiding
the process of removing impurities (catalysts) before device fabrica-
tion. In addition, the plasma-assisted chemical vapor deposition

process can synthesize graphene in a lower temperature environment
(400°C) than the conventional chemical vapor deposition method
(~1000 °C).?” Figure 1 shows typical FESEM images of VGNS grown
on the Ni foam, where the dense and uniform structure of the VGNS
was observed, covering the entire Ni foam (Figures la—c). Figure la
clearly demonstrates the 3D porous Ni foam architecture. Binder-free
VGNS residing on this highly conductive Ni foam can be seen in
Figures 1b and c. There is no cracking, which could expose the Ni
skeleton. From the magnified FESEM image (Figures 1d-f), it can be
observed that the as-prepared VGNS exhibit strong binding to the Ni
foam with a vertical orientation and form a honeycomb structure
enclosed by the neighboring VGNS walls. This unique structure also
helps avoid the agglomeration of graphene nanosheets that commonly

- |6
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occurs in wet chemical processing, thus enabling good ion diffusion.
Furthermore, the VGNS@Ni possesses good electrical conductivity
and a large surface area with minimal tortuosity. The vertical
orientation of the as-prepared VGNS is a result of the electric-field-
guided growth in the plasma sheath.?® The high-resolution FESEM
images (Figures 1g and h) show the high density of edge planes of the
as-prepared VGNS. These edge planes are thin enough to be
transparent under the low-energy electron beam, indicating their
graphene characteristics. The area and thickness of the VGNS can be
easily estimated by the amount of butter pasted on the Ni foam. As
shown in Figure 1i, the as-prepared VGNS are ~4 pm in thickness.
Based to the N, adsorption—desorption isotherms measurement, the
as-prepared VGNS has the specific Brunauer-Emmett-Teller surface
area of 448.2m?g~! (Supplementary Figure S1 and Supplementary
Information). In addition, the VGNS shows excellent flexibility, and
the structural integrity can be retained after numerous cycles of
bending. As illustrated in Figure 1j, the VGNS layer uniformly grew on
Ni foam, which is a potential architecture for the storage of the
discharge product of Li,O, in Li-O, batteries. Furthermore, the 3D
porous structure of Ni foam can also facilitate the diffusion of oxygen.

It has been reported that Ru is the most suitable catalyst for
the OER and ORR in Li-O, batteries.”® Thus, we also used Ru
nanocrystals to decorate the VGNS@Ni foam for Li-O, battery
application. The Ru-nanocrystal-functionalized VGNS@Ni foam was
synthesized by an impregnation method. The VGNS@Ni foam was
mixed with RuCl; solution overnight to accomplish the Ru decoration

and separated by filtration. The typical synthesis process involved the
absorption of hydrophilic and hydrophobic triblock copolymer F127.
Then, RuCl; was added. During this process, Ru ions were absorbed
on the long chains of the triblock copolymer through weak coordina-
tion bonds between the alkylene oxide segments and the metal ions.>
The final product was obtained by heat treatment in a reducing
atmosphere. The Ru content in the Ru-decorated VGNS@Ni foam
nanocomposite was determined to be 43 wt%, calculated based on the
TGA measurement (Supplementary Figure S2; for the measurement,
the Ru-decorated VGNS was stripped from the Ni skeleton). The
FESEM images of Ru-decorated VGNS@Ni foam (Figure 2) demon-
strated that after deposition of Ru nanocrystals, the 3D porous
network of the Ni foam was preserved (Figure 2a). Furthermore, the
VGNS was still uniformly coated on the Ni foam skeleton (Figures 2b
and c), with about 4 pm thickness (as shown in Figure 2d). The Ru-
decorated VGNS@NIi foam nanocomposite also shows the honeycomb
architecture (Figure 2e). From the high-resolution FESEM image
(Figure 2f), it can be seen that the Ru nanocrystals are coated on both
sides of the vertical graphene, forming a sandwich structure. The
Ru-decorated graphene still keeps the well-defined robust vertical
orientation. Figure 2g shows the horizontal image of the Ru-decorated
VGNS@Ni foam nanocomposite, which clearly demonstrates that the
Ru nanocrystals are homogeneously distributed along the whole
vertical graphene wall. This unique porous nanoarchitecture is further
illustrated in Figures 2h and i.

Figure 2 (a—) Low magnification field emission scanning electron microscopy (FESEM) images of ruthenium (Ru)-decorated vertical graphene nanosheets
(VGNS)@Ni foam. (d) Low magnification cross-sectional FESEM image of Ru@VGNS@Ni foam. (e-g) High magnification FESEM images of RU@VGNS@Ni

foam. (h, i) Schematic illustrations of the Ru-loaded VGNS@Ni foam.
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500 nm

Figure 3 Transmission electron microscopy (TEM) images of ruthenium (Ru)-decorated vertical graphene nanosheets (VGNS)@Ni foam: (a) low magnification
bright field TEM image; (b) corresponding low magnification dark field TEM image, with the inset showing the corresponding selected area electron
diffraction (SAED) pattern; (c-e) high magnification TEM images; (f) lattice-resolved TEM image. Inset of (c) is the Ru nanocrystal size distribution.

The as-prepared Ru-decorated VGNS@Ni foam nanocomposite was
characterized by TEM and HRTEM (Figure 3). Figure 3a shows a
bright field TEM image of typical free-standing Ru-decorated VGNS,
which exhibits the channels formed by the vertical graphene and the
distribution of Ru nanoparticles. The corresponding dark field TEM
image (Figure 3b) shows the uniform distribution of Ru nanoparticles
on all of the vertical graphene sheets. The inset in Figure 3b is the
corresponding selected area electron diffraction pattern of this free-
standing Ru-decorated VGNS nanocomposite. The diffraction rings
can be indexed to the (002), (101), (110) and (103) planes of
hexagonal Ru crystals, indicating well-defined crystallinity. The average
crystal size of Ru is 5.17 nm, calculated from the high magnification
TEM image in Figure 3c. The HRTEM image in Figure 3d shows a
free-standing graphene nanosheet, on which Ru nanoparticles are
homogenously distributed without aggregation. The average thickness
of the VGNS is 3—4 atomic layers, as shown in the HRTEM image

(Figure 3e). The lattice-resolved HRTEM image further clearly shows
that the Ru nanocrystals are uniformly anchored on the surfaces of the
graphene nanosheets (Figure 3f). The crystal lattice can be indexed to
the (100) and (002) crystal planes of Ru nanocrystals, with the
d-spacings of 0.23 and 0.21 nm, respectively.

Electrochemical performance of VGNS@Ni foam and Ru-decorated
VGNS@Ni foam in Li-O, cells

The electrocatalytic activities of VGNS@Ni foam and Ru-decorated
VGNS@Ni foam were investigated. Galvanostatic charge—discharge
measurements were carried out to evaluate the electrochemical
performances in the voltage range of 2.0-4.3 V for VGNS@Ni foam
and 2.0-4.2V for Ru-decorated VGNS@Ni foam at room tempera-
ture. Typical charge—discharge voltage profiles are shown in Figure 4.
It can be seen that VGNS@Ni foam featured a high initial discharge
capacity of 14461 mAhg™! at a current density of 200 mA g~!

)
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Figure 4 (a) Charge—discharge profiles of the bare vertical graphene nanosheets (VGNS)@Ni foam electrode at a current density of 200 mA g~ 1. (b) Charge—
discharge profiles of the ruthenium (Ru)-decorated VGNS@Ni foam electrode at a current density of 200 mAg~!. (c) Charge—discharge profiles of Ru-
decorated VGNS@Ni foam electrode with the capacity restricted to 1000 mAh g=! at 200 mAg~1 current density. (d) Corresponding cycling performance

with a fixed capacity of 1000 mAh g~1 at 200 mA g~ current density.

(Figure 4a). The capacity is higher compared with those of other
carbon-based cathode catalysts, indicating its superior electrochemical
performance for Li-O, batteries.>'~3> This should be ascribed to the
unique 3D porous Ni foam network and the channel-structured
vertical graphene.3! Furthermore, the channels enclosed by the vertical
graphene provide active sites for storage of the reaction product,
Li,O,, which contributes to the high discharge capacity. The reaction
in the following charge process took place at the voltage of 3.65V,
which shows 0.86 V overpotential. The overpotential is significantly
smaller than that of other carbon-based cathode materials for Li-O,
batteries.>*3° The corresponding initial charge capacity is
10770 mAh g~ ! at the current density of 200 mA g~ !. Therefore,
the charge capacity is lower than the discharge capacity, indicating that
the Li;O, product was not totally converted back to the Li* and
oxygen. In Figure 4a, there are two potential steps. The first one at
~3.65V should be related to the decomposition of Li;O,. While the
small plateau at ~3.98 V could be ascribed to the decomposition of
by-products, such as lithium carboxylates (HCO,Li and CH;CO,Li)
and LiCO;. As noted in the previous paper, these by-products were
derived from electrolyte decomposition and the reaction between
Li;O, and carbon on discharge.***? The second discharge capacity
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was 11455 mAh g™, and the corresponding charge capacity achieved
was at 9701 mAhg~!, indicating that irreversible reactions still
occurred after the first cycle. Recently, it has been reported that by
applying a trace amount of water in electrolytes, it can significantly
reduce the charge overpotential and result in a small discharge—charge
potential gap owing to the reversible formation and decomposition
crystalline LiOH.**** The water content of the electrolyte was
determined to be 34 p.p.m. with a Mettler Toledo C20 Karl Fischer
Titrator. It was also reported that the charge potentials are dependent
on the concentration of H,O in electrolytes. In the dried dimethyl
sulfoxide-based electrolyte, one charge potential plateau can be
obtained at ~3.65V,*? which is attributed to the oxidation of Li,O,
and in good agreement with the literatures.>*> Based on our achieved
charge potential at ~3.65V of VGNS@Ni foam electrode, it indicates
that the water does not involve in the reaction, consisted with the
detected water concentration in the electrolyte. Owing to Li,O,
accumulated on the cathode side, the number of effective spaces for
accommodating the Li,O, generated from the following discharge
processes will gradually decrease. As a result, the capacity continues
degrading. The discharge capacity in the fifth cycle was 8880 mAh g~ ..
After 20 cycles, only 1181 mAhg~! discharge capacity was



maintained. Obviously, the irreversible ORR and OER reactions
during the charge and discharge processes are the main reason for
the decrease of the electrochemical performance. Therefore, it is
important to identify suitable catalysts, which can improve the OER in
the charge process for Li-O, batteries. Ru has been proven to be an
effective catalyst for the OER of Li-O, batteries. Herein, we loaded Ru
nanocrystals
on the VGNS@NIi foam. The charge and discharge profiles of the Ru-
decorated VGNS@Ni foam are shown in Figure 4b. The initial
discharge capacity reached up to 21753 mAh g™, which is signifi-
cantly higher than that of the bare VGNS@Ni foam electrode.
Furthermore, the discharge plateau of Ru-decorated VGNS@Ni
electrode is higher compared with that of the bare VGNS@Ni foam
electrode (2.83 vs 2.73 V), indicating that the Ru nanocrystals have an
enhanced catalytic activity towards the ORR. In the charge process,
significant differences in the charge plateau were observed between the
Ru-decorated VGNS@Ni foam electrode and the bare VGNS@Ni
foam electrode (3.6 V for the bare VGNS@Ni foam electrode, and
3.2V for the Ru-decorated VGNS@Ni foam electrode). The Ru-
decorated VGNS@Ni foam electrode shows much lower charge
plateaus compared with the bare VGNS@Ni foam electrode, demon-
strating its excellent catalytic activity towards the OER. The over-
potential between the charge and discharge processes has been
significant decreased by loading Ru nanocrystals. More importantly,
an initial charge capacity of 23 864 mAh g~ ! was achieved, indicating
that the reverse OER reaction of the Ru-decorated VGNS@Ni foam
electrode was complete. As shown in Figure 4b, the charge curve is
longer than that of discharge curve, which indicates the decomposition
of electrolyte. The discharge capacity in the 2nd cycle was still
21682 mAh g1, whereas the 5th, 10th and 20th cycle discharge
capacities were 20 197, 20 920 and 19435 mAh g~ L respectively. Even
after 50 cycles, the Ru-decorated VGNS@Ni foam electrode still
achieved the high discharge capacity of 18 887 mAh g~ 1. Moreover,
the corresponding charge capacities were all maintained at a high level,
indicating excellent cyclability. The overpotential between the charge
and the discharge processes was maintained to be around 0.45V for
50 cycles. The electrochemical performance is much better than the
previously reported pure graphene electrode and Ru decorated carbon
electrode.*647

The electrochemical performance of Ru-decorated VGNS@Ni
foam electrode was further examined by restricting the capacity
during cycling at various current densities. Figure 4c shows the
voltage profiles of Ru-decorated VGNS@Ni foam electrode cycled
at 200 mA g~ !, with the capacity restricted to 1000 mAh g~ !. The
Ru-decorated VGNS@Ni foam electrode displays a discharge
plateau at about 2.9 V. Furthermore, it also presents a low charge
plateau, of 3.16 V. Comparing with the bare VGNS@Ni foam
electrode, the Ru-decorated electrode shows a significantly
decreased overpotential. The low charge potential (0.23 V) of the
Ru-decorated VGNS@Ni foam electrode has been maintained for
more than 200 cycles. From Figure 4d, it can be seen that there is
no change on the cutoff voltage along the 200 cycles, confirming
the outstanding cycling performance. We also tested the
Ru-decorated VGNS@Ni foam electrode at different current
densities, as shown in Supplementary Figure S3. When the current
density was increased to 300mAg~!, a 0.35V overpotential
between the charge and discharge processes occurred and the low
overpotential was sustained for more than 200 cycles
(Supplementary Figure S3a). The same trend was also observed
when the Ru-decorated VGNS@Ni foam electrodes were tested at
current densities of 400 and 500 mA g~ !. The Li-O, cells achieved
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low overpotential of 0.41 and 0.43 V, respectively. All of them can
maintain cycling for more than 200 cycles (Supplementary Figures
S3b and ¢). Even when the current density was increased to
800 mA g~ 1 the Ru-decorated VGNS@Ni foam electrode still
presented a very low charge plateau (Supplementary Figure S3d).
These results indicate the high catalytic activity towards the OER of
the Ru-decorated electrode.

To identify the charge and discharge products, we conducted ex situ
XRD and s.e.m. measurements. As confirmed by the ex situ XRD
pattern (Figure 5a) of the Ru-decorated VGNS@NIi foam electrode, the
main discharge product is Li,O, (JCPDS Card No. 09-0355), with
hexagonal symmetry (space group: P6), apart from the Ru catalyst
nanoparticles in the electrode. The morphologies of the Ru-decorated
VGNS@Ni foam electrode in the fully discharged and charged states
were analysed by ex situ FESEM (Figures 5b and c). As shown in
Figure 5b, the Ru-decorated VGNS@Ni foam electrode was covered
with the discharge product Li,O, after being fully discharged. The
Li,0O, has a toroid-like morphology with a particle size of about
500 nm, which is similar to the previously reported Li,O,
morphology.*34° When the cell was fully charged, all the discharge
products completely disappeared, as shown in Figure 5c. These results
suggest that the Ru-decorated VGNS@Ni foam electrode can
effectively catalyse the decomposition of Li,O,. To confirm the main
discharge products after long cycling, the fully discharged
Ru-decorated VGNS@Ni foam electrode was investigated after 20
cycles by ex situ Raman and Fourier transform infrared measurements.
In the Raman spectrum (Figure 5d), two main Raman shifts at 1320
and 1600 cm ™! correspond to the D- and G-band of carbon,
respectively. The Raman shift at around 787 cm™! confirms the
existence of Li,O,, as shown by the inset of Figure 5d. From the
Fourier transform infrared spectrum (Supplementary Figure S4), the
formation of Li;O, can be further identified by the peaks at around
439 and 531 cm™!. The peaks at ~870, 1420, 1500 and 1580 cm ™!
could be assigned to a mixture of Li,CO3 and HCO,Li, as reported
previously.! The spikes-shaped curves at around 1500 cm ™! and the
peak at 670 cm ~ ! correspond to the background. The reactions during
discharge and charge in the Li-O, cell are complex multiphase
processes. It is considered that in situ analysis of discharge and charge
processes is an effective method to identify the reaction mechanism.
Therefore, we conducted the in situ DEMS to monitor the O,
consumption and evolution during cell operation to confirm that
the discharge—charge processes were overwhelmingly dominated by
ORR/OER in Ru-decorated VGNS@Ni foam Li-O, cell. The Li-O, cell
was first discharged under a flow of mixed gas of O,/Ar. As shown in
Figure 5e, O, consumption was measured for the Li-O, cells from the
start of discharge process and continued along the increase of time.
The DEMS results suggest that the discharge reactions are dominated
by consumption of O, and formation of Li;O,. To understand the
OER process (i.e. LiO, oxidation to O,), the evolved gas during the
charging process was also analysed. As shown in Figure 5f, it can be
seen that O, evolution was detected from the beginning and continued
along the voltage plateau of 3.2 V during most of the charging process.
The cell voltage was maintained under 3.4 V until a decrease of O,
evolution took place. There is no evolution of CO, during the whole
charging process. It clearly demonstrates that Ru-decorated VGNS@Ni
foam electrode can significantly reduce the charge overpotentials of
OER in Li-O, cell and the specific charge capacity was mainly
dominated by the evolution of O,.

The Scheme 1 shows the catalytic mechanism for the Ru-decorated
VGNS@Ni foam cathode in Li-O, batteries. The Ru-decorated
VGNS@Ni foam cathode can provide sufficient pathways for the
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Figure 5 (a) Ex situ X-ray diffraction (XRD) pattern of discharged ruthenium (Ru)-decorated vertical graphene nanosheets (VGNS)@Ni foam electrode. (b, c)
Ex situ field emission scanning electron microscopy (FESEM) images of Ru-decorated VGNS@Ni foam electrode: (b) in the fully discharged state and (c) in
the fully charged state. (d) Ex situ Raman spectra of discharged Ru-decorated VGNS@Ni foam electrode. The inset is an enlargement of the LioO, peak.
(e) In situ differential electrochemical mass spectrometry (DEMS) analysis of the O, consumption of Ru-decorated VGNS@Ni foam electrode during discharge
process. (f) In situ DEMS analysis of O, and CO, evolution of Ru-decorated VGNS@Ni foam electrode during charge process.

diffusion of oxygen, owing to the 3D porous architecture of Ni foam
skeleton. Furthermore, the VGNS on the Ni foam can facilitate the
adsorption of oxygen molecules on the surface of graphene nanosheets
because of the high surface area. As reported previously,*3° O, is first
bound to the cathode surface via oxygen vacancies, especially on the
carbon defect sites and Ru catalyst nanoparticles, followed by
reduction to O?~. The stabilized superoxide ions could be combined
via the dismutase reaction to form Li;O,. This mechanism has been

NPG Asia Materials

confirmed by the presence of large (~500 nm) uniform toroid-shaped
Li,O, particles formed during the discharge process. In addition, the
large toroid-shaped Li,O, particles consist of aggregates of Li,O,
nanocrystals. This provides evidence for that the solvated LiO, is
initially formed when the ORR catalysis reaches a local high saturation
concentration. The Li,O, nucleates to create nanocrystals because of
its low solubility and is gradually deposited to form the observed
‘tortellini’ aggregate morphology. For the OER process on charge, it
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Scheme 1 Schematic illustration for the catalytic reaction mechanism of the
ruthenium (Ru)-decorated vertical graphene nanosheets (VGNS)@Ni foam as
cathode in the Li-O cell.

was proposed that lithium peroxide is decomposed into Lit and 0,2~
on the vacant catalyst sites first, and then stepwisely oxidized to O?~
and 0,.480

CONCLUSIONS

In summary, we report the synthesis of VGNS@Ni foam and Ru-
decorated VGNS@NIi foam as an efficient cathode catalyst for Li-O,
batteries. The electrochemical testing shows that the Ru-decorated
VGNS@Ni foam is an effective cathode catalyst for Li-O, batteries,
which can significantly reduce the charge overpotential and achieves a
high specific capacity, leading to an enhanced -electrochemical
performance. In particular, the Ru-decorated VGNS@Ni foam
demonstrated low charge overpotential (~0.45 V) and a high reversible
capacity of about 23864mAhg~! at the current density of
200 mA g~ . Ru-nanocrystal-decorated VGNS@Ni foam also demon-
strated superior cycling stability at different current densities up to 200
cycles, with the capacity restricted to 1000 mAh g~ !. We also showed
that Ru-decorated VGNS@Ni foam can effectively decompose the
discharge product Li;O,, facilitate the OER and lead to high round-
trip efficiency. The superior electrochemical performance of the Ru-
decorated VGNS@Ni foam should be ascribed to the unique 3D
porous Ni foam network and channel-structured VGNS. Furthermore,
the channels enclosed by the vertical graphene provide spaces to
accommodate the reaction product (Li,O,), contributing to the high
discharge capacity. Therefore, Ru-decorated VGNS@Ni foam is a
promising cathode catalyst for rechargeable Li-O, batteries with low
charge overpotential, long cycle life and high specific capacity.
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