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Li—O, batteries based on lithium superoxide (LiO,) would address the issues of significant polarization, low
energy density and inferior cycle performance. However, LiO, as an intermediate product in the discharge
process is very active and could be readily disproportionated into Li,O,. Thus, it is challenging to find an
appropriate cathode catalyst, which can stabilize the active discharge product LiO,. In this work,
heteroatom N and Co codoped titanium dioxide nanoparticles grown on carbon fibers (N,Co-TiO,/CFs)
are fabricated and employed as a non-noble metal cathode catalyst for Li—O, batteries. LiO, formed in
the Li-O, batteries can be repeatedly charged and discharged with a very low charge potential of
approximately 3.0 V (vs. Li/Li*). N,Co-codoped TiO, is proposed to be responsible for the generation of
stable LiO,. This discovery opens a new way for the fabrication of non-noble metal cathode catalysts for
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1. Introduction

Li-O, batteries with high theoretical energy density comparable
to that of gasoline have drawn considerable attention in the past
decade."® However, the poor conductivity and sluggish oxygen
evolution reaction (OER) of the discharge product, Li,O,, are the
major issues that impact the performance of Li-O, batteries.®”
The inherent poor conductivity and insolubility of Li,O, in the
electrolyte would lead to a high overpotential, consequently
resulting in the decomposition of the electrolyte and the
occurrence of side reactions. To address these issues, strategies,
such as the morphological regulation of Li,0, and exploitation
of bifunctional catalysts and redox mediators, have been
developed.®*' Although remarkable progress has been made
recently,”¢ it is still challenging to design a new path toward
high-efficiency Li-O, batteries.

As revealed by theoretical calculation, LiO, has a short 0O-O
bond distance (1.3-1.4 A) and unpaired electron spin, leading to
excellent conductivity, 10° times greater than that of Li,0,.2%7-3¢
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high-performance LiO,-based Li-O, batteries.

During the discharge process, the generation of LiO, involves
the transfer of only one electron per formula, different from the
two-electron transfer process of Li,O,, making the formation of
LiO, more kinetically preferred. The low activation energy for
LiO, results in a low theoretical charging potential of 2.76 V (vs.
Li/Li"), which is lower than that of Li,0, (2.96 V). The reduced
reaction potential in the electrochemical processes is beneficial
to the stability of the electrolyte and the current collector.
Therefore, it is proposed that the control of the discharge
product to LiO,, instead of Li,O,, might be an effective strategy
to enhance the electrochemical properties of Li-O, batteries.
However, as an intermediate of the discharge product, LiO, is
thermodynamically unstable and the disproportionation of
LiO, into Li,0, usually occurs. Thus, it is full of difficulties to
stabilize the discharge product LiO, during the discharge
process. In addition, O, generated in the discharge process is
highly active in a protic solvent, accelerating the decomposition
of the nucleophilic electrolyte.

It is reported that LiO, can only be stabilized at low
temperatures or under O,-rich conditions.*®* When forming
clusters, LiO, in high electronic spin states and planar ring-
shaped structures is thermodynamically more stable than the
LiO, dimer.?”?** Under such conditions, LiO, could be the
primary discharge product because of the low O, desorption
barrier and slow disproportionation to Li,O,. Recently, a gra-
phene composite with surface supported Ir nanoparticles was
prepared and proven to be favorable for the nucleation and
growth of a crystalline LiO, phase in Li-O, batteries.** An Ir;Li
intermetallic compound with an orthorhombic lattice, similar

This journal is © The Royal Society of Chemistry 2019
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to that of LiO,, was detected during the first discharge. The
similar lattice might indicate that Ir nanoparticles are the active
sites for the nucleation and growth of crystalline LiO,. More
recently, 3D porous Pd-rGO composites were prepared and
employed as the cathode catalysts for reversible Li-O,
batteries.” Amorphous LiO, detected during the discharge
process is believed to contribute to the superb oxygen evolution
reactivity and high electrical conductivity of the cathode.
However, noble metals are usually involved in these cathodes
for Li-O, batteries based on LiO,. The development of non-
noble-metal-based cathode catalysts to facilitate the formation
and stabilization of the intermediate LiO, phase and simulta-
neously alleviate the side reactions of the electrolytes and LiO,
is still highly desirable.

Herein, nanosheets composed of N,Co-codoped TiO, nano-
particles grown on carbon fibers (N,Co-TiO,/CFs) have been
designed and prepared hydrothermally. When used directly as
a non-noble-metal-based cathode catalyst for Li-O, batteries,
high electrochemical performance, including an ultra-low
charge potential (~3.0 V) and excellent rate performance, was
achieved. The formation and decomposition of the amorphous
intermediate LiO, phase during the discharge process are
demonstrated by Raman spectroscopy, galvanostatic intermit-
tent titration (GITT) analysis, and differential electrochemical
mass spectrometry (DEMS). The high electrochemical perfor-
mance of the batteries is therefore ascribed to the LiO, phase.
The adsorption energies between LiO, and electrodes were
simulated by density functional theory (DFT) calculations based
on first principles. The N,Co-TiO,/CF cathode based on TiO,
and carbon materials opens a new avenue for the development
of high-performance non-noble-metal-based cathode catalysts
for LiO,-based Li-O, batteries.

2. Experimental

2.1 Preparation

Preparation of the TiO,/CF cathode. The TiO,/CF cathode
was prepared by a seed-assisted method reported in the litera-
ture.*”*® Carbon fibers were washed ultrasonically with acetone
and then distilled water. After drying at 80 °C in a vacuum oven,
the cleaned CFs were immersed in a 0.1 M tetrabutyl titanate
solution and then dried in an air oven at 80 °C. The dried CFs
were subsequently heated in a tube furnace at 450 °C for 1 h to
generate the TiO,/CF precursor. 0.66 mL of tetrabutyl titanate
was dissolved in a solution containing 30 mL distilled water and
30 mL concentrated hydrochloric acid under stirring. Then, the
tetrabutyl titanate solution with the TiO,/CF precursor was
transferred into a 100 mL Teflon-lined stainless steel autoclave
and heated at 160 °C for 12 h. After cooling down naturally to
room temperature, the product was washed several times with
distilled water and dried at 80 °C for 24 h. Finally, the samples
were calcined in air at 500 °C for 2 h.

Preparation of the N,Co-TiO,/CF cathode. TiO,/CFs, 0.2 g of
Co(NOj3),, and NH,F with a solution of 10 M NaOH were loaded
into a Teflon-lined stainless steel autoclave and heated at 130 °C
for 72 h.* The obtained samples were rinsed with 0.05 M HCI,
ethanol, and distilled water successively, followed by drying at
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70 °C overnight. Then, the hydrothermally treated TiO,/CF
precursor was loaded into a 50 mL Teflon-lined autoclave with
a solution containing 25 mL of distilled water and 1.2 mL of HF
and reacted at 180 °C for 24 h. N,Co-TiO,/CF cathodes were
obtained by rinsing the hydrothermal products with distilled
water and ethanol several times and drying at 80 °C.

2.2 Characterization

X-ray diffraction (XRD) patterns were recorded on a D/max
2550VL/PC X-ray diffractometer (Rigaku, Japan) equipped with
Cu Ko radiation (A = 1.5418 A, 40 kv, 30 mA). Raman spectra
were obtained using an inVia-reflex micro-Raman spectrometer
(Renishaw, UK) with a 532 nm wavelength incident laser. The
discharge products were attached to a coverslip with a poly-
imide film in order to avoid contact with air. One side of the
polyimide film can be used for XRD analyses and the other side
for Raman analyses. The morphology and structure of the
samples were observed on a field-emission scanning electron
microscope (FESEM, NOVA Nano SEM 230, FEI, USA) and a JEM-
2100F TEM (JEOL, Japan) operating at 200 kV. X-ray photo-
electron spectroscopy (XPS) analyses were carried out on an
AXIS Ultra DLD. Thermogravimetric analysis was conducted on
a Q5000IR (TGA Instruments, USA) with a heating rate of 5 °C
min~" from 30 °C to 800 °C in air. UV-vis diffuse reflectance
spectra were recorded on a UV-vis spectrophotometer (PERKI-
NELMER, Lambda 750S). DEMS experiments were conducted in
a custom-built electrochemical flow cell (similar to EL-Cell,
ECC-DEMS), attached in-line with a gas flow controller (MT-52,
Horiba Metron) and a quadrupole mass spectrometer (HPR-
1100, Inficon). The gas flow is 2 mL min~*. A mixture of Ar/O,
(8:2, v/v) was used as the carrier gas during the discharge
process, while high-purity Ar was used during the charge
process. A constant current density of 0.2 mA cm 2 is utilized in
the DEMS test and the capacity is set at 0.6 mA h.

2.3 Electrochemical measurements

N,Co-TiO,/CFs and TiO,/CFs were used directly as free-standing
cathodes for Li-O, batteries without the involvement of any
polymer binders and conducting agents. The electrochemical
performances of the cathodes were evaluated using CR2025
coin cells (X2 Labwares) including a lithium metal anode (15
mm in diameter), an electrolyte infiltrated glass fiber separator,
a 1.0 M bis(trifluoromethane) sulfonimide lithium/tetra-
ethylene glycol dimethyl ether (LiTFSI/TEGDME) electrolyte,
and the as-prepared cathodes. The loading mass of active
materials on N,Co-TiO,/CFs was determined to be 0.3 mg
according to the thermogravimetric analyses conducted in air
(ESI, Fig. S17). The Li-O, batteries were assembled in an argon-
filled glove box with water and oxygen contents less than 1 ppm.
The cathode side exposed to oxygen had several machine-drilled
holes. An O,-filled glove box was utilized to guarantee a test
environment and avoid the impact of H,O or CO,. The galva-
nostatic charge-discharge performance was studied in the
potential range from 2.0 to 4.3 V using a battery tester LAND
CT2001 at room temperature. CV was carried out within
a voltage range of 2.0 to 4.5 V (0.1 mV s~ ). The cycling ability
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was measured at a current density of 100 mA g™, with a cut-off
capacity of 500 and 1000 mA h g™ ', respectively. The whole
electrochemical calculation was on the basis of N and Co co-
doped titanium dioxide nanoparticles on the CFs. Electro-
chemical impedance spectroscopy (EIS) measurements were
conducted on a CHI 660E with a frequency extent of 0.01-10°
Hz. Linear sweep voltammetry (LSV) was carried out using a CHI
660C.

2.4 DFT calculation

Density functional theory (DFT) calculations based on first
principles were used to estimate the adsorption energies of LiO,
on different catalysts, including TiO,/CFs, N-TiO,/CFs, Co-TiO,/
CFs, and N,Co-TiO,/CFs. All spin-polarized calculations were
conducted using the Vienna Ab initio Simulation Package
(VASP). A kinetic energy cutoff of 500 eV was selected. Atomic
relaxation calculation was performed by using the conjugate
gradient method until a convergence criterion of 1 meV A~! and
the total stress tensor was within 0.01 GPa of the target value.

3. Results and discussion

The typical procedure for the preparation of nanosheets
composed of N,Co-codoped TiO, nanoparticles on carbon fibers
is shown in Scheme 1. First, TiO, nanorod arrays were grown on
the surface of carbon fibers (TiO,/CFs) through a seed-assisted
hydrothermal method.*”*® The as-prepared TiO,/CF sample was
reacted with Co(NO3), and NH,F in a NaOH aqueous solution
under hydrothermal conditions at 150 °C for 72 h. Then, the
obtained intermediate product was hydrothermally treated in
the presence of HF at 180 °C for 24 h to prepare N,Co-codoped
TiO, nanosheets on CFs (N,Co-TiO,/CFs). N,Co-TiO,/CFs was
used directly as a binder-free air cathode for Li-O, batteries. For
comparison, N-doped TiO,/CF and Co-doped TiO,/CF samples
were also prepared through the same hydrothermal reaction

&

N,Co-TiO,/CFs

Schemel Schematic illustration of the preparation of N,Co-TiO,/CFs.
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without the involvement of cobalt nitrate and NH,F,
respectively.

In the XRD patterns of N,Co-TiO,/CFs (Fig. 1a), diffraction
peaks at 27.4°; 36.0°, 41.2°, 54.3°, 56.6°, and 69.0° (26) can be
assigned to the (110), (101), (111), (211), (220), and (301) planes
of rutile TiO, (JCPDS no. 75-1748). The peak at 25.7° is attrib-
uted to the carbon fibers with a low graphitization degree. The
XRD analysis suggests that highly crystalline rutile TiO, was
generated on the carbon fibers after the hydrothermal reac-
tion.*** In the Raman spectra of N,Co-TiO,/CFs (Fig. 1b), the
peaks at 447 and 612 cm ™' are assigned to E, and A, vibration
modes of rutile TiO,. The broad peak at 236 cm ™" is attributable
to the composite spectral peak of rutile TiO,, one of the Raman
spectrogram characteristic peaks of rutile TiO,. The peaks that
appear at 1597 and 1336 cm ™! are assigned to the G-band and
D-band, respectively, of the carbon fibers. The relative intensity
of the G-band and D-band is quite low, which might be due to
the TiO, coating on the carbon fiber surface. A peak at 691 cm ™"
is observed in the Raman spectrum of N,Co-TiO,/CFs. This peak
might be induced by the formation of Co-O bonds, suggesting
the successful introduction of Co into TiO,.**

The morphologies of TiO,/CFs and N,Co-TiO,/CFs were
observed by scanning electron microscopy (SEM). For TiO,/CFs,
TiO, nanorods with an average diameter of 200 nm are vertically
and homogenously grown onto the CFs (ESI, Fig. S27). After the
hydrothermal treatments, these nanorod arrays transform into
nanoparticles uniformly coated on the carbon fibers (Fig. 1c and
d). The carbon fibers with nanoparticles coated can provide
a large void space for the loading of discharge products. The
transmission electron microscopy (TEM) image of N,Co-TiO,/
CFs further reveals that the nanoparticles have an average
particle size of 40 nm (Fig. 1e). Distinct lattice fringes with an
interplanar spacing of 3.3 A are observed in the high-resolution
TEM (HRTEM) image (Fig. 1f), attributed to the (110) planes of
rutile TiO,. The elemental mapping of N,Co-TiO,/CFs reveals
the good distribution of N and Co over the samples (ESI,
Fig. S37), indicating the successful doping of TiO,.

XPS spectra of N,Co-TiO,/CFs are shown in Fig. S4.1 In the
high resolution Ti 2p spectrum (ESI, Fig. S4bt), the peaks at
459.9 and 465.5 eV can be ascribed to Ti 2p;, and Ti 2p4,,
respectively. The Co 2p peaks can be deconvoluted into two
components at 786 and 798 eV, assignable to Co 2p;,, and Co
2p12, respectively (ESI, Fig. S4ct). In the high resolution of N 1s
spectrum (ESI, Fig. S4d¥), the peak at 399.5 eV can be attributed
to O-Ti-N bonds.* A binding energy of 401.5 eV is derived from
surface adsorbed nitrogen species. The doping amount of N and
Co is 0.4 at% and 0.1 at%, respectively.

To demonstrate the successful doping of N and Co into rutile
TiO,, we conducted UV-vis diffuse reflectance spectroscopy of
TiO,/CFs and N,Co-TiO,/CFs (ESI, Fig. S51). In the spectrum of
N,Co-TiO,/CFs (ESI, Fig. S5at), a strong absorption is observed
in the visible light range from 400 to 580 nm. However, no such
absorption is detected in the same range for TiO,/CFs. As
a direct-gap semiconductor, the band gap of rutile TiO, was
calculated by using approximate Kubelka-Munk eqn (1):

(ahvIK)* = hv — E, (1)

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Characterization of N,Co-TiO,/CFs: (a) XRD pattern. (b) Raman spectrum. (c and d) SEM. (e) TEM, and (f) HRTEM images.

where « is optical absorption and K is a constant. The band gap
of N,Co-TiO,/CFs is approximately 2.0 eV, lower than that of
TiO,/CFs (2.9 eV) (ESI, Fig. S5bt). The decreased band gap of
N,Co-TiO,/CFs might be induced by the N and Co doping.

The electrochemical performance of free-standing N,Co-
TiO,/CF and TiO,/CF cathodes was evaluated by cyclic voltam-
metry (CV) at a constant scan rate of 0.1 mV s~ (Fig. 2a and ESI,
Fig. S6T). The onset potential of the oxygen reduction reaction
(ORR) of N,Co-TiO,/CFs is around 2.76 V, which is identical to
the reaction equilibrium potential of LiO,. This result might
indicate the formation of LiO, during the ORR. The onset
potential of the oxygen evolution reaction (OER) is around 2.80
V, which is much lower than that of TiO,/CFs (more than 4.0
V).? The reduced overpotential suggests that the ORR and OER

This journal is © The Royal Society of Chemistry 2019

activities of N,Co-TiO,/CFs are significantly improved. In the CV
profile of N,Co-TiO,/CFs, the cathodic peak at 2.26 V is attrib-
uted to oxygen reduction. The anodic peak at 3.5 V is ascribed to
the decomposition of discharge products. The cathodic and
anodic peak currents of N,Co-TiO,/CFs are —1.75 and 1.80 mA,
respectively, higher than those of TiO,/CFs, suggesting an
increased catalytic performance of N,Co-TiO,/CFs.
Galvanostatic discharge/charge experiments of N,Co-TiO,/
CFs and TiO,/CFs were carried out at a current density of 100
mA g ! within 2.25 to 4.3 V (Fig. 2b). N,Co-TiO,/CFs delivers
a discharge capacity of 5400 mA h g~ with a discharge voltage
plateau of 2.75 V. During the subsequent charging process,
N,Co-TiO,/CFs shows a highly reversible specific capacity of
5300 mA h g ', giving a coulombic efficiency of 98%. The

J. Mater. Chem. A, 2019, 7, 2304623054 | 23049
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Fig. 2 (a) Cyclic voltammetry (CV) profile of the N,Co-TiO,/CF cathode at a constant scan rate of 0.1 mV s™*. (b) The full discharge/charge
profiles of N,Co-TiO»/CFs and TiO,/CFs at a current density of 100 mA g™,

discharge/charge overpotential is only 0.5 V, much lower than
that of Li-O, batteries based on Li,0, (1.4 V). A distinct plateau
located at approximately 3.0 V is observed in the charge profile
of N,Co-TiO,/CFs, giving a very low charge overpotential of 0.1
V. Such a low charge overpotential might suggest the formation
of LiO,, in good agreement with those reported in the
literature.>*>*

The corresponding XRD patterns of N,Co-TiO,/CFs and TiO,/
CFs after the 1st discharge are shown in Fig. 3a. Diffraction
peaks at 23°, 32.7°, and 47.1° (26) assignable to the (002), (201),
and (004) planes, respectively, of hexagonal Li,O, (JCPDS no. 73-
1640) can be observed on the TiO,/CF cathode, indicating the
formation of crystalline Li,O, during the discharge process. No
distinct peaks are detected in the discharged N,Co-TiO,/CFs,
indicating that no crystalline Li,O, or LiO, (the LiO, peaks are
based on a theoretical XRD pattern (ESI, Fig. S7t) derived from
DFT (density functional theory)-predicted crystalline LiO,)
forms during the discharge process. As reported by Liu and co-
workers,” amorphous LiO, would be generated upon dis-
charging. The absence of diffraction peaks might indicate that
the discharge product, LiO,, formed in this work is also amor-
phous. In the Raman spectrum of the discharged electrodes of
N,Co-TiO,/CFs (Fig. 3b), a band at 1123 cm ™", characteristic of
LiO,, is observed. N,Co-TiO,/CFs was used directly as free-
standing cathodes for Li-O, batteries without the involvement
of any polymer binders such as PVDF, so the band at 1123 cm ™"
is assigned to LiO, rather than the decomposition of PVDF.*®
This result further confirms the generation of LiO, and is
consistent with the results reported in the literature.*** In the
Raman spectra of the discharged TiO,/CF cathode (Fig. 3b),
a small peak at 830 cm ™ typical for the stretching frequencies
of Li,0, is detected, indicating the formation of Li,O,. Raman
analyses indicate the formation of LiO, during the discharge
process of the N,Co-TiO,/CF cathode.

The existence of the discharge product LiO, on N,Co-TiO,/
CFs was also confirmed by an experiment in which O, is
replaced by Ar after being discharged to 2500 mA h g~ * (Fig. 3c).
After switching from O, to Ar when discharged to 2500 mA h
g™, no obvious capacity decay is observed in the subsequent
discharge. The capacity detected in the inert Ar atmosphere

23050 | J. Mater. Chem. A, 2019, 7, 23046-23054

might be derived from the transformation of LiO, into Li,O,
(eqn (2)):

Li+ +e + L102 - LizOz (2)

The stability of LiO, was investigated using a galvanostatic
intermittent titration technique (GITT). In the discharge voltage
profile of N,Co-TiO,/CFs (Fig. 3d), the equilibrium voltage is
approximately 2.76 V in the different states of the discharge
process, consistent with the theoretical formation potential of
LiO,. The result shows that N,Co-TiO,/CFs has a critical influ-
ence on stabilizing the discharge product LiO, and preventing
its subsequent disproportionation reaction into Li,O,. Raman
spectra of the N,Co-TiO,/CF cathode were collected after being
discharged for 5 h and 10 h, corresponding to 500 mA h g~ * and
1000 mA h g, respectively (ESI, Fig. $8). The band at 1123
cm ™t assigned to LiO, can be observed in the Raman spectra,
confirming the generation of LiO,.

Linear sweep voltammetry (LSV) further confirms the exis-
tence of LiO, by its phase transformation process under
different discharge times from 2.8 V to 4.4 V. As shown in
Fig. 89,1 when discharged at 50 mV s~ for 5 h and 15 h, peaks
located at 3.35 V and 3.4 V are observed respectively, corre-
sponding to the decomposition of LiO,. After 30 h of deep
discharge, an anodic peak appears at a higher potential (3.9 V),
indicating the formation of Li,O, on the cathode during the
discharge process. The accumulation might be derived from the
transformation of LiO, into Li,O, (2LiO, — Li,0, + O,) during
long-term discharge. The result is in good agreement with the
phase transformation of LiO, in O, and Ar.

The morphology of discharge products on the surface of
N,Co-TiO,/CFs and TiO,/CFs was observed by SEM. After the 1st
discharge, sphere-like LiO, with a diameter of approximately 2.0
um is observed uniformly coated on the surface of N,Co-TiO,/
CFs (Fig. 3e). The morphology of discharge products is different
from the conventional toroidal morphology of the discharge
product Li,O,. The spherical discharge product might indicate
a novel growth mechanism in the presence of N,Co-TiO,/CFs.
Disc-like Li,O, can be found on the surface of the TiO,/CF
nanofibers after the 1st discharging process (Fig. 3f). The size of

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) XRD patterns and (b) Raman spectra of the discharged TiO,/CF and N,Co-TiO,/CF cathodes. (c) The voltage plots for N,Co-TiO,/CFs
discharged first in O, to a capacity of 2500 mA h gt and then discharged in Ar. (d) The galvanostatic intermittent titration (GITT) profile of the
N,Co-TiO,/CF cathode. SEM images of discharged (e) N,Co-TiO,/CFs and (f) TiO,/CFs.

these discharge products is approximately 400 nm, much
smaller than LiO,. The enlarged size and unique morphology of
LiO, might be attributable to Co and N co-doping into TiO,. As
revealed by the SEM observation, the spherical discharge
products on the surface of N,Co-TiO,/CFs are decomposed after
the 1st charge (ESI, Fig. S10at). However, residual disc-like
discharge products are still observed on the surface of TiO,/CF
cathodes (ESI, Fig. S10b¥). This result demonstrated the excel-
lent OER catalytic activity of the N,Co-TiO,/CF cathode.

The discharge products of N,Co-TiO,/CF and TiO,/CF cath-
odes were further investigated by X-ray photoelectron spec-
troscopy (ESI, Fig. S117}). In the high resolution Li 1s spectrum
of discharged TiO,/CFs, a peak located at 55.5 eV is observed,
corresponding to the Li-O bonds of Li,O,. However, the Li 1s

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Adsorption of LiO, on the (110) surface of TiO,/CFs, N-TiO,/
CFs, Co-TiO,/CFs and N,Co-TiO,/CFs.

J. Mater. Chem. A, 2019, 7, 23046-23054 | 23051


https://doi.org/10.1039/c9ta08684f

Published on 16 September 2019. Downloaded by Shanghai Jiaotong University on 11/17/2019 11:34:30 AM.

Journal of Materials Chemistry A

binding energy of the Li-O bonds of discharged N,Co-TiO,/CFs
is blue shifted to approximately 63.2 eV. The 7.7 eV blue shift
might be a result of the strong electron-withdrawing effect in
superoxide ions. The Li 1s XPS spectra of discharged N,Co-TiO,/
CF and TiO,/CF cathodes also indicate the formation of LiO,
upon discharging in N,Co-TiO,/CFs.

Differential quantitative mass spectrometry (DEMS) was
employed to monitor the number of evolved and consumed O,
molecules. The experiment was performed using high current
densities and capacities (0.2 mA ecm™~> and 0.6 mA h) to enable
the measurement of variational O,. During the discharge process,
remarkable O, consumption was observed (ESI, Fig. S12at). The
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average O, consumption rate calculated is approximately 2.7 x
10" mol min ', giving an e /O, ratio of 1.11. In the subsequent
charge process, the release of O, was detected (ESI, Fig. S13b¥).
The evolution rate of O, detected by DEMS is approximately 2.4 x
107"° mol min~" with an e /O, ratio of 1.04. According to the
equation Li + O, < LiO,, the charge-to-mass ratio is 1 e /O,.
These charge-to-mass ratios of discharge and charge processes
are consistent with the charge-to-mass ratio of the formation of
LiO,, further indicating the formation of LiO, during the
discharge process of N,Co-TiO,/CFs.

Density functional theory (DFT) calculations were carried out
to study the binding energies between LiO, and different
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Fig. 5 The rate performance of (a) TiO,/CFs and (b) N,Co-TiO,/CFs. The discharge/charge profiles of (c) N,Co-TiO,/CFs and (d) TiO,/CFs at
a current density of 200 mA g~ with a limited capacity of 500 mA h g™ (e) The charge and discharge terminal potential of N,Co-TiO,/CFs and
TiO,/CFs with a fixed specific capacity of 500 mA h g™, (f) Electrochemical impedance spectra of pristine and discharged N,Co-TiO,/CFs.
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catalysts, including TiO,/CFs, N-TiO,/CFs, Co-TiO,/CFs and
N,Co-TiO,/CFs (Fig. 4). The (110) plane of rutile TiO, was used
to evaluate the adsorption energies. The (110) plane of TiO, in
different catalysts was optimized and relaxed before calculating
the adsorption energies. The reconstruction of the atoms,
particularly the Co atom, can be observed on the plane of N,Co-
TiO,/CFs. In the N,Co-TiO,/CF electrode, Li atoms preferably
adsorbed onto the Co atom in the discharge process. After the
addition of oxygen molecules, strong affinity of LiO, to the (110)
surface of TiO, with a binding energy of —4.08 eV is achieved.
The binding energy is comparable to that of Li,O, to a variety of
catalysts,*”*® suggesting that LiO, is also stable. When LiO, was
adsorbed onto the surface of TiO,/CFs, N-TiO,/CFs and Co-
TiO,/CFs, the binding energy with the adsorption sites of O, N,
and Co is —2.30, —3.45, and —1.41 eV (ESI, Table S17), respec-
tively. The decrease in the adsorption energy between LiO, and
N,Co-TiO,/CFs suggests that the disproportionation of LiO,
could be suppressed.*=* As a result, the N,Co-TiO,/CF cathode
prevents the disproportionation of LiO, and thus enhances the
electrochemical performance.

With the stabilization of the discharge product LiO,, N,Co-
TiO,/CFs also displays superior rate performance (Fig. 5a and
b). Specific discharge capacities of 5400, 3800, and 3200 mA h
g " are achieved at current densities of 100, 200, and 300 mA
g™, respectively. However, the specific discharge capacity of
TiO,/CFs is less than 1750 mA h g~ at a current density of 300
mA g~ . The remarkably high rate capability can be ascribed to
the formation of conductive LiO, with the high catalytic activity
N,Co-TiO,/CFs. Moreover, the overpotential of N,Co-TiO,/CFs
during the charge process is also far lower than that of TiO,/CFs
at the same current density. The reduced overpotential of N,Co-
TiO,/CFs can be attributed to the fast decomposition of LiO,.

The cycling performance of N,Co-TiO,/CFs and TiO,/CFs was
evaluated at 200 mA g~ " with a cutoff capacity of 500 mAh g™*
and 1000 mA h g~* (Fig. 5¢ and the ESI, Fig. S131). The initial
discharge terminal voltage of N,Co-TiO,/CFs is approximately
2.75 V (Fig. 5¢), close to 2.76 V, the theoretical formation
potential of LiO,. The subsequent charge terminal potential is
only 3.0 V, giving an overpotential of 0.25 V, much lower than
that of TiO,/CFs (Fig. 5d). The charge terminal potential of
N,Co-TiO,/CFs is still less than 3.5 V for 50 cycles (Fig. 5¢). In
contrast, a dramatic increase in the charge terminal potential
upon cycling is observed for TiO,/CFs (Fig. 5e). The superior
performance of N,Co-TiO,/CFs might be attributed to the
formation LiO, with high electronic and ionic conductivity.

Electrochemical impedance spectroscopy (EIS) of N,Co-TiO,/
CFs and TiO,/CFs was performed from 0.01 Hz to 100 kHz
(Fig. 5f and the ESI, Fig. S14f). The semicircle in the high
frequency region is ascribed to the charge-transfer resistance
(Rey), including the interfacial resistance of the electrolyte and
the catalyst. N,Co-TiO,/CFs shows an obvious decrease in the
ohmic resistance after discharge, indicating the improvement
in conductivity induced by the formation of LiO, on N,Co-TiO,/
CFs. The line in the low frequency region corresponding to the
Warburg impedance is associated with Li* ion transfer from the
electrode surface to the electrode/electrolyte interface. A slope
close to 45 degree is obtained for N,Co-TiO,/CFs, indicating fast

This journal is © The Royal Society of Chemistry 2019
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Li" diffusion to the electrode. After discharge, significant
charge-transfer observed for TiO,/CFs
(Fig. S1471). The increased resistance might be a result of the low
electronic conductivity of Li,O, formed on the surface of dis-
charged TiO,/CFs.

resistance was

4. Conclusions

Excellent electrical performance of Li-O, batteries was achieved
by the formation of LiO, with a non-noble metal catalyst, N,Co-
TiO,/CFs. The Li-O, batteries based on LiO, present a very low
charge potential (about 0.2 V), long cycle stability and high rate
capability. N,Co-codoped TiO, plays a vital role in the genera-
tion of LiO, during the discharge and charge process. Raman
spectroscopy, galvanostatic intermittent titration, and differ-
ential quantitative mass spectrometry indicate the existence of
LiO, in the discharge process. The density functional theory
calculation results show the stability mechanism of LiO,. This
work provides a new approach to settle the critical problems in
current Li-O, batteries with the involvement of non-noble
metals.
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