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Carbon Nanotube-Encapsulated Noble Metal Nanoparticle
Hybrid as a Cathode Material for Li-Oxygen Batteries

Xin Huang,* Hong Yu, Huiteng Tan, Jixin Zhu, Wenyu Zhang, Chengyuan Wang,
Jun Zhang, Yuxi Wang, Yunbo Lv, Zhi Zeng, Dayong Liu, Jun Ding, Qichun Zhang,
Madhavi Srinivasan, Pulickel M. Ajayan, Huey Hoon Hng,* and Qingyu Yan*

Although Li-oxygen batteries offer extremely high theoretical specific energy,
their practical application still faces critical challenges. One of the main
obstacles is the high charge overpotential caused by sluggish kinetics of
charge transfer that is closely related to the morphology of discharge prod-
ucts and their distribution on the cathode. Here, a series of noble metal
nanoparticles (Pd, Pt, Ru and Au) are encapsulated inside end-opened carbon
nanotubes (CNTs) by wet impregnation followed by thermal annealing. The
resultant cathode materials exhibit a dramatic reduction of charge overpo-
tentials compared to their counterparts with nanoparticles supported on
CNT surface. Notably, the charge overpotential can be as low as 0.3 V when
CNT-encapsulated Pd nanoparticles are used on the cathode. The cathode
also shows good stability during discharge—charge cycling. Density func-
tional theory (DFT) calculations reveal that encapsulation of “guest” noble
metal nanoparticles in “host” CNTs is able to strengthen the electron density
on CNT surfaces, and to avoid the regional enrichment of electron density
caused by the direct exposure of nanoparticles on CNT surface. These unique
properties ensure the uniform coverage of Li,O, nanocrystals on CNT sur-
faces instead of localized distribution of Li,O, aggregation, thus providing
efficient charge transfer for the decomposition of Li,O,.

1. Introduction

The exceptionally high theoretical specific
energy density of rechargeable Li-O, bat-
teries (up to 2-3 kW h kg™!) rivaling that
of any other existing rechargeable Dbat-
teries has triggered tremendous research
interest in pursuit of technological break-
through to commercialize this energy
storage system.”!3l In the non-aqueous
Li-O, batteries, the energy storage mecha-
nism is based on the oxygen reduction
reaction (ORR) and oxygen evolution reac-
tion (OER) according to this equation:
2(Li* + e) + O, <> Li,0; (Ey =296 V vs
Li/Li*).’=) During the discharging pro-
cess, ORR takes place to form the poor
electrical conductive Li,O, solids as the
discharge products. Although the inverse
OER decomposes the Li,O, solids during
the charging process, the slow charge
transfer of Li, 0, solids results in electrode
polarization, making the high charge
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overpotential that associated with sluggish charge transfer
kinetics one of the critical issues for its realization.'%-12]

A variety of materials has been investigated as catalysts to
enhance the OER activity. Early studies primarily focused on
carbonaceous materials and transition-metal oxides (-MnO,
and Co3;0, etc.) using carbonate-based electrolytes, but poor
OER activity with charge potential high up to 4.5 V was
shown.[3-16 Although successful attempts were subsequently
made on reducing the charge overpotential employing noble
metals (Au, Pt and Ru etc.) as the catalysts in carbonate-based
or mixture of carbonate/ether electrolytes,[*17-2% problems
remain. For instances, Harding et al.l'¥ found that Au/C cata-
lyst could only be OER active at voltage higher than 4.0 V, while
Pt/C might catalyze the electrolyte decomposition. Addition-
ally, McCloskey et al.?% reported that the OER performance
of Au nanoparticles was similar to carbon in dimethoxyethane
(DME)-based electrolyte.

Although much effort has been devoted to exploring efficient
OER catalyst for non-aqueous Li-O, battery, fundamentals on
rational catalyst design are still lack of in-depth understand-
ings. In this regard, we were particularly intrigued by the theo-
retical studies conducted by Norskov et al.,Pll revealing that
the charge overpotentials for Li,O, can be as low as 0.2 V if
the charge transfer involved is not impeded during charging.
Some reports also showed that limitations in charge trans-
port of OER are close related to the morphology of Li,O, and
their distribution on the cathode.[%?223] Considering that ORR
is an electron-induced process,’?l the surface electron state of
cathode materials has pronounced influence on the formation
of Li,0,. From this point of view, the kinetics of charge transfer
during charging could be improved accordingly by tuning
the surface electronic state of cathode materials, providing a
solution to reduce the charge overpotential by optimizing the
morphology and distribution of Li,O, on the cathode. Unfortu-
nately, conventional cathodes are typically made from directly
mixing of carbon materials with catalyst nanoparticles.*10.25-27]
On discharge, the catalyst nanoparticles serve as “active seeds”
for the initial nucleation of Li,0,. Continuous growth of Li,O,
on these seeds eventually leads to the formation of Li,O, parti-
cles covering the active nanoparticles. The low Li,O, coverage
region might induce localized distribution of Li,O, on the
cathode, and eventually leading to electrode polarization. Due
to the poor conductive nature of Li,0,, it is much difficult to
decompose the Li,0, that are remote from the cathode surface
as compared to those have intimate contact with the cathode
surface.?®l Therefore, although Li,O, can themselves be oxi-
dized as shown by modeling calculations, high charge overpo-
tentials are usually evidenced on various cathodes even at low
discharge depth. Obviously, the regional enrichment of electron
density caused by the direct exposure of catalyst nanoparticles
is one of the major reasons that are responsible for the local-
ized distribution of discharge products. To tackle this problem,
one possible solution is to suppress the regional enrichment
of electron density on the cathode surface. However, rational
design of such “ideal” cathode remains a great challenge.

Carbon nanotubes (CNTs) are known as efficient ORR cata-
lysts, but they have little OER activity.?*-3!] However, as noted
above, it is possible to enable the decomposition of Li,O, on
CNTs with low charge overpotential by tuning the surface
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electronic state of CNTs. Confinement of nanoparticles (NPs)
inside the channels of CNTs has been shown to significantly
change the electrochemical properties of both CNTs and
encapsulated NPs.3233 However, less attention has been paid
to the modulated 7 electrons on CNTs surface, especially for
applying to the electrochemistry of Li-O, battery. In fact, it is
feasible to strengthen the electron density of CNTs by encap-
sulating “guest” NPs inside, making the electron-induced ORR
more favorable on the surfaces of the “host” CNTs via the
electronic interactions between the encapsulated NPs and the
curved graphene walls. Most importantly, the encapsulation of
NPs eliminates localized electron density enrichment derived
from the direct exposure of catalyst nanoparticles, and hence,
the nucleation of Li,O, could be promoted on the entire CNTs
surfaces rather than on specific catalytic regions. As a result,
the sluggish kinetics of charge transfer in OER could be greatly
improved in the absence of localized distribution of Li,0,,
endowing the OER with lower charge overpotential. In the pre-
sent study, we prepared a series of carbon nanotubes-encapsu-
lated noble metal nanoparticles, and systematically investigated
their performances in Li-oxygen batteries. As expected, the as-
prepared hybrid materials exhibited superior OER activity than
the conventional cathodes materials with noble metal nanopar-
ticles direct supported on CNTs, thus demonstrating the feasi-
bility of our strategy.

2. Results and Discussion

We encapsulated a series of noble metal NPs within CNTs,
including Pd, Ru, Pt and Au. The CNTs-encapsulated noble
metal nanoparticles are denoted as MNPs@CNTs. These
hybrid materials were prepared by a two-step synthetic
approach, which included wet impregnation and thermal
annealing (details shown in the experimental section). The pris-
tine CNTs were firstly ball milled into end-opened nanotubes
(Figure S1) and then soaked in the precursor solutions. During
the impregnation, the precursor solutions fill the end-opened
CNTs by capillary forces. Subsequently, they were converted
into the corresponding metallic NPs by thermal treatment in
Ar/H,. The high resolution transmission electron microscopy
(HRTEM) images of PANPs@CNTs shown in Figure 1a clearly
illustrate the open-ended feature of CNTs and small PdNPs
encapsulated within these nanochannels. Here, the growth
of PANPs is restricted by the dimension of the CNTs nano-
channel, giving rise to particle size of 2.5 + 0.5 nm. Addition-
ally, the encapsulated PANPs are uniformly distributed in CNTs
without severe aggregation. The highly crystalline nature of the
PdANPs is manifested by having distinct lattice spacing of 2.24 A
that corresponds to {111} plane (the inset in Figure 1a). Other
noble metal NPs (Figure 1b-d), including RuNPs, PtNPs and
AuNPs are also successfully encapsulated in CNTs, and the cor-
responding particle diameters are 2.7 £ 0.5 nm, 1.8 £ 0.5 nm
and 3.0 £ 0.5 nm, respectively. Detailed TEM observations by
rotating the specimen in the electron microscope were also
carried out to confirm the encapsulation of NPs inside CNTs
(Figure S2). The crystal structures of MNPs@CNTs are further
confirmed by wide-angle XRD (Figure S3). For comparison,
CNTs-supported noble metal nanoparticles (MNPs-CNTs) were
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resonance frequency shift in G band,B*%
making it a powerful tool to determine the
charge donating or accepting behaviors of
CNTs in response to different environments.
Figure 2a shows the Raman spectra of the
end-opened CNTs and MNPs@CNTs. The G
band of CNTs is located at 1589 cm™ while
the G band of CNTs with the encapsulation of
noble metal NPs shows a red shift. Addition-
ally, no shift is observed for end-opened CNTs
after thermally treated in Ar/H, (Figure S5).
These results suggest that the electrons
are being transferred from the noble metal
NPs to CNTs. Taking PANPs@CNT5s as an
_,P.tNPS@CNTS N example, the G band shifts from 1589 to
/ 1575 cm™!. These results are also consistent
with the XPS analyses (Figure 2c). The C-C
peak of CNTs that located at 285.1 eV shifts
to lower binding energy of 284.8 eV after the
encapsulation with PANPs, while the Pd 3d
spin splitting peaks also appear at higher
binding energy (336.1 and 341.3 eV) com-
pared to that of usually reported metallic Pd
(Figure S6).3%37I Similarly, C 1s peaks for
all other MNPs@CNTs samples also shift
to lower binding energy due to the electron-
donating effect (Figure 2c). For the MNPs-
Figure 1. Microstructure of MNPs@CNTs. (a) HRTEM image of PANPs@CNTs with PANPs ~ CNTs (Figure 2b), the electron donation from
(2.5 £ 0.5 nm) located on the interior multiple carbon wall. The inset shows clear lattices  the supported noble metal NPs can still be
of PdNPs, corresponding to the {111} plane of Pd. HRTEM images of (b) RuUNPs@CNTs,  perceived by having a red shift in G band of
(c) PtNPs@CNTs and (d) AuNPs@CNTs, and the corresponding diameters of the encapsu-  Raman spectra as compared to pristine CNTs,
lated NPs are 2.7 £ 0.5 nm, 1.8 £ 0.5 nm and 3.0 £ 0.5 nm respectively. . .
suggesting the electron still donated from
noble metal NPs to CNT in MNPs-CNTs.
also prepared, where the noble metal NPs were directly sup- Li-O, battery performances were carried out (Figure S7),
ported on the pristine CNTs (Figure S4). and the discharge capacity was first fixed to 250 mAh g! to
In the Raman spectrum, G band of CNTs that associated investigate the OER activity. In Figure S8, the pristine CNTs
with the sp? hybridization of carbon is sensitive to charge exhibit a high charge potential of ~4.5 V with a charge overpo-
transfer. The occurrence of charge transfer usually leads to  tential of ~1.5 V (compared to the theoretical charge potential
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Figure 2. Electronic interactions between encapsulated/supported NPs with CNTs. (a) Raman spectra of end-opened CNTs and MNPs@CNTs. The G
band of CNTs (1589 cm™) associated to SP? hybridization of carbon shows red shift after the encapsulation of noble metal NPs. (b) Raman spectra
of pristine CNTs and MNPs-CNTs. The G band of CNTs also exhibits red shift as compared to the pristine CNTs. (c) C 7s XPS spectra of end-opened
CNTs and MNPs@CNTs. After the encapsulation of noble metal NPs, all the C Ts peak of MNPs@CNTs move to lower binding energy, suggesting the
electron transfer to C atom of CNTs.
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Figure 3. Voltage profiles of cathode materials with discharge capacity of 250 mAh g'. Voltage profiles during initial 3 discharge-charge cycles of cells
(to 250 mAh g') based on (a) PtNPs@CNTs, (b) RuUNPs@CNTs, (c) PANPs@CNTs, (d) PtNPs-CNTs, (e) RuNPs-CNTs and (f) PANPs-CNTs.

of 3.0 V). For the end-opened CNTs, the high charge overpo-
tential is still observed (Figure S8), which eliminates the influ-
ence of ball milling on the battery performances of MNPs@
CNTs. Compare to CNT and end-opened CNTs, the MNPs@
CNTs exhibit a considerable decrease in charge potentials
(Figure 3a-c and Figure S9). With the encapsulation of PdNPs,
RuNPs, PtNPs and AuNPs, the charge potentials are dramat-
ically decreased to 3.3V, 3.6 V, 3.8 V and 4.2 V, respectively.
Notably, the charge overpotential of PANPs@CNTs is as low
as 0.3 V, which is close to the theoretical value (~0.2 V)1l and
it remains almost constant after 20 cycles (Figure S10). How-
ever, MNPs-CNTs exhibit much poor OER activity compared to
MNPs@CNTs. Although the electron density of CNTs is also
substantially strengthened in MNPs-CNTs, high charge poten-
tials are still pertained (Figure 3d-f and Figure S9), which are
4.6, 4.4, 4.5 and 4.4 V for PtNPs-CNTs, RuNPs-CNTs, PdNPs-
CNTs and AuNPs-CNTs, respectively. In this regard, the charge
potentials of MNPs-CNTs are almost equal to that of pristine
CNTs (4.5 V).

To confirm the discharge products on the cathode mate-
rials, 'TH NMR, XRD and Raman analyses were carried out. As
shown in Figure S1la-d, the peak of CH3;CO,Li is quite small
in the NMR spectra of MNPs@CNTs after discharge.333 In
Figure S11i-, the peak intensity of CH3;CO,Li shows no signifi-
cant change after charge. As we know, carbon oxidizes above
4 V versus Li/Li*.’¥] For the MNPs@CNTs (Pd, Pt and Ru),
their charge potentials do not exceed 4 V. Hence, the discharge
capacity of MNPs@CNTs should not be mainly based on the
electrolyte decomposition although the electrolyte decompo-
sition is indeed involved (the small peak of CH3;CO,Li). XRD
(Figure S12) and Raman analyses (Figure S13) further confirm
that Li,O, are the dominant discharge products on MNPs@
CNTs.2 Hence, the performance of MNPs@CNTs-based Li
oxygen batteries should be mainly based on the reversible for-
mation/decomposition of Li,O, For the MNPs-CNTs, the peak
of CH;3CO,li is observed in the NMR spectra after discharge.
After charge, the peak intensity of CH3CO,Li is decreased.
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These changes suggest that compared with MNPs@CNTs, the
higher charge overpotential of MNPs-CNTs can be partially
attributed to the decomposition of CH;CO,Li.

Subsequently, we further focused on the nucleation and
morphological evolution effect of Li,O, on the charge overpo-
tential. The investigations to the morphology of Li,O, at low
discharge capacity (250 mAh g!) are essential to reveal the
growth mechanism of Li,O, on the electrodes. These can tell
us the discharge behaviors are how different between MNPs-
CNTs and MNP@CNTs at the initial stage. For pristine CNTs
(in Figure 4a,b) after discharge, non-homogeneous distribution of
Li,0, are observed as compared with the fresh CNTs (Figure S14),
where Li,O, particles (300~500 nm) tend to undergo self-aggre-
gation rather than evenly distribute on the surface of CN'Ts. The
Li,O, particles have limited contact with CNTs, and majority
of the CNTs have smooth surfaces without coverage of Li,O,.
The observed morphologies are consistent with other reported
CNTs-based cathodes.l?’l The nucleation of Li,O, on pristine
CNTs is likely to be initiated at specific regions (electron-
enriched areas) rather than on whole CNTs surfaces. Charging
these aggregated particles of Li,O, that are remote from the
CNTs should be very difficult and require high charge potential.
For the MNPs@CNT5, they show differences in morphology
after discharge. Figure 4c, d show rough surfaces of worm-like
morphology without observing any large isolated Li,O, particles
for RuNPs@CNTs after discharge. It is plausible to assume
that the nucleation and simultaneous growth of Li,O, occur
homogeneously on the whole CNTs surface rather than solely
occur on specific catalyst regions. This hypothesis is further
supported by TEM observation of RUNPs@CNTs at the end
of discharge (Figure S15), where the surface of CNTs is cov-
ered by Li,O,. For PtINPs@CNTs after discharge (Figure S16),
their morphologies are similar to those of RuNPs@CNTs after
discharge, showing no localized distribution of Li,O, particles
or “inert” CNTs (without the coverage of Li,O,). On PANPs@
CNTs (Figure S17) after discharge, intensive growth of Li,0,
nuclei on CNTs results in packed Li,O, nanocrystals (~10 nm)
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Figure 4. Morphology of the cathode materials after discharge, and the proposed mechanism for Li,O, nucleation on MNPs@CNTs and MNPs-CNTs.
SEM images of (a, b) pristine CNTs, (c, d) RUNPs@CNTs and (e, f) RuNPs-CNTs after 10th cycle discharged to 250 mAh g™'. (g, h) Proposed mecha-
nism for Li,O, nucleation on MNP@CNTs and MNP-CNTs. For MNP@CNTs, the surface electron density is strengthened, where the nucleation and
growth of Li,O, is promoted on the entire CNTs surface. For MNP-CNTs, the regional enrichment of electron density around noble metal NPs leads to

localized distribution of Li,O, aggregation on the exposed noble metal NPs.

covering the initial growth layer of worm-like Li,O,. These
observations suggest that the problem of localized Li,O, dis-
tribution on CNTs is alleviated, and the contact at Li,O,/CNTs
interfaces is improved. In the SEM images of MNPs-CNTs after
discharge (Figure 4e, f and Figure S18 and S19), the localized
aggregation of Li,O, particles still have limited contact with
CNTs, although the particle size of Li,O, (100~200 nm) is
reduced compared with pristine CNTs after discharge. It should
be noted that the morphology of Li,O, may be influenced by
the discharge rate and the formation of by-product, such as
CH;COOLi However, in the present investigation, However, in
the present investigation, the discharge rates are kept the same
for both MNPs-CNTs and MNPs@CNTs (50 mA g!), and Li,O,
are the main discharge products (as shown by XRD and Raman
analyses). Thus, the morphology differences among these two
types of electrodes should not be caused by the influence of dis-
charge rate or the formation of other by-products.

The mechanism for Li,O, nucleation on MNPs@CNTS is
proposed and illustrated in Figure 4g, where the encapsula-
tion of noble metal NPs in CNTs strengthens the density of
7 electron on entire CNTs surface. Without exposure of noble
metal NPs as “active seeds” for localized nucleation of Li,0,,
the nucleation and growth of Li,O, would occur homogene-
ously on the whole CNTs. Hence, the worm-like morphology
with rough surface can be observed on at the discharge depth

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

of 250 mAh gL. Although stoichiometric Li,O, is a bulk insu-
lator with a bandgap >1.88 eV,*) O-rich facets of Li,O, may
provide surface pathways for electron transport.**41l On MNPs-
CNTs, the Li,O, nanocrystals formed have large surface area, so
the surface electronic conductivity is highly beneficial for the
electrochemical reduction of small Li,O, particles. Additionally,
the intimate contact of Li,O, nanocrystals with CNTs also facili-
tates charge transfer at Li,0,/CNTs interfaces, thus substan-
tially reducing the charge overpotential caused by the sluggish
charge transfer.

After discharge, a considerable amount of “inert” CNTs
appears on MNPs-CNTs but rarely observed on MNPs@CNTs.
These results strongly indicate that although electron transfer
is essential for CNTs to improve the activity of electron-induced
ORR, supporting electron-rich species (especially for noble
metals NPs) on CNTs induce regional enrichment of elec-
tron density. When oxygen is adsorbed on these regions, [+
the enriched electrons induce preferential growth of Li,O, (in
Figure 4h), resulting in severe electrode polarization. In addi-
tion to the decomposition of Li,CO; on charge, the localized
distribution of Li,O, could be another underlying reason for
having high charge potential on MNPs-CNTs. To get a better
insight into this issue, DFT calculations were carried out. We
simplified the system by encapsulating a single Pd (Pt) atom
(Pd;/Pt;) within end-opened single wall CNT (5, 5) (inset I-III

Adv. Funct. Mater. 2014, 24, 6516-6523
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Figure 5. Results of DFT calculations. (a) DOS of end-opened CNT (5, 5), Pd@CNT(5, 5) and Pt;@CNT (5, 5). The Fermi level is aligned at 0 eV.
Inserted plot I, Il and Il illustrate the structure of CNT (5, 5), Pdy@CNT (5, 5) and Pt;@CNT (5, 5), respectively. (b) Pd;@CNT (5, 5) and its electron
density distribution. The electron density on the surface of CNT (5, 5) is isotropically distributed along the longitude axis of CNT (5, 5). (c) Pd;-CNT (5, 5)
and its electron density distribution. The spherical electron cloud of Pd; is raised above the tubular electron cloud surrounding the CNT (5, 5) surface.

in Figure 5a) or bonding them to the surface of end-sealed CNT
(5, 5) (Figure S20).

Figure 5a shows the projected density of states (DOS) of CNT
(5,5), Pd;@CNT (5, 5) and Pty @CNT (5, 5). DOS of CNT (5, 5)
is modified by the encapsulation of Pd; and Pt, in the low-DOS
region near the Fermi level from 0 to —1.3 eV. The DOS of Pt;@
CNT (5, 5) shows a new peak at —0.68 eV compared to CNT
(5, 5). For Pd;@CNT (5, 5), the intensity of DOS at —1.28 eV
is higher than that of CNT (5, 5). These changes suggest the
occurrence of electron transfer to CNT. Based on Mulliken pop-
ulation analyses (Table S21), encapsulated Pd; donates more
electrons (0.204 electrons) to CNT than the encapsulated Pt;
(0.122 electrons). The surface bound Pd; donates even more
electrons (0.228 electrons) than the capsulated Pd;. Based on
density functional theory (DFT) calculations conducted by Xu
et al.,! the ORR activity is closely related to the carbon type
and its electronic structure. Hence, the encapsulation of metal
nanoparticles in CNTs can influence their ORR activity. Deng
and coworkers have compared the ORR activity of CNTs and
CNTs-encapsulated Fe according to the theoretical calcula-
tions.[* In their work, the encapsulation of Fe indeed promotes
the ORR activity of CNTs by decreasing the work function of O,
absorbed on the CNTs surface. In the present investigation, our
DFT calculations have confirmed the electron donation from
noble metal to CNTs. Considering that the discharge process
of Li-oxygen batteries also belongs to ORR, it is thus reasonable

Adv. Funct. Mater. 2014, 24, 6516-6523
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that the nucleation in ORR should be promoted on MNPs@
CNTs (M = Pd and Pt) as compared with CNTs. It should also
be noted that the localized enrichment of surface electron
density is involved in Pd;-CNT (5, 5) (Figure 5c), where spher-
ical electron cloud of surface bound atom is raised above the
tubular electron cloud surrounding the CNT (5, 5) surface. In
contrast, encapsulation strategy completely eliminates the ani-
sotropic distribution of surface electrons. The electron clouds
on the surface of Pd;@CNT (Figure 5b) are still uniformly
distributed along the longitude axis of CNT (5, 5). Similar phe-
nomena are also observed in Pt;-CNT (5, 5) and Pt;@CNT
(5, 5) (Figure S22). Hence, the most distinct advantage of the
encapsulation strategy is the strengthening of surface electron
density of CNTs without suffering localized enrichment of sur-
face electron density, which is a major reason responsible for
the uniform coverage of Li,O, observed in above SEM images.
We also found that the electronegativity of encapsulated noble
metal NPs has close correlation to the OER activity of MNPs@
CNTs. The sequence of electronegativity for the investigated
noble metals are as follows: Au (2.54) > Pt (2.28) > Ru (2.2) = Pd
(2.2) and their OER activities obey this order: PANPs@CNTs >
RuNPs@CNTs > PtNPs@CNTs > AuNPs@CNTs. Normally,
metal will readily to give more electrons with decrease in elec-
tronegativity. Thus, Pd/Ru with the lowest electronegativity
should donate the most electrons, followed by Pt, and Au with
the highest electronegativity donates the least electrons. The
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above Mulliken population analyses show that encapsulated
Pd; (0.204 electrons) donates more electrons than the encap-
sulated Pt; (0.122 electrons). Thus, the order of strengthened
surface electron density on MNPs@CNTs is highly consistent
with their OER activity. These results effectively demonstrate
that isotropic strengthening the electron density on cathode
materials is able to improve the OER activity.

The cells based on MNPs@CNTs (M = Pd and Ru) were
further discharged to 1000 mAh g! and cycled. The charge
potential of PANPs@CNTs as low as 3.94 V (Figure S23) is kept
almost for 10 cycles (Figure S24) without significant changes.
For RuNPs@CNTs, the corresponding charge potential is
3.86 V (Figure S23), which is also pretty stable upon cycling
(Figure S25). SEM observations (Figure S26) reveal that there is
no observable “inert” CNTs on RuNPs@CNTs after discharge,
and the morphology of Li,O, nanocrystals (10~20 nm) is still
pertained although worm-like morphology becomes indistin-
guishable after covered by substantial amount of Li,O, NPs
with increase of discharge depth. Likewise, the PANPs@CNTs
show similar morphology after discharge(Figure S26). Addi-
tionally, TEM observations confirm the well preservation of a
majority of noble metal NPs inside the CNTs (Figure S27) after
cycling. Although encapsulation of noble metal NPs inside
CNTs is beneficial for lower charge overpotential, the isotropic
distribution of Li,O, on CNTs may also passivate the CNTs sur-
face, leading to a loss of capacity at a deep discharge. Further
investigations will focus on these issues. Similar to the results
at discharge capacity of 250 mAh g~!, MNPs-CNTs (M = Pd and
Ru) exhibit much lower OER activity (Figure S28) with high
charge overpotentials (1.6 and 1.6 V, respectively) compared to
MNPs@CNTs. The morphology of these electrode materials are
still evidenced by the presence of “inert” CNTs and localized
aggregation of Li,O, (Figure S29).

3. Conclusion

In the present investigation, we demonstrate that the high
charge overpotential can be effectively alleviated by designing
CNTs-encapsulated NPs hybrid cathode materials. Encapsula-
tion of nanoparticles significantly strengthens the surface elec-
tron density of CNTs without causing regional enrichment of
electron density on CNTs surface. Accordingly, the entire sur-
faces of CNTs serve as catalytic regions for ORR, which ensures
uniform covering of Li,O, nanocrystals on CNTs surface. Upon
charge, the uniform coverage of Li,O, nanocrystals on CNTs
and their intimate contact with CNTs facilitates the decompo-
sition of Li,O, with low charge overpotential, thus result in a
dramatic reduction in charge overpotential to 0.3 V. Our find-
ings suggest that tuning the surface electron state of cathode
materials is able to optimize the morphology and distribution
of Li,0, that is essential for reducing charge overpotential in
Li-O, batteries.

4. Experimental Section

Chemical reagents were purchased from Sigma-Aldrich and used as
received. Raman spectra were obtained with a WITec CRM200 confocal
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Raman microscopy system with a laser wavelength of 488 nm and a laser
spot size of 0.5 mm. The Si peak at 520 cm™' was used as a reference for
wavenumber calibration. Morphology of the samples was characterized
with a field emission scanning electron microscope (FESEM) system
(JEOL, Model JSM-7600F). Transmission electron microscope (TEM)
characterizations were performed with a JEOL 2100F operated at
200 kV with energy dispersive X-ray spectroscopy (EDS) attachment.
X-Ray Photoelectron Spectroscopy (XPS) of the electrode was performed
with an X-ray photoelectron spectrometer (Kratos AXIS Ultra) using
monochromatic Al Ka (1486.71 eV) X-ray radiation (15 kV and 10 mA);
160 eV pass energy was used for survey scan, whereas 40 eV was used
for the high-resolution scan. "H NMR spectra were measured on INOVA
300 MHz NMR spectrometer at ambient temperature. Powder X-ray
diffraction (XRD) patterns were recorded with a Bruker AXS D8 Advance
diffractometer using nickel-filtered Cu Ko radiation (A =1.5406 A).

Synthesis of MNPs@CNTs: Multiple wall carbon nanotubes purchased
from CNano Technology Ltd. were treated by ball milling in Ar
atmosphere for 5 h. The resultant products were denoted as end-opened
CNTs. MNPs@CNTs were prepared according to a previously reported
method with a slight modification.[*>461 An aqueous solution of precursor
salt of Pd (PdCl,), Pt (k,PtClg), Ru (RUNO(NOs3)3) or Au (HAuCl,) was
added dropwise in the end-opened CNTs (100 mg) under stirring. The
amount of each noble metal was fixed at 10 mg. The precursor solutions
fill the end-opened CNTs by capillary forces. The above mixtures were
treated by ultrasonication and stirring to aid the filling of precursor
solutions in CNTs, and then dried at room temperature. The dried
powders were transferred into tubular furnace and heating in Ar/H, (H,,
5%) atmosphere at 200 °C, resulted in CNT encapsulated noble metal
nanoparticles, denoted as MNPs@CNT. Based on TEM observation,
most of the nanoparticles have been encapsulated inside CNTs, although
there are some nanoparticles located at the outer surface of CNTs.

MNPs-CNTs were also prepared by impregnation procedure using
pristine CNTs with closed ends to disperse the active nanoparticles.

Electrochemical Measurements: The Li-O, battery cells were assembled
with a lithium metal anode, electrolyte (1M LiCF;SO; in tetraethylene
glycol dimethyl ether (TEGDME) impregnated into a glass fibre separator
and a porous stainless matrix casted with cathode materials (pristine
CNTs, MNPs@CNTs and MNPs-CNTs) as the working electrodes.
All cells were assembled in a glove box system filled with Ar (MBraun
UniLAB). The concentrations of H,0 and O, were both below 0.1 ppm.
The battery cells were aerated with O, and sealed afterwards, and tested
using a NEWARE system with the discharge/charge current density of
50 mA g .

Density Functional Theory (DFT) Calculations: The Density functional
theory (DFT) calculations were performed by DMol3code in Material
Studio. Double numerical plus polarization was taken as the basis
set. GGA with the PBE method was utilized as the exchange-
correlation functional. The convergence criterion of self-consistent field
computations is chosen to be 10 Ha of the total energy, 0.004Ha/A
for force and 0.005 A for displacement. The orbital cutoff is set to be
global and with the value of 4.0 A. During the geometry optimization,
the coordinates of all the atoms in the CNTs were fully relaxed without
any constraint. The simulation models include end-opened (5, 5)
single-walled CNT (120 carbon atoms in total) with one Pd (or Pt)
atom located inside of the tube [Pd@CNT (5, 5), Pty@CNT (5, 5)],
and end-sealed (5, 5) single-walled CNT with one Pd (or Pt) atom
bound on the surface of tube [Pdi-CNT (5, 5), Pt;-CNT (5, 5)]. These
two types of carbon nanotubes have a similar diameter of 6.8 A. The
model of end-sealed (5, 5) single-walled CNT is represented by a six-
layer (60 atoms) stem with each of its mouth capped by half a Cg
molecule, so the system contains 120 carbon atoms. The length of the
open-ended nanotube equals sixth the periodicity of the (5, 5) nanotube,
and thus there are totally 120 carbon atoms in the unit cell as well. For
the open-ended nanotube, the metal atom was decorated in the inner
wall of the nanotube, while it was decorated in the outer wall of the
nanotube in the case of end capped nanotube. To obtain the exact and
detailed information about the geometrical structures and electronic
structures of metal (Pt or Pd)-bound CNTs, a two-step procedure of
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quantum mechanical calculation was carried out. The doped CNT was
first optimized to get the most stable geometrical structure. After that,
electronic property calculation was performed.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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