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A B S T R A C T

Inferior charge transport in discharge products is one of the main factors restricting the technological potential of
lithium-oxygen batteries. Here, we propose a strategy to enhance charge transport in discharge products by
surface engineering of cathode catalysts with donor and acceptor sites to improve solid-solid interfacial electron
transfer properties between catalysts and discharge products. Free-standing layered double oxides loaded with
pyrolyzed sodium poly(aminobenzenesulfonate)-derived sulfur-doped carbon nanosheets and carbon nanosheets
with sulfoxide groups are synthesized and utilized to investigate donor and acceptor sites effect on the perfor-
mance of lithium-oxygen batteries. The free-standing cathode with hybrid donor and acceptor sites is capable of
operation in oxygen with distinct (dis)charge plateau and superior cycling stability (over 60 cycles at a fixed
capacity of 0.53 mAh cm�2). The superior properties are attributed to the enhanced charge transport in lithium
peroxide by the formation of hole polarons/Liþ vacancies on acceptor sites and electron polarons/disordered
lithium peroxide phase on donor sites. This work provides a promising route to enhance defective charge
transport in discharge products by optimization of donor and acceptor sites on cathode catalysts for high-
performance lithium-oxygen batteries.
1. Introduction

Aprotic Li–O2 batteries (LOBs) have attracted intense interest because
of their high theoretical energy density, which considerably exceeds that
of current Li-ion batteries [1–5]. Upon discharge in typical aprotic Li–O2
batteries, O2 is reduced on the cathode surface to form intermediate
LiO2*, which then undergoes either chemical disproportionation or
continuous electrochemical reduction to form Li2O2 [1,2,6]. Crystalline
Li2O2 is an insulator with theoretical band gap of 4.9 eV [7,8], whose
conductivity at room temperature is only 10�12

–10�13 S cm�1 [9–11].
During discharge, the activated sites on the catalyst surface were quickly
covered by insulative Li2O2, which would cause the passivation of the air
electrode and the “sudden death” of the battery with limited discharge
capacity and rapid voltage drop [12,13]. The subsequent electrochemical
reaction on the surface of Li2O2 discharge products with inferior charge
transport is usually a major factor restricting the kinetics of oxygen
reduction and evolution and thus leading to the high overpotential of
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Li–O2 batteries. Theoretical calculation revealed that the introduction of
additional electron for donor doping in Li2O2 crystal with small electron
polarons of localized O2

3� as charge carriers [14–16], or the removal of
electron/Li from crystal Li2O2 for p-doping with small hole polarons [17,
18] or Li vacancies [7,19] as charge carriers would significantly enhance
charge transport in Li2O2. Therefore, the development of cathode cata-
lysts with optimized surface/interface structures to enhance interfacial
electron transfer properties and the charge transport in discharge prod-
ucts is of great significance to lower the overpotential of Li–O2 batteries.

Noble metal catalysts with superior catalytic activity towards Li2O2
decomposition were found to be associated with the kinetics of the
charge reaction between solid noble catalysts and solid discharge prod-
ucts by electrochemical mass spectrometry [20]. Bimetallic catalysts,
such as Pd-Cu [21], and Pt–Cu [22,23], were reported to exhibit lower
(dis)charge overpotentials than original noble metal catalysts. The
enhanced electron transfer from the transition metal atoms to noble
metal atoms would decrease the adsorption strength of LiO2*
en).
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intermediates on the noble metal surface. Lu et al. [24] prepared Ag
clusters with controlled sizes (Ag3, Ag9, Ag15) on carbon surface and
found that the morphologies of discharge products and the performance
of Li–O2 batteries varied with different Ag cluster sizes. These differences
were attributed to different oxygen reduction activities of Ag clusters
with different electron transfer properties to Li2O2 discharge products.
For non-precious metal oxides catalysts towards Li2O2 decomposition, an
interfacial model involving Co3O4 (111) and Li2O2 constructed by den-
sity functional theory (DFT) calculation indicated that the high catalytic
activity of O-rich Co3O4 (111) in reducing O2 desorption barrier and the
charge overpotential was originated from the fast electron transfer from
the Li2O2 layer to the underlying catalyst surface [25]. In addition, the
electron transport property of metal oxide catalysts enhanced by nitri-
dation was demonstrated to effectively lower the overpotential of Li–O2
batterie [26].

Heteroatom doping in carbon materials is another effective approach
extensively utilized to regulate the electronic structure of carbon cata-
lysts in Li–O2 batteries. Pyridinic-N-doped graphene was reported to be
more effective for promoting the nucleation of Li2O2 clusters than pris-
tine or graphitic-N-doped graphene [27–29], owing to the enhanced
electron transfer from Li2O2 discharge products to the pyridinic-N sites.
P-doped and B-doped graphene materials were also reported to exhibit
high catalytic activity in reducing the (dis)charge overpotential [30,31].
However, owing to the lack of suitable catalysts for donating and
accepting electron with LiO2*/Li2O2 in Li–O2 batteries, clear illustration
of the effect of electron transfer between catalyst and discharge products
on the properties of Li2O2 and the performance of Li–O2 batteries has not
been established.

Based on DFT simulation, the electron donating and accepting effect
on the properties of Li2O2 is shown to be tunable by regulating different
sulfur sites on carbon support. The adsorption of LiO2*/Li2O2 molecules
on thiapyridine (S1) and sulfoxide (S2) sites is accompanied with elec-
tron transfer from S1 and S2 sites to LiO2*/Li2O2, while that on thioether
(S3) and polysulfide (S4) sites is accompaniedwith electron transfer from
adsorbates to S3 and S4 sites. S2 sites could generate through the
incomplete decomposition of sulfonate groups at relatively low temper-
ature, while S3 and S4 sites would form during carbonization over 700
ºC.

Herein, the manipulation of acceptor and donor sites upon adsorbing
LiO2*/Li2O2 in Li–O2 batteries is realized by pyrolysis of sodium poly
(aminobenzenesulfonate) (PABSA) at different temperatures. To avoid
side reactions induced by the polymer binder and the conductive carbon
additive, a binder-free cathode with layered double oxides (LDO) nano-
flake arrays is prepared and employed to load with PABSA. Successive
carbonization at different temperatures leads to the formation of com-
posites (PABSA/LDO-n, n: carbonization temperature) composed of LDO
loaded with pyrolyzed poly (aminobenzenesulfoni)-derived carbon
nanosheets with different S sites. Upon discharge, particles-like discharge
products are generated on PABSA/LDO-600, while flakey discharge
products are found well dispersed on PABSA/LDO-700. The difference in
the morphology of discharge products might be associated with different
preferential adsorption and coverage of reactants and intermediates on
the donor and acceptor sites. This work sheds light on rational con-
struction of cathode catalyst with optimized donor and acceptor sites to
tailor deposition of Li2O2 with enhanced defective charge transport for
low-overpotential Li–O2 batteries.

2. Experimental section

Electrodeposition of CoTi LDH: 0.21mL TiCl4 was added dropwise to
40mL of 0.023 gmL�1 Co(NO3)2 aqueous solution (Co:Ti molecular ratio
of 3:1) to form homogeneous solution under vigorous stirring. After ul-
trasonic dispersion for 30min, 0.74mL of concentrated ammonia (28wt
%) was added dropwise into the above solution under vigorous stirring.
At a constant potential of �2.0 V (vs SCE), CoTi LDH was electro-
deposited onto the nickel foam for 600 s in the above electrolyte with Pt
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foil as counter electrode. The CoTi LDH generated on the nickel foamwas
rinsed twice with deionized water and then anhydrous ethanol, dried for
6 h at 60 ºC. The as-obtained CoTi LDH was calcined at 200 ºC in air for
2 h to form CoTi LDO.

Preparation of PABSA/LDO: CoTi LDO on nickel foam was added to
80% alcoholic aqueous solution containing sodium m-aniline sulfonate,
in a molar ratio of organic anion: LDO¼ 4:1. After reacted at 70 �C for
10 h, the samples were rinsed twice with deionized water and then
anhydrous ethanol. After dried at 60 �C for 5 h and annealed at 300 �C
(5 �C min�1 to 200 �C; 1 �C min�1 from 200 to 300 �C) in N2 for another
0.5 h, sodium poly (aminobenzenesulfonate) was prepared. The
carbonization of the composites is calcined at 600 �C, 700 �C and 800 �C
for 2 h under N2. For comparison, PAN/LDO-700 was prepared by using
aniline monomer as the carbon and nitrogen sources after calcination at
700 �C. The obtained final product was used directly as binder-free
electrodes for Li–O2 batteries.

Structural characterization: The X-ray diffraction (XRD) patterns
were recorded on a D/Max 2550VL/PC X-ray diffractometer (Rigaku,
Japan) equipped with Cu Kα radiation (λ¼ 1.5418 Å, 40 kV, 30mA).
Fourier transform infrared spectroscopy (FTIR) was measured on a
Spectrum 100, PerkinElmer using the KBr disk. X-ray photoelectron
spectroscopy (XPS) was performed on an AXIS ultra DLD spectrometer
(Kratos, Japan) with Al Kα radiation (hν¼ 1486.6 eV). The morphology
of the samples was observed using a field-emission scanning electron
microscope (FESEM) (FEI Nova Nano SEM 230, USA). The transmission
electron microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM) observations were carried out on a JEM-2100F
microscope operated at an acceleration voltage of 200 kV. HAADF-
STEM characterization was carried out on JEM-ARM200F (JEOL,
Tokyo, Japan). TEM/STEM operated at 200 kV with cold filed-emission
gun and aberration corrector. Time-of-flight secondary ion mass spec-
trometry (TOF-SIMS) and TOF-SEMwere carried out on a TESCAN Gaia 3
FESEM. The X-ray absorption (XAFS) data at the Co and N K-edge of the
samples were recorded at room temperature in transmission mode using
ion chambers (referenced samples) and fluorescence excitation mode
using a Lytle detector (controlled samples) at beamline BL14W1 of the
Shanghai Synchrotron Radiation Facility. The station was operated with
a Si (111) double crystal monochromator. During the measurement, the
synchrotron was operated at 3.5 GeV and the current was controlled
between 150 and 210mA. The data for each sample were calibrated with
standard Cometal foil. Data processing was performed using the program
ATHENA. Extended X-ray absorption fine structure (EXAFS) spectra were
fitted using the FEFF 7.0 code.

Assembling Li–O2 batteries: The electrochemical performance was
analyzed using CR2025-type Swagelok coin cell. All of the cells were
assembled in a glove box filled with ultra-highly pure Ar using millipore
glass fiber membrane as the separator, lithium metal foil as anodes and
1M LiTFSI in TEGDME as the electrolyte. The diameter of the electrode is
12mm.

Electrochemical measurement: The galvanostatic charge and
discharge experiment was performed with a battery tester (LAND
CT2001A). The full discharge and charge were limited in the potential
range of 2.25–4.2 V at room temperature with a current density of
100mA g�1 (normalized to the total weight of catalyst). The cycling of
PABSA/LDO-700 and PAN/LDO-700 is fixed at a capacity of 0.53 and
0.35 mAh cm�2, respectively. Pretreatment of the binder-free cathodes
was conducted by cycling the battery between 2.25 and 4.2 V for 10
cycles. Cyclic voltammetry (CV) was performed on the Auto Lab work-
station at a scanning rate of 0.2 mV s�1 in a potential range of 2.25–4.2 V
(vs Li/Liþ). All the batteries were equilibrated at open circuit for 10 h
before testing. For the plots of dQ/dV, relative infinity points corre-
sponding to platform capacity are removed.

DFT calculations: First-principle calculations were performed by the
density functional theory (DFT) using the Vienna ab-initio simulation
package (VASP) package [32,33]. The generalized gradient approxima-
tion (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional was used
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to describe the electronic exchange and correlation effects. Uniform
G-centered k-points meshes with a resolution of 2π� 0.03 Å�1 and
Methfessel-Paxton electronic smearing were adopted for the integration
in the Brillouin zone for geometric optimization. The simulation was run
with a cutoff energy of 500 eV throughout the computations. These set-
tings ensure convergence of the total energies to within 1meV per atom.
Structure relaxation proceeded until all forces on atoms were less than
1meV Å�1 and the total stress tensor was within 0.01 GPa of the target
value.

3. Results and discussion

3.1. Structural analysis of the cathode catalysts

The typical preparation procedure for PABSA/LDO composites is
shown in Fig. 1a. CoTi layered double hydroxides (LDH) nanoflake arrays
with intercalated nitrate were first uniformly grown onto nickel foam by
an electrodepositionmethod [34]. Driven by the electrostatic interaction,
metanilic monomers were intercalated into the interlayers of positively
Fig. 1. (a) Scheme for regulating different sulfur sites for constructing donor and acce
and (d) PABSA/LDO-700. TEM images of (e) PABSA/LDO-300 nanoflake and (f) PABS
image of PABSA/LDO-700. The color spheres represent O (red), Co3þ of oxygen oc
patterns of precursor and PABSA/LDO derivatives. HAADF-STEM and elemental imag
of different samples. Inset is the SEM image of PAN/LDO-700. (For interpretation o
version of this article.)
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charged LDH, leading to the formation of ABSA/LDH precursors. Suc-
cessive polymerization was achieved by oxidation of interlayer-confined
metanilic monomers with the decomposition of pre-intercalated nitrate
as an oxidizing agent at 300 ºC, generating PABSA/LDO-300 composites.
Without LDO nanoflake supports, the direct polymerization of metanilic
monomers on Ni foam would lead to the formation of one-dimensional
rod-like instead of two-dimensional nanosheet products (Fig. S1).
PABSA/LDO-300 was pyrolyzed at 600 ºC, 700 ºC and 800 ºC, generating
PABSA/LDO-600, PABSA/LDO-700 and PABSA/LDO-800 composites,
respectively composed of carbon nanosheets with different S sites. For
comparison, a composite composed of N-doped carbon and LDO without
S sites (PAN/LDO-700) was prepared by calcination of LDH nanoflakes
with aniline monomers at 700 ºC.

Scanning electron microscopic (SEM) images of the as-synthesized
samples are shown in Fig. 1b–d. LDH nanoflake arrays were success-
fully deposited onto Ni foam (Fig. 1b). The nanoflakes of PABSA/LDO-
300 (Fig. 1c) is thicker than those of ABSA/LDH, suggesting the forma-
tion of polymer coatings on pristine nanoflakes. The characteristic shape-
up satellite peak located at 292.2 eV in C 1s X-ray photoelectron
ptor sites on catalyst surface. SEM images of (b) ABSA/LDH, (c) PABSA/LDO-300
A/LDO-700. Insets in b-e are the corresponding enlarged images. (g) ADF-STEM
tahedral sites (orange) and Co2þ of oxygen tetrahedral sites (green). (h) XRD
es of (i) PABSA/LDO-700 nanoflakes and (j) carbon nanosheet. (k) N, S contents
f the references to color in this figure legend, the reader is referred to the Web
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spectroscopic (XPS) spectrum of PABSA/LDO-300 attributed to the π-π*
transition in aromatic rings with extended delocalized electrons revealed
the polymerization of metanilic monomer in PABSA/LDO-300 (Fig. S2).
The polymerization is further demonstrated by the characteristic -C-N
stretching vibration in the infrared (IR) spectrum of PABSA/LDO-300
(Fig. S2). After calcination, the flake-like morphology of PABSA/LDO-
700 is well maintained (Fig. 1d). Different from the smooth surface of
ABSA/LDH, the surface of PABSA/LDO-700 nanoflakes is decorated with
plenty of particles. Transmission electron microscopic (TEM) observation
shows that LDO flakes with thickness of ~10 nm are separated regularly
by PABSA polymers (Fig. 1e). After carbonization at 700 ºC, disordered
layered fringes are observed, indicating the partial destruction of layered
structure of PABSA/LDO-700 (Fig. 1f). Further observation by annular
dark field scanning transmission electron microscopy (ADF-STEM) with
atomic resolution shows the Co columns of Co3O4 (l00) plane in PABSA/
LDO-700 (Fig. 1g). The layered spacing of PABSA/LDO-700 calculated
based on the peak centered at 12.8� in X-ray diffraction (XRD) pattern is
~6.9 Å, while that of ABSA/LDH and PABSA/LDO calculated based on
(003) diffraction peaks is 11.1 and 10.8 Å, respectively (Fig. 1h). The
high-angle annular dark-field STEM (HAADF-STEM) observation reveals
that nanoparticles with average size of ~25 nm are well dispersed in LDO
nanoflakes and carbon nanosheet of PABSA/LDO-700 (Fig. 1i and j).
Elemental mapping indicates that these particles are mainly composed of
Co, S and O. Further observation by HRTEM demonstrates the existence
of Co3O4 and S phase in these nanoparticles (Fig. S3). The atomic ratio of
S in PABSA/LDO-300 is ~5.7 at% (Fig. 1k). The contents of S in the
samples decrease gradually with the increase of calcination temperatures
(~4.07, 3.48 and 3.31 at% in PABSA/LDO-600, PABSA/LDO-700 and
PABSA/LDO-800, respectively) (Table S1). Sulfonate groups in metanilic
acid monomer can be completely decomposed at 600 ºC [35]. During the
carbonization of the composites at 700 ºC, the colorless aqueous solution
in a bottle connected to the vent of the tube furnace turns yellow, sug-
gesting the formation of polysulfide during pyrolysis of PABSA (Fig. S4).
Fig. 2. (a) The cluster model for adsorption of O2, LiO2*/Li2O2. Selective charge diffe
Li2O2 are prone to dissociate with large distortion on S1 and S2 sites. (d) Valence stat
(e) The total electron transfer for O2, LiO2*/Li2O2 adsorbed on different sites. (f) Co K
extended X-ray absorption fine structure of PABSA/LDO-300 and PABSA/LDO-700.
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The π* resonance at 397 eV in N K-edge X-ray absorption near-edge
structure (XANES) spectra reveal that N mainly exists as pyridinic N in
PABSA/LDO-700 (Fig. S5).

The adsorption of O2, LiO2*, and Li2O2 on different S active sites was
simulated by DFT calculation (Fig. 2a). The charge difference density
(CDD) profiles of O2, LiO2*, and Li2O2 adsorbed on different S sites and
Co–N sites were shown in Fig. 2b and c. As indicated by the electron
accumulation around O, chemical bonds with O in LiO2*/Li2O2 might
form for Co–N, S1 and S2 sites. However, S3 and S4 sites are prone to
bond with Li in LiO2*/Li2O2. The O–O bond length of LiO2* adsorbed on
S3 and S4 sites is similar with that of original LiO2* (1.34 Å). After
adsorbing LiO2*, the corresponding O–O bond lengths of LiO2* on S1 and
S2 sites increase to 2.99 and 2.32 Å, respectively, indicating the large
distortion of LiO2* on S1 and S2 sites (Fig. 2b and Fig. S6). Analogous
with LiO2*, Li2O2 adsorbed on S1 and S2 sites also shows larger distor-
tion than that on other sites (Fig. 2c). The bonding characteristics of the
cluster model adsorbing reactive oxygen species were further evaluated
by CDD profiles projected on the selective bonding planes. The S2 site
prefers to bond with two O atoms from LiO2* (Fig. 2b). When adsorbing
Li2O2, the initial O in sulfoxide bonding with Li would locate in the same
plane with Li (1), Li (3) and O (4) of Li2O2, while the S2 site and O (2) of
Li2O2 protrude out of the plane (Fig. 2c). However, when adsorbing
LiO2*/Li2O2, the S3 and S4 sites prefer to bond with electron-donating Li
in lithium oxides instead of O (Fig. 2b,c and Fig. S6). The coupling
interaction between different S sites and reactive oxygen species can be
further quantitatively evaluated by Bader charge transfer analyses [36,
37]. Fig. 2d shows the change of valence state of different S sites upon
adsorbing O2, LiO2*/Li2O2. Upon adsorption of O2, LiO2*/Li2O2, the
valence charges of S1 and S2 sites increase, suggesting the loss of elec-
trons from S1 and S2 sites. On the contrary, the valence charges of S3 and
S4 sites decreases when adsorbing LiO2*/Li2O2, indicative of the gain of
electrons on these sites. The total electron transfer for O2, LiO2*/Li2O2

adsorbed on different sites is shown in Fig. 2e. Upon adsorbing O2,
rence density profiles of (b) LiO2* and (c) Li2O2 on S1, S2, S3 and S4 sites. LiO2*/
e of different S sites based on Bader charge upon adsorption of O2, LiO2*/Li2O2.
-edge X-ray absorption near-edge structure (XANES) and (g) Fourier transformed
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electrons transfer from the substrate cluster to O2. For LiO2*, gain of
electron occurs on Co–N, S1 and S2 sites, while loss of electron occurs on
S3 and S4 sites. The electron transfer tendency for Li2O2 adsorbed on
different sites is similar with that of LiO2* except for Co–N sites where
electron donating instead of gaining occurs. Therefore, S1 and S2 sites
are classified as “donor sites”with electron donation to adsorbates, while
S3 and S4 sites are classified as “acceptor sites”with electron transferring
from adsorbates to these sites. LiO2*/Li2O2 adsorbed onto donor sites
tend to dissociate with large distortion. It is consistent with the DFT-HSE
(Heyd Scuseria Ernzerhof) calculation results reported by Radin et al.
[12] that injection of an extra electron in Li2O2 crystal will result in the
structure distortion of Li2O2 with elongation of O–O bond length and
eventually lead to the break of O–O bond.

Co K-edge XANES spectra of PABSA/LDO-300 and PABSA/LDO-700
with Co foil, CoO, and Co3O4 as references suggest the similar valence
of Co in the composites with that of Co3O4 (Fig. 2f). The magnitude of
Fourier transform (FT) EXAFS spectrum of PABSA/LDO-300 closely re-
sembles that of Co3O4 reference (Fig. 2g). However, the shoulder in the
first coordination shell of PABSA/LDO-700 shows more resemblance to
cobalt phthalocyanine [38,39], suggesting the existence of Co–N
configuration in PABSA/LDO-700. XANES simulation of various
DFT-optimized architectural models was further carried out to investi-
gate the local geometric structure and ligand environment around Co
sites (Figs. S7 and 8). The bond length of the neighboring coordination of
Co in the constructed adsorption model is well matched with experi-
mental XAFS characterization of PABSA/LDO-700 (Table S3). The S 2p
XPS spectrum of PABSA/LDO-300 and PABSA/LDO-600 (Fig. 3a)
exhibited a peak centered at 168.6 eV, ascribed to the S–O bonds in
sulfonate [40]. After carbonization at 700 ºC, a new peak corresponding
to C–S band appeared at lower energy (163.3 eV) [41], suggesting the
incorporation of S into carbon nanosheets. The existence of C–S peak in
Fig. 3. (a) S 2p XPS spectra of PABSA/LDO at different temperatures. Selective (dis)c
and (e) PAN/LDO-700 at 26.5 μA cm�2. SEM images of discharged products on first di
PAN/LDO-700.
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PABSA/LDO-700 and PABSA/LDO-800 demonstrates the successful
doping of S into carbon with S3 and S4 acceptor sites in PABSA/LDO-700
and PABSA/LDO-800. However, no characteristic C–S peak is observed in
S 2p XPS spectrum of PABSA/LDO-600, indicating the absence of S3 and
S4 acceptor sites in PABSA/LDO-600.

4. Electrochemical properties of PABSA/LDO cathode

The electrochemical properties of PABSA/LDO as bifunctional cata-
lysts for oxygen electrodes were evaluated at constant rate of
26.5 μA cm�2 (Fig. 3b–e). At a cutoff voltage of 2.25 V, PABSA/LDO-300,
PABSA/LDO-600, PABSA/LDO-700 and PABSA/LDO-800 deliver initial
specific discharge capacities of 92.5, 992, 3092 and 1486 mAh g�1,
respectively (Fig. 3b,c and Figs. S9 and 10). Both PABSA/LDO-300 and
PABSA/LDO-600 exhibit distinct kinetic overpotential with delayed
voltage response at the start of discharge profiles and linear voltage
variation in the deep discharge (Fig. 3b and c), while PABSA/LDO-700
and PABSA/LDO-800 exhibit slope-like profiles in the deep discharge
(Figs. S9 and 10). The hysteresis in the response of voltage to time at the
start of discharge profiles is often observed in many LOB catalysts in the
successive cycles [42–44], which might be closely associated with the
Liþ/e diffusion in solid or quasi-solid discharge products. The linear
decrease of voltage could be observed in the deep discharge profiles of
Ir-decorated reduced graphene oxides (Ir/GO) [45], glassy carbon [10],
or branched carbon nanofibers [46]. Viswanathan et al. [10] proposed a
metal-insulator-metal charge transport model to probe the electron
transfer through Li2O2 film on glassy carbon cathode and ascribed the
above linear voltage drop to the ohmic polarization induced by the in-
hibition of charge transport on Li2O2 discharge products. In deep
discharge, the surface of catalyst is completely covered by discharge
products. The polarization in deep discharge might be mainly originated
harge curves of (b) PABSA/LDO-300, (c) PABSA/LDO-600, (d) PABSA/LDO-700,
scharged (f) PABSA/LDO-300, (g) PABSA/LDO-600, (h) PABSA/LDO-700, and (i)
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from ohmic polarization. Relative derivation of dynamic equations
further revealed the relationship between linear voltage variation and
the disproportionation of LiO2* on the catalyst surface [47].

The cycles of PABSA/LDO-700 are quite limited with significant ca-
pacity decay in the voltage range of 2.25–4.2 V (Fig. S9). At a fixed ca-
pacity of 0.53 mAh cm�2 (E> 2.6 V vs Li/Liþ), PABSA/LDO-700 shows
superior cycling stability (Fig. 3d). The initial charge profile of PABSA/
LDO-700 at a fixed capacity of 0.53 mAh cm�2 exhibits typical three
regions characterized by distinct difference in slope (Fig. 3d). The charge
voltage plateau at low voltage (~3.3 V vs Li/Liþ) is associated with the
oxidation of superoxide-like phase on the surface of Li2O2 [26,48]. The
Fig. 4. (a) Elemental mapping images of first fully discharged PABSA/LDO-700 cath
XANES and S 2p XPS spectra of (dis)charged PABSA/LDO-700.
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solid solution delithiation forms off-stoichiometric Li2-xO2 [49,50],
generating a slope-like charge profile. The following oxidation of crys-
talline Li2O2 cores with insulating property gives a charge plateau at
~4 V. For comparison, PAN/LDO-700 without S sites was cycled at a
fixed capacity of 0.35 mAh cm�2 with initial discharge cutoff voltage of
2.6 V. Although low overpotential is observed in the initial two cycles,
significant increase in the charge overpotential can be observed in the
successive cycles (Fig. 3e).

The capacity and the cyclability of the Li–O2 batteries are closely
associated with the morphologies and crystal structure of Li2O2. To
illustrate the variation in the performance of PABSA/LDO-derived
ode. (b,c) Cs-corrected STEM images of disc discharge products. (d,e) Co K-edge



Fig. 5. EIS Nyquist plots of PABSA/LDO-300, PABSA/LDO-600 and PABSA/
LDO-700 (a) before and (b) after first discharge.
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composites, morphologies of initial discharge products on cathodes sur-
face were investigated by SEM and TEM. SEM observation shows that
irregular spherical particles in micron size are attached on the surface of
the discharged PABSA/LDO-300 electrode (Fig. 3f). The surface of dis-
charged PABSA/LDO-600 is almost completely covered with film-like
coatings composed of small particles (Fig. 3g). The full coverage of
discharge products on the surface of discharged PABSA/LDO-600 might
lead to the pronounced kinetic overpotential in the successive cycles. For
discharged PABSA/LDO-700, small spherical particles are observed
generated within the voids among the nanoflakes (Fig. 3h). However,
large spherical particles in micron size are also observed scattering on the
surface of the initial discharged PAN/LDO-700 (Fig. 3i and Fig. S11).
TEM observation of discharged PABSA/LDO-600 further shows that
small particles in average size of ~30 nm and large granules in micron
size are generated and dispersed on the cathode surface (Fig. S12a). Some
granules show a core-shell structure with amorphous shell and crystalline
core. Distinct lattice fringes observed in the core are attributable to the
(002) plane of Li2O2. For PABSA/LDO-700 cathode with hybrid donor
and acceptor sites, flaky discharge products can be observed attached on
the PABSA/LDO nanoflakes and small particles can be observed well
dispersed and embedded onto the electrode surface (Fig. 4a). Further
observation of these small particles by HRTEM shows distinct lattice
fringe with spacings of approximately 2.2 Å, attributable to the (102)
plane of Li2O2 (Figs. S13 and 14). Fast Fourier transformed (FFT) patterns
of the disc discharge products and the substrate catalyst show the
epitaxial growth of Li2O2 on (400) plane of Co3O4 (Fig. S14). The com-
mon superlattice of (102) plane of Li2O2 and (400) plane of Co3O4 has a
small mismatch in both lateral dimensions, indicative of a translational
symmetry beneficial for epitaxial growth over large distances. The dis-
tribution and properties of discharge products on PABSA/LDO-700
electrode are further demonstrated by time-of-flight (TOF)-secondary
ion mass spectrometric (SIMS)-SEM analyses using Gaþ sputtering
(Fig. S15). The positive ion depth profiles of the discharged PABSA/LDO-
700 cathode show that Li3Oþ fragment has penetrated deeply into the
surface, indicative of the formation of main discharge products of Li2O2.
Further observation of discharge products by Cs-corrected STEM reveals
the presence of vacant sites and structure distortion in disc-like Li2O2
(Fig. 4b and c) and amorphous phase in flaky discharge products
(Fig. S16). Compared with crystalline Li2O2 with low electronic con-
ductivity [9–11], defects, such as amorphous phase, lattice distortion and
Li vacancies are believed to enhance charge transport in Li2O2.
PABSA/LDO-700 electrode with better catalytic activity for Li2O2 for-
mation and decomposition than PABSA/LDO-600 might be induced by
the generation of abundant defects in discharge products with enhanced
charge transport.

5. Electron transfer effect on the properties of discharge products

After discharge, the white line of Co K-edge of the discharged PABSA/
LDO-700 shifts to lower energy suggesting the partial reduction of Co
(Fig. 4d). After charge, the absorption edge shifts back to higher energy
suggesting the oxidation of Co during charge. The shift of the charac-
teristic S–O and C–S peaks in the S 2p XPS spectrum of the 2nd dis-
charged PABSA/LDO-700 is obvious. The shift of S–O peak to higher
binding energy indicates the loss of electron for S–O groups, while the
shift of C–S peak to lower binding energy suggests the gain of electron for
C–S groups during discharge (Fig. 4e). The blue shift of the S–O peak after
discharge can also be observed in S 2p XPS spectra of (dis)charged
PABSA/LDO-600 (Fig. S17). XPS analyses are consistent with theoretical
calculation that sulfoxide sites can be regarded as typical donor sites,
while thioether sites can be regarded as acceptor sites upon adsorption of
LiO2*/Li2O2. The differential capacity versus voltage plots (dQ/dV) of
different electrodes are utilized to distinguish the redox behavior
induced by charge transport from the capacitance behavior mainly
induced bymass transport (Figs. S18 and 19). The dQ/dV plots of PABSA/
LDO-600 exhibit no distinct oxidation peak upon cycling (Fig. S18),
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while the dQ/dV plots of PAN/LDO-700 show the shift of oxidation and
reduction peaks toward higher and lower potential upon cycling,
respectively (Fig. S19a). The redox peaks of PAN/LDO-700 disappear
after 70 cycles. The dQ/dV plots of PAN/LDO-700 reveal distinct
capacitive behavior upon cycling. Cycled at a fixed capacity of 0.53 mAh
cm�2, the dQ/dV plots of PABSA/LDO-700 show distinct reduction and
oxidation peaks upon cycling, indicative of the presence of charge
transport in (dis)charged PABSA/LDO-700 (Fig. S19b). The enhanced
charge transport on discharged PABSA/LDO-700 is further demonstrated
by electrochemical impedance spectroscopy (EIS) analyses (Fig. 5). The
Z0 intersection at high frequency denotes the ohmic resistance. The
diameter of the semicircle is associated with the charge transfer resis-
tance. The ohmic resistance of initial PABSA/LDO-700, PABSA/LDO-600
and PABSA/LDO-300 exhibits an insignificant difference. However, the
charge transfer resistance of PABSA/LDO-700 is lower than that of
PABSA/LDO-600 and PABSA/LDO-300. After discharge, the increase of
charge-transfer resistance of discharged PABSA/LDO-700 is much less
than that of discharged PABSA/LDO-600 and PABSA/LDO-300. Relative
element fitting parameters in equivalent circuit are detailed in Table S4.

The oxygen reduction in Li–O2 batteries is generally believed to
experience two different processes, i.e., “surface” or “solvated” process
[26,44]. The film-like Li2O2 with quasi-amorphous nature is generally
believed to form via surface process, while the toroid-like crystalline
Li2O2 generates through the chemical disproportionation of LiO2* in
solvated process [44,51,52]. The surface process is similar with the
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electrodeposition, the reaction of O2 and Liþ to deposit Li2O2 on the
electrode surface. The solvated process involves the disproportionation
of LiO2* in the electrolyte to form Li2O2. Theoretically, the nuclei of
LiO2*/Li2O2 over the critical size under a certain cathodic polarization
can be stabilized, while the nuclei that cannot reach the critical size will
dissociate into the electrolyte. The relationship of the overpotential and
the critical size complies with the following equation.

rc ¼ σ
ρFη

MLi2O2 or LiO2 (1)

where η is the overpotential on activated sites in reduction; F: Faraday
constant; ρ is the density of deposited LiO2*/Li2O2 nuclei; σ is interfacial
tension between nuclei and electrolyte.

According to Eq. (1), the lower the cathodic overpotential, the larger
the critical size is and consequently more LiO2*/Li2O2 would be solvated
into the electrolyte. The formation of discharge products with different
sizes and morphologies might be associated with the shift of the electric
double-layer potential on the cathode surface, and the supersaturation of
LiO2*/Li2O2 in the electrolyte originated from different preferential
adsorption of reactants and intermediates on acceptor and donor sites.

Acceptor sites, such as S3 and S4 sites are inclined to interact with Li
and withdraw electrons from adsorbed Li2O2 to induce the formation of
Li2O2 discharge products with Li vacancies or small hole polarons as
charge carriers (A-Li2-xO2). The surface of A-Li2-xO2 is inclined to further
specifically adsorb LiO2* and Li2O2. The specific adsorption of LiO2*/
Li2O2 on the surface with an emerging diffuse layer potential (ψ) between
the Stern plane and the bulk of the electrolyte might induce the decrease
of the electric double layer potential and the increase of overpotential on
the acceptor sites [53]. The increase of overpotential would induce faster
nucleation rate of solvated LiO2*/Li2O2 on the acceptor sites. The rela-
tionship of the overpotential and the nucleation rate complies with the
following equation. Relative derivation based on the Kossel, Stranski and
Volmer (KSV) crystal nucleation theory is detailed in Supporting
Information.
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ω¼K expð�MLi2O2 or LiO2πhσ
2L

ρFRTη
Þ (2)
where ω is the nucleation rate; K is pre-exponential factor; h is the
molecule size of LiO2*/Li2O2; L is Avogadro constant value.

According to crystal nucleation and growth, high nucleation rate
would lead to the deposition of Li2O2 particles with small size. As pre-
cipitation goes on, the activated sites would be gradually covered and
isolated by discharge products, which might lead to the gradual inhibi-
tion of the surface reduction of A-Li2-xO2. Meanwhile, the supersaturation
of solvated LiO2*/Li2O2 in electrolyte might decrease with the gradual
increase of overpotential. At low supersaturation, the crystal growth rate
is faster than the nucleation rate. Subsequent precipitation of LiO2*/
Li2O2 from electrolyte would result in the growth of nuclei and the for-
mation of protrusion on the surface of A-Li2-xO2. The tip of the protrusion
with considerably high electric field might result in further growth of the
protrusion to form large needle-like or flaky discharge product (Fig. 6a).
This might explain the presence of flaky discharge products with
embedded particles on discharged PABSA/LDO-700 (Fig. 4a and
Fig. S20).

Donor sites, such as S2 sites tend to interact with reactive oxygen
species and donate electrons to adsorbed Li2O2 to induce the formation of
Li2O2 with small electron polarons or disordered Li2O2 structure as
charge carriers (D-Li2O2). The barrier for oxygen-vacancy diffusion in
Li2O2 (1.5 eV) is too high to form Li2O2-x [19]. The surface of D-Li2O2
with negative charge tends to adsorb Liþ and O2, favorable for surface
reduction to generate LiO2*/Li2O2. If the activated sites have strong af-
finity to O2, the full coverage of O2 on donor sites might lead to the
substantial decrease of the electric double-layer potential and the in-
crease of overpotential. In low electric double-layer potential on donor
sites (large overpotential or O2 coverage), according to Eq. (2), nucle-
ation rate of LiO2*/Li2O2 on donor sites is high (Fig. 6b). It is prone to
deposit film-like discharge products composed of small nuclei on cathode
surface, which is consistent with the formation of film-like Li2O2 on noble
metal by surface process instead of disproportionation in the solvated
Fig. 6. The feasible mechanism based on
KSV crystal nucleation theory to explain the
relationship between the “surface” and the
“solvated” process, i.e., how the dis-
proportionated products precipitate onto the
catalyst surface and how the solid products
originated from surface reaction escape from
the catalyst surface on (a) acceptor sites, (b)
donor sites with large overpotential or O2

coverage, (c) donor sites with low over-
potential or small O2 coverage. Ψ : diffuse-
layer potential; η: overpotential; ωs: nucle-
ation rate; Cl: the supersaturation of dis-
solved LiO2*/Li2O2 in electrolyte.
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process [23,54–56]. Moreover, the supersaturation of dissolved LiO2*/-
Li2O2 in electrolyte is relatively low, which would result in faster crystal
growth rate than nucleation rate. Successive precipitation of Li2O2 in the
electrolyte would deposit onto the generated nuclei on the surface. In
contrast, in large electric double-layer potential on donor sites (low
overpotential or O2 coverage), large particles are apt to generate on the
surface and small nuclei are prone to generate by disproportionation in
the solvated process (Fig. 6c). It is consistent with the reported
potential-dependent morphology of Li2O2 during potentiostatic
discharge [49,57], i.e., small particles of Li2O2 formed at low discharge
voltage (large η) while large toroid formed at high discharge voltage (low
η), and the electron transport relevant morphology evolution, i.e., CoN
with fast electron transport (low η) generated large complete toroid
Li2O2, while Co3O4 with slow electron transport generated toroid
composed of Li2O2 particles with small size [26].

Li2O2 deposited on donor sites tends to gain extra electrons. The extra
electrons in the Li2O2 crystal would fill up localized O2

3� to form small
electron polarons. Electron transport in Li2O2 on donor sites by small
electron polarons hopping from O2

2� to another O2
2� is necessary to

overcome the barrier of 0.5–1 eV [15,16]. However, the migration bar-
rier of the hole polarons on acceptor sites is only 0.1–0.2 eV [17], which
is much smaller than that of electron polarons on donor sites. Therefore,
deposition of Li2O2 on acceptor sites with small hole polarons as charge
carriers is more favorable for charge transport in discharge products than
that on donor sites with small electron polarons as charge carriers.

6. Conclusions

In conclusion, rational surface engineering of cathode catalysts with
donor and acceptor sites to improve catalyst/discharge products inter-
facial electron transfer is promising to enhance charge transport in
discharge products and accelerate reaction kinetics for effectively cata-
lyzing Li2O2 formation and decomposition. By pyrolysis of PABSA at
different temperatures, the donor and acceptor sites are constructed by
regulating different sulfur sites on carbon nanosheets. Thioether (S3) and
polysulfide (S4) sites formed at carbonized temperature over 700 ºC are
prone to accept electrons from Liþ in lithium oxides upon adsorbing
LiO2*/Li2O2, while sulfoxide (S2) sites generated through the incomplete
decomposition of sulfonate groups at relatively low temperature tend to
donate electrons to adsorbed reactive oxygen species. PABSA/LDO-600
with S2 sites but without S3 and S4 sites operated in O2 exhibits slope-
like (dis)charge profiles, while PABSA/LDO-700 with hybrid S2, S3
and S4 sites exhibits distinct (dis)charge voltage plateau. Analysis of the
generated disc-like particles and flakes on discharged PABSA/LDO-700
reveals the existence of abundant defects such as vacant sties, lattice
distortion and amorphous structure. Further observation of the generated
large granules on discharged PABSA/LDO-600 reveals the existence of
amorphous phase on the outside surface. The perspectives of the devel-
opment of cathode catalysts with optimized donor and acceptor sites are
proposed to tailor deposition of Li2O2 discharge products with enhanced
defective charge transport for high-performance Li–O2 batteries.
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