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ABSTRACT: Designing an effective microstructural cathode
combined with a highly efficient catalyst is essential for
improving the electrochemical performance of Li-O, batteries
(LOBs), especially for long-term cycling. We present a nickel
foam-supported composite of Pt nanoparticles (NPs) coated
on self-standing carbon nanotubes (CNTs) as a binder-free
cathode for LOBs. The assembled LOBs can afford excellent
electrochemical performance with a reversible capacity of 4050
mAh/g tested at 20 mA/g and superior cyclability for 80 cycles
with a limited capacity of 1500 mAh/g achieved at a high
current density of 400 mA/g. The capacity corresponds to a
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high energy density of ~3000 Wh/kg. The improved performance should be attributed to the excellent catalytic activity of highly
dispersed Pt NPs, facile electron transport via loose CNTs connected to the nickel foam current collector, and fast O, diffusion
through the porous Pt/CNTSs networks. In addition, some new insights from impedance analysis have been proposed to explain

the enhanced mechanism of LOBs.
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B INTRODUCTION

Nonaqueous Li-O, batteries (LOBs) have received a
heightened level of attention because of their high theoretical
energy, which is almost 1 order of magnitude higher than that
of the current lithium ion batteries.! During discharge, O, is
reduced by electrons and combines with the Li* to form the
product Li,O,, with the process being reversed on charging to
release O, and Li". To make LOBs suitable for practical
applications, the foremost challenge is how to allow the “2Li" +
2e” + O, < Li,0,” reaction to be reversible.” * There have
been extensive studies of the effects of many key factors on the
reversible reaction of the O, electrode; these factors include
catalysts, carbon active materials, cathode formulations, and the
physical properties of the cathode.”™®

It is well-known that an ideal cathode catalyst can facilitate a
complete reversibility of oxygen reduction reactions (ORRs)
and oxygen evolution reactions (OERs) with low polarization
for LOBs. The low polarization will reduce their discharging
and charging overpotentials and further increase their round-
trip energy efficiency. Tremendous effort has been devoted to
developing cathode catalysts, such as functional doped-carbon
materials,”'® metal oxides,"'™" metal nitrides,'*"° precious
metals,"®™*® etc. Likewise, another perovskite LaysSry,sMnO;
material,*’ nonprecious iron—nitrogen—carbon (Fe/N/ C),»
and transition bimetallic nitrides (Co;Mo;N)*" were reported
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in LOBs and showed high reversible capacities with lower ORR
and OER overpotentials. Very recently, the nanoporous gold
directly as the cathode without any carbon materials delivered
an excellent electrochemical performance.”* With regard to
precious metals, Pt-based catalysts, including mesoporous
carbon nitride loaded with Pt nanoparticles (NPs),> carbon-
supported Pt—Au alloys** and Pt nanoparticle—graphene
nanosheet hybrids,”® have also attracted a great deal of interest
because of their high catalytic activity. Moreover, the related
reports have pointed out that the cathode catalysts in LOBs
with a nanostructural shape, a large surface area, and good
conductivity can exhibit high catalytic reactivity.>¢~>®

In addition to those strategies for searching for suitable
catalysts and synthesis routes, developing new cathode
architectures is also important and in demand. Typical cathodes
for LOBs are made by using a slurry of carbon active materials,
a polymeric binder, and a solvent cast onto a current collector.
Correspondingly, most of the catalytic sites and diffusion
pathways for O, and the electrolyte will be gradually blocked by
the solid discharging products (Li,O,), further leading to a
serious deterioration of their battery performance.29 Recently,
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binder-free electrode design, such as the carbon-based paper
electrode®”*" and Ni foam-supported N-doped carbon nano-
tubes (CNTs),>> has been demonstrated as a promising
solution for the fabrication of high-energy storage devices. As
a typical example, Yang’s group has reported that ceramic
porous substrate-supported carbon fibers as the cathode in
LOBs can exhibit obviously enhanced performance.*® Their
high gravimetric energy can be attributed to low carbon packing
in electrodes, the highly efficient utilization of the available
carbon mass, and the void volume for Li,O, formation.

To a certain extent, the performance of LOBs can be further
improved by fabricating a cathode with an effective micro-
structure. It is believed that the good LOB cathode should
possess many exciting characteristics, including a large surface
area, high electrical conductivity, and strong electrocatalytic
activity to the ORRs and OERs, thereby significantly improving
the specific mass capacity and the cycling performance for
potential practical LOBs. In that case, developing an effective
method for simultaneously integrating those strategies to
achieve excellent LOB performance is strongly desired. In
this study, binder-free nickel foam-supported self-standing
composites of Pt/CNTs have been prepared by a chemical
vapor deposition method coupled with magnetic sputtering and
evaluated as cathodes for LOBs (as briefly shown in Scheme 1).

Scheme 1. Configuration of the Pt/CNTs-NF Electrode

The assembled batteries can afford excellent electrochemical
performance. In addition, we systematically investigate the
effects of electrode fabrication on electrochemical performance
by morphology and impedance analysis and further propose
some new insights into the design of CNT-based electrodes for
LOB:s.

B EXPERIMENTAL SECTION

Synthesis of Materials. The nickel foam was purchased from
Changsha Liyuan Port (Changsha, China). In a typical chemical vapor
deposition (CVD) experiment, the Ni foam (4 cm X 4 cm) was dipped
in 2 M HCI for 10 min to remove part of the metal oxides coated on
the surface of the Ni foam. After being washed with deionized water
and dried, the Ni foam was put in the quartz tube and heated to 750
°C. A flow of 10% H, in Ar was introduced to deoxidize the coating
layer. After 10 min, 20% CH, in an Ar flow was added to the CVD
process. The growth time was 20 min. After the CVD process, the
furnace was cooled to room temperature in ambient Ar. Subsequently,
the Pt NPs were deposited by a dc magnetic sputtering method by
using a Pt target. The Pt NPs were deposited under a 1.0 Pa Ar

atmosphere with a floating rate of 20 sccm, along with a power of 60
W for 50 S. As shown in Scheme 1, the obtained product is a Pt/
CNTs-Ni foam electrode (denoted as Pt/CNTs-NF electrode).

Characterization of Materials. The structure and morphology of
the samples were characterized by X-ray diffraction (XRD) (RIGAKU
SCXmini), Raman spectroscopy (Renishaw, excitation at 514.5 nm),
energy dispersive X-ray spectroscopy (EDS), scanning electron
microscopy (SEM) (JSM-6700F), and transmission electron micros-
copy (TEM) (Tecnai G2 F20).

Electrochemical Measurements. According to our previous
report,” the electrochemical behaviors were measured in a Swagelok
cell with a 0.5 cm? hole placed on the cathode side to allow the inward
flow of oxygen. All the cells were assembled in a dry argon-filled
glovebox. First, the obtained product was cut into a 0.8 cm® disk and
utilized in LOBs without any additional binders or catalysts. The
typical loading of the CNTs and Pt/CNTs for CNTs-NF and the Pt/
CNTs-NF electrode was ~0.9 mg/cm? For comparison, typical CNT-
coated electrodes for LOBs were prepared. The CNT's were purchased
from Shenzhen Nanotech Port (Shenzhen, China) and used as
received. The cathodes were prepared by casting the slurry mixtures of
90 wt % CNTs and 10 wt % polyvinylidene difluoride (PVDF) onto a
nickel foam current collector. The air electrode disk also had an area of
0.8 cm?. The typical loading of the CNT's was 0.9 + 0.1 mg/ cm?. Then
a commercially available electrolyte solution of 1 M LITFSI [lithium
bis(trifluoromethanesulfonyl) imide] in TEGDME (tetraethylene
glycol dimethyl ether) was impregnated into a glass fiber membrane
and the membrane sandwiched between a lithium metal anode and air
cathode. The batteries were cycled by LAND 2001A at room
temperature with a lower voltage limit of 2.0 V and an upper limit of
4.20 V versus Li*/Li under different conditions after a 2—3 h rest
period. Cyclic voltammetry (CV) tests were conducted on a CHI660D
Electrochemical Workstation at a rate of 0.20 mV/s. Electrochemical
impedance spectroscopy (EIS) was conducted by applying an ac
voltage of S mV over the frequency range from 1 mHz to 100 kHz.

B RESULTS AND DISCUSSION

SEM and TEM were employed to study the structure and
morphology of the samples. As shown in panels a and b of
Figure 1, the skeleton of the Ni substrate is uniformly coated
with interconnected CNTs. After the deposition of Pt NPs, a
similar result can also be found from SEM images shown in
panels a and b of Figure S1 of the Supporting Information. The
opening of the three-dimensional entangled structure of the
CNTs or Pt/CNTs throughout the entire electrode depth is
beneficial to the fast O, diffusion and migration of the electron,
thereby improving the electrochemical performance of electro-
des for LOBs. Figure 1c shows typical TEM and high-resolution
transmission electron microscopy (HR-TEM) images of CNTs.
The diameter of CNTs ranges from 20 to 30 nm. For Pt/
CNTs, TEM image shows that Pt NPs are well-coated on the
surface of the CNTs. The interlayer spacings of 0.23 and 0.20
nm, corresponding to the (111) and (200) planes of Pt
respectively, could be found in the HR-TEM image (insets of
Figure 1d and Figure S2 of the Supporting Information). The
corresponding selected area electron diffraction pattern (Figure
S3 of the Supporting Information) demonstrates the crystalline
nature of Pt NPs. The diffraction rings are related to their
(111), (200), and (311) planes. In addition, Figure S4 of the
Supporting Information presents typical EDS spectra of Pt/
CNTs, confirming the presence of Pt. The signal of Cu in the
EDS spectra came from the holder.

The electrochemical performance of CNTs-NF and Pt/
CNTs-NF electrodes was examined in Li-O, batteries. The
initial discharge—charge (D—C) curves for both CNTs-NF and
Pt/CNTs-NF electrodes are depicted in Figure 2a. The
discharge capacities of the CNTs-NF and Pt/CNTs-NF
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Figure 1. Microstructural analysis of CNTs-NF and Pt/CNTs-NF electrodes: (a and b) SEM images of CNTs-NF, (c) TEM image of CNTs, and
(d) TEM image of Pt/CNTs (insets show HR-TEM images).
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Figure 2. (a) Initial discharge—charge curves of CNTs-NF and Pt/CNTs-NF electrodes. (b) Discharge characteristics of the CNTs-NF and Pt/
CNTs-NF electrodes at various current densities. (c) Discharge—charge curves of the Pt/CNTs-NF electrode at different cycles. (d) Cycling
performance of the Pt/CNTs-NF electrode at 160 mA/g with the capacity curtailed to 800 mAh/g.

electrodes were 4040 and 4050 mAh/g, respectively. However, than that of the Pt/CNTSs-NF electrode, indicating that the D—
the charging capacity for the CNTs-NF electrode is much lower C process for the CNTs-NF electrode without the Pt catalyst is
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almost irreversible. In addition, the potential difference between
the charging and discharging of the Pt/CNTs-NF electrode was
1.1V, significantly lower than the value of 1.4 V of the CNTs-
NF electrode. The results confirm the catalytic effect of Pt NPs
in the ORR—OER process for LOBs. Presumably, the ORR
catalytic activity of Pt NPs leads to the promotion of the
formation of the discharging product near the active site of the
catalyst, followed by formation on the carbon surface.'**!
Moreover, the results are consistent with the CV results for
these two samples (shown in Figure SS of the Supporting
Information). Likewise, the Raman result shown in Figure S6 of
the Supporting Information reveals that the Pt/CNTs-NF
electrode could allow the “2Li* + 2e” + O, « Li,0,” reaction
to remain reversible.>* Figure 2b displays the initial discharge
curves of CNTs-NF and Pt/CNTs-NF electrodes at 40, 100,
and 160 mA/g. Interestingly, these two electrodes show similar
first discharging capacities at their corresponding current
densities. For comparison, typical CNT-coated electrodes for
LOBs were prepared and investigated. As shown in Figure S7
and Table S1 of the Supporting Information, the batteries
discharged at 20 and 160 mA/g can deliver capacities of 3205
and 1265 mAh/g, respectively, resulting in a capacity loss of
~60%. By contrast, with the increase in discharging current
densities, both CNTs-NF and Pt/CNTs-NF electrodes show a
much lower capacity loss of ~30% [i.e.,, (4050 — 2820)/4050 =
30%]. The improved performance should be attributed to the
enhanced conductivity and unique architecture of CNTs-NF
and Pt/CNTs-NF electrodes. The related enhanced mechanism
has been tentatively studied in the last analysis part of Figure 5
and Figures S15 and S16 of the Supporting Information.

The D—C voltage profiles of the Pt/CNTs-NF electrode at
various cycles at a current density of 160 mA/g between 2.0
and 4.2 V are presented in Figure 2c. Its discharge capacity
stabilizes at ~2900 mAh/g on the first four cycles at a deep
discharge to 2.0 V. The LOB was found to exhibit an increasing
capacity in those initial three cycles because of a gradual
activation mechanism.'* The activation process is favorable for
the improvement of electrochemical kinetics. Although the
fourth charging process stopped at 4.2 V and delivered a low
capacity of only ~830 mAh/g, it does not mean that the Pt/
CNTs-NF electrodes fail to possess excellent performance,
especially for cycling with a given restricting capacity. Figure 2d
shows the cycling performance of the Pt/CNTs-NF electrode
at 160 mA/g with a restricting capacity of 800 mAh/g. It is
found that their D—C plateaus for the first cycle were ~2.7 and
~4.0 V, revealing its reasonable round-trip efficiency.
Interestingly, the potential plateaus stay at a constant level in
the following 19 cycles, indicating a stable reversible process.

To further investigate the excellent performance of the Pt/
CNTs-NF electrode, the battery was cycled with a higher
restricting capacity of 1500 mAh/g at a higher current density
of 400 mA/g. As anticipated, the Pt/CNTs-NF electrode
demonstrated superior cycle stability up to 80 cycles (shown in
Figure 3). Meanwhile, their D—C plateaus for the first cycle are
~2.5 and ~4.0 V, while those values are ~2.0 and ~4.2 V,
respectively, in the following 79 cycles (shown in Figure S8 of
the Supporting Information). Correspondingly, its energy
density is ~3000 Wh/kg.>® As shown in Table S2 of the
Supporting Information, the obtained results are comparable
with some of the latest results for LOBs.>¥**307

To understand the excellent electrochemical performance of
Pt/CNTs-NF, we decomposed the batteries after different
cycling stages and analyzed the morphology by SEM. The
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Figure 3. Cycling performance of the Pt/CNTs-NF electrode at 400
mA/g with a restricting capacity of 1500 mAh/g.

magnified SEM images of the Pt/CNTs-NF electrode after the
21th discharging state at 160 mA/g with a restricting capacity of
800 mAh/g are shown in panels a and b of Figure 4. From the
SEM observation, it can be seen that the surface of the
electrode contains numerous uniform nanorods, and their
diameter ranges from 50 to 150 nm. In addition, Figure 4b and
Figure S9 of the Supporting Information show that the
discharging products were distributed on the CNTs forming as
nanorods; this feature was distinguished from the fresh Pt/
CNTs-NF electrode before the D—C test. Although this step
ended with the discharging process, the interspace between
nanorods and some roots of CNTs covered by thin products
can be clearly observed. The related details for TEM
observation are shown in Figures S10 and S11 of the
Supporting Information. This structure not only can promote
the flow of O, and infiltration of the electrolyte and provide
enough void volume for product deposition but also can
improve its conductivity. As presented in panels ¢ and d of
Figure 4, even when tested at a higher current density of 400
mA/g and a restricting capacity of 1500 mAh/g, with more
discharged products deposited on the surface of the electrode,
the Pt/CNTs-NF electrode presents sufficient pores between
product agglomerates. These pores can also facilitate O,
diffusion and electrolyte impregnation. Meanwhile, the
aggregated products were found on the tip of entangled
CNTs, and the shape of CNTs coated with Li,O, products can
be clearly observed. Combined with the XPS results shown in
Figures S12—S14 of the Supporting Information, the observed
D—C products are believed to be Li,O and Li,O,, intermingled
with some Li,CO3.**'~* On the basis of Figure 4, we confirm
that this unique structure of the Pt/CNTs-NF electrode can
effectively enhance the conductivity of the electrode and
eventually facilitate their LOB performance (as supported by
the EIS results shown in panels a and b of Figure S16 of the
Supporting Information).

To further confirm the standpoint mentioned above, the
SEM observation of different electrodes after different D—C
states was conducted, and both EIS spectra and the
corresponding equivalent circuit were analyzed in detail
(shown in Figures S15 and S16 of the Supporting Information).
From Figure S15 of the Supporting Information, both Pt/
CNTs-NF and CNTs-NF electrodes after long D—C cycles
consisted of loose discharging products held in an inter-
connected CNT net, while that of the CNT-coated electrode
delivered a compact discharging layer split from the nickel foam
substrate. Moreover, some almost CNTs in the Pt/CNTs-NF
electrode (shown in panels g and j of Figure S1S of the
Supporting Information) can facilitate its conductivity.

dx.doi.org/10.1021/am502411y | ACS Appl. Mater. Interfaces 2014, 6, 12479—12485
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Figure 4. SEM and magnified SEM images of the Pt/CNTs-NF electrode at different D—C stages: (a and b) after the 21th discharging state at 160
mA/g with a restricting capacity of 800 mAh/g and (c and d) after the 86th discharging state at 400 mA/g with a restricting capacity of 1500 mAh/g.
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Figure S. Phenomenological resistance models and corresponding equivalent circuits for (a) the Pt/CNTs-NF electrode, (b) the CNTs-NF

electrode, and (c) the CNT-coated electrode.

Accordingly, the EIS results for Pt/CNTs-NF, CNTs-NF, and
CNT-coated electrodes before and after long D—C cycles are
shown in panels ¢ and f of Figure S15 of the Supporting
Information. On the basis of their corresponding equivalent
circuit shown in Figure S15f of the Supporting Information,"**
the ohmic resistance (R,) for the CNTs-NF and CNT-coated
electrodes remained at 58 and 55 €2 before cycling, respectively,

12483

and then increased after long cycling to 338 and 312 Q,
respectively. On the other hand, the R; for the electrode
containing the catalyst of Pt NPs delivered only a small increase
from 33 to 72 Q. In addition, the charge transfer resistance
(Ry) of the CNTs-NF or CNT-coated electrode was larger
than that of the Pt/CNTs-NF electrode.

dx.doi.org/10.1021/am502411y | ACS Appl. Mater. Interfaces 2014, 6, 12479—12485
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For practical application, the electrochemical mechanism in
direct current mode for these LOBs should be used. According
to scattering theory of the transport of an electron across the
interface,” Figure S compares the phenomenological resistance
models and corresponding equivalent circuits for Pt/CNTs-NF,
CNTs-NF, and CNT-coated electrodes. Herein, Figure S
includes carbon (CNTs) resistance R, nickel foam resistance
Ryy PVDF resistance Rpypg, Pt resistance Rp,, Li,O, resistance
Ry; 0, and the Ry for resistance arising from electrolyte. The

presence of binder PVDF run through the CNT-coated
electrode will lead to the obvious increase in total resistance.
Meanwhile, the improvement in the conductivity in the Pt/
CNTs-NF or CNTs-NF electrode can slow their interface
polarization, which is also considered to be responsible for the
enhanced electrochemical performance.

B CONCLUSION

In summary, an effective integrated design and manufacturing
process has been developed for the CNT-based cathodes to
improve the performance of the LOBs. The synergistic effect of
the unique binder-free architecture of the Pt/CNTs-NF
electrode coupled with the high catalytic activity of Pt NPs
endows the LOBs with a high specific capacity, superior rate
capability, and good cycle stability. This kind of CNT-based
electrode coated with another catalyst (e.g., Au, Pd, and Ru)
could attract great interest as a potential cathode in LOBs.
Meanwhile, enormous scientific and technological challenges to
the development of practical devices remain.
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SEM and TEM images, SAED Raman and EDS patterns, CV
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