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Abstract: Exploring efficient bi-functional oxygen electrocatalysts with spatially hierarchical
architecture, high electrical conductivity and superior intrinsic activity is essential for high
performance Zn-air batteries. In this paper, we present reduced-graphene-nanoribbon
supported nickel doped Co¢Sg nanoparticles (Ni-Co9Ss/rGN) via a simple solvothermal
procedure for the electrocatalysis of oxygen reduction and evolution reactions. Such
composite assembled by spindle-type nanorods to form a spherical hierarchical structure
features high surface area and good hydrophilicity property. Excellent OER/ORR activities
and long-term stabilities are obtained on Ni-CooSg/rGN relative to RuO> and Pt/C. Density
functional theory (DFT) calculations demonstrate that the nickel dopants in the CooSg
structure effectively optimizes the adsorption properties at the rate-determining steps during
ORR/OER processes. Therefore, the superior catalytic performance is ascribed to the
synergistic regulation between the uniform rGN covered hierarchical structure and nickel
dopants by promotes the intrinsic ORR/OER properties, electrical conductivity, and mass
transfer. Moreover, as a bi-functional catalyst for the rechargeable and flexible Zn-air
batteries, excellent battery performance are achieved, including high power density, superior
rate performance and long-term cycling stability, providing a promising avenue for high-

efficiency catalysts in energy conversion.

1. Introduction

In order to meet the ever increasing requirement of energy for the modernization needs and
decrease the adverse effect of fossil fuels to the environment, renewable energy-related
devices, like fuel cells, lithium ion batteries, metal-air batteries, etc., are under extensive
investigation because of their numerous merits (e.g., environmental friendly, high-mobility
and high energy density), which have been recognized as substitute for the traditional energy
resources.!!*) Among them, the Zn-air battery is a kind of device operated in alkaline

electrolytes, which possesses high theoretical mass energy density of 1320 Wh kg™ and can
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provide ultra-stable discharge potential. It should be noted that high-efficiency oxygen
reduction reaction (ORR) and oxygen evolution reaction (OER) catalytic activity is essential
at the cathode, which held back the practical application in social life and appeals for efficient
catalyst to boost their sluggish reaction kinetics.l*®! To date, Pt/C and its alloy catalysts are
reckoned as the most active catalysts for ORR, while IrO, and RuO; are responsible for high
performance OER.U"!% These catalysts, however, suffer from demerits of scarcity in resources,
high cost, low stability when operating and most importantly possess single-functionalized
catalytic activity (ORR or OER), greatly limited their further application.[''"'*) Therefore, the
exploration of bi-functional catalysts to drive both the ORR and OER is necessary for the
improvement of the overall performance of a Zn—air battery.

3d transition metal based materials have been extensively investigated due to their earth
abundance and low-cost advantages, especially for the oxides,!'>"!"] nitrides,'*?%! sulfides!?!-*]
and dihydroxides.***! Among them, transition metal chalcogenides have attracted particular
interests for their rich redox chemistry which contributes to intrinsic active sites in
electrochemical reactions,?’?°! especially for the ORR and OER. Besides, they characterize
higher electrical conductivity relative to transition metal oxides, and oxygen tolerance

s.3% More recently, CooSs has aroused

compared with metal alloys, phosphides and carbide
intense attention in the energy field because that Co¢Sg characterizes more Co-rich
components which are often assigned to the active center for electrocatalysis.[***? Since the
electrochemical activities generally occur on the microchemical interface of the catalyst,
hence, tuning the morphology, introducing dopants or substrates, functional modifications and
coordinating with high-electrical conductivity carbon support are efficient ways to further
improve the electrocatalytic properties of C09Ss.*333 Therefore, novel and rational strategies

are appealing to improve the catalytic activities of the Co9Ss based catalysts to meet the

requirements of superior ORR/OER and practical Zn—air battery applications.
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In this work, applying reduced-graphene-nanoribbon (rGN) as an electronic conductor,
we report nickel doped Co9Sg nanocomposites (Ni-Co9Sg/rGN) via a simple solvothermal
procedure for the electrocatalysis of oxygen reduction/evolution reactions and Zn-air batteries.
The hydrophilic composite features hierarchical structure with open porous structure and
uniform graphene nanoribbon coverage, which effectively shortens the ion diffusion pathway
and enhances the electron transfer rate. Excellent OER and ORR activities are obtained for
Ni-Co9Sg/rGN, which outperform other comparative samples. Combined with the DFT
calculation, the superior catalytic performance towards ORR and OER is ascribed to the
synergistic regulation between rGN covered uniform hierarchical structure and the Ni doping.
When serving as a bi-functional catalyst for the rechargeable and flexible Zn—air batteries,
excellent battery performances are achieved, outperforms commercial Pt/C+RuO, mixture

catalysts.
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Scheme 1. Schematic illustration of the synthetic procedure of hierarchical structured Ni-
Co9Ss/rGN nanocomposites.

2. Results and Discussion

As illustrated in scheme 1, the hierarchical porous structured Ni-CooSg/rGN was
synthesized via a simple solvothermal approach (Scheme 1), in which the graphene
nanoribbon served as electronic conductor was obtained by exfoliation of MWCNTs.6 371
The as-prepared products were characterized via Powder X-ray diffraction (XRD) in order to

authenticate the specific crystal phase and purity. As can be seen from Fig. la, diffraction
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peaks located at 15.4°, 29.8°, 31.2°, 39.5°, 47.6° and 52.1° corresponds to the (111), (311),
(222), (331), (511) and (440) of Co9Sg (PDF # 03-065-1765), respectively. Obviously, there
are no crystalline phases of Ni-based compounds in the Ni-Co9Sg/rGN. Combining with XRD
of Figure la and Figure S1, the catalyst without adding Co content features NiS/NioSg
composite phase (PDF # 00-012-0041 and 00-022-1193). The thermostability of the as-
prepared catalysts was investigated via thermogravimetric analysis (TGA) in air (Figure S2),
and the weight loss at temperature up to ~420 °C was attributed to the combustion of rGN,
while further weight loss at high temperature of ~680 °C was assigned to the phase
transformation from metal sulfides to metal oxides.

The microstructure of the as-prepared catalysts was characterized by SEM and TEM
techniques. Typical for Ni-Co9Sg/rGN, obvious hierarchical spherical structure can be seen
from the SEM image (Figure 1b), in which the spheres were assembled by numerous spindle-
type nanorods. Although the specific sphere size is at the micro-scale, the nanorods are ~100
nm in diameter and ~200 nm in length. Such unique structure would play key roles in
increasing the electrochemically active interfaces, enhancing the cycling stability, and then
improving the overall performance of electrode for electrochemical reactions. The high-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of Ni-
Co9Ss/rGN (Figure 1c) showed that the spheres feature porous structure and large surface area,
which are in favor of ion transport in the catalytic process, and can effectively increase the
electrochemically active interface. For comparison, the specific morphologies of Ni-CooSs,
Co9Ss/rGN and NiS/NigSs/rGN samples were also characterized (Figure S3). The hierarchical
morphology was largely maintained for Co9Ss/rGN, in contrast to much compact Ni-Co9Sg
and bulk-like NiS/NioSg/rGN. In order to precisely investigate the porosity of the as-prepared
catalysts, N> adsorption measurements were conducted. As depicted in Figure S4a, the
nitrogen adsorption isotherm of Ni-Co9Ss/rGN exhibits a clear hysteresis loop at P/Py value of

near 1, indicating the existence of mesoporous and macroporous structure of the samples.384
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As a result, the corresponding BET surface area of Ni-CooSs/rGN is 109.7 m? g'!, which is
larger than Ni-CooSs (18.6 m? g'!), CooSs/rGN (92.8 m? g'!) and NiS/NisSs/rGN (55.4 m?> g™!),
but smaller than tGN (313.9 m? g!). The wide pore size distribution of Ni-Co9Ss/rGN (Figure

S4b) further confirmed the hierarchical architecture.
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Figure 1 The phase, morphology, micro-structure and elemental distribution
information. (a) XRD patterns of Ni-Co9Ss/rGN, Ni-Co9Sg, C09Ss/rGN, NiS/NigSs/rGN and
rGN materials; (b) SEM image of Ni-CooSs/rGN; (c) HAADF-STEM image of Ni-
Co09Ss/rGN; (d) HRTEM image of Ni-Co9Sg/rGN and the corresponding SAED pattern (inset);
(e) Enlarged HAADF-STEM image of Ni-Co¢Sg/tGN, the corresponding backscattered
electron image (f) and EDS maps of Ni, Co, S, C elements.

High resolution TEM (HRTEM) was conducted for part of a Ni-CooSs/tGN particle,
which showed obvious lattice fringes with inter-planar spacing of ~0.57 and 0.49 nm from the
two orientations, corresponding to the (111) and (002) planes, respectively. The fitted selected
area electron diffraction (SAED) pattern displayed characteristic diffraction rings,
representing (200), (220), (222), (331) and (440) planes from the inside out, respectively.
Therefore, the XRD, HRTEM and SAED results all revealed the high-quality crystal structure
of Co9Sg in Ni-Co9Ss/rGN. As for Ni-Co9Ss, Co9Ss/rGN and NiS/NigSg/rGN samples, the

corresponding HRTEM images and SAED patterns (Figure S5) also show high-quality crystal
6
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structure. It should be noted from the backscattered STEM image in Figure 1f that graphene
nanosheets covered the Ni-CooSg particles compared with the HAADF-STEM image (Figure
le) at the same position. The uniform and ultrathin carbon coverage would effectively
enhance the electrical conductivity and then accelerate the electron transfer rate, which is
beneficial to the catalytic activities. EDS mapping was performed to investigate the
composition of Ni-CooSg/rGN, in which the particle showed uniform distribution of Ni, Co
and S, with thin carbon coverage on the surface. It should be noted that the Ni content
characterized by EDS in the sphere is ultralow (1.2%, Figure S6 and Table S1), demonstrating
that Ni was successfully doped in the CooSg particle. EDS characterization on other samples

was also performed (Figure S7-S9) and confirmed the existence of uniform elemental

distribution of Ni, Co, S and C species.
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Figure 2 XPS characterization of the as-prepared catalysts. (a) Full-range spectrum of Ni-
Co9Sg/tGN, Ni-Co9Sg, Co9Ss/rGN, NiS/NigSs/rGN and rGN materials; (b) high-resolution Ni
2p spectrum of Ni-Co9Sg/rGN, Ni-Co9Ss and NiS/NigSs/rGN; (c) high-resolution Co 2p
spectrum of Ni-CooSg/rGN, Ni-Co9Sg and CoeSs/rGN; (d) high-resolution S 2p spectrum of
Ni-Co09Ss/rGN, Ni-Co09Ss, C09Ss/rGN, NiS/NigSs/rGN and rGN.
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Further information related to the chemical states of the samples were analyzed through
the core-level XPS technique and fitted by a Gaussian fitting scheme. The surface survey XPS
spectra of the samples (Figure 2a) demonstrated the existence of Ni 2p, Co 2p, O 2p, C 1s and
S 2p signals which are located at near binding energies of 853.5, 778.5, 530.0, 286.7 and
162.3 eV respectively.[*!! The existence of C signal for Ni-CooSs sample may be ascribed to
the carbonization of TAA during the synthetic process. The fitted high-resolution Ni 2p
spectra (Figure 2b) of Ni-Co9Ss/rGN, Ni-Co¢Sg and NiS/NigSg/rGN demonstrated the

k.[*>%31 In the high-resolution Co 2p spectrum,

characteristic peaks of Ni, NiSx and satellite pea
the characteristic peaks of Co 2p3» and Co 2pi are clearly seen. Typical for Ni-Co9Ss/rGN
sample, the spectrum is decomposed into six peaks (Figure 2c¢). Among them, peaks located at
785.2 and 802.6 eV represent the satellite peaks due to the shakeup excitation of the high-spin
Co?", peaks at 778.7 and 794.0 eV correspond to the Co® species, and peaks at 781.0 and
797.3 eV represent the CoSy species.[*6*8] The high-resolution S2p spectra (Figure 3b) of the
five samples exhibit three kinds of S species, one is the metal-S bonds located at 161.8 and
162.8 eV, revealing the successful synthesis of metal sulfides, another is the C—S—C bond
(163.9 eV) and C=S bond (165.5 eV), illustrating that part of S elements is doped in the
carbon framework, and the rest peaks represent the —SOy— species at higher binding
energies.*” 1 To be noted, the metal-S bonds shifted to the higher binding energy after
unified with rGN compared with the Ni-Co¢Sg sample, indicating high physical interaction
between Ni-CooSg and the rGN support. The hydrophilicity properties of the as-prepared
samples were investigated by measuring the contact angle in water media. In detail, the
contact angle for Ni-Co9Ss/rGN is 35.9° (Figure S10), much lower than the samples of
Co9Sg/tGN (46.1°), Nis-NigSg/rGN (51.1°), Ni-Co9Ss (62.3), tGN (47.0°), Pt/C (66.7°), and
RuO> (47.3°), revealing the excellent hydrophilic property. The high hydrophilicity of Ni-

Co9Ss/rGN relative to pure Ni-CooSg and rGN may be ascribed to the optimization of the

morphology of metal sulfides by introducing rGN and the existence of interfaces between Ni-
8
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Co9Sg and rGN. The excellent hydrophilicity is in favor of the intimate contact between water
electrolyte and electrode, maximizes the active surface area, and accelerates the reaction
kinetics accordingly.

To evaluate the electrochemical performance of ORR and OER, the electrocatalytic
measurements of the as-prepared catalysts were conducted in alkaline electrolytes. The ORR
polarization curves of the Ni-Co9Ss/rGN (Figure 3a) shows an onset potential and a half-wave
potential (£12) of 0.98 V and 0.83 V, respectively, which were more positive than Ni-CooSg
(0.88 and 0.76 V), Co9Ss/rGN (0.87 and 0.75 V), NiS/NigSs/rGN (0.84 and 0.62 V) and rGN
(0.81 and 0.54 V), close to those of Pt/C (1.01 and 0.85 V). The trend for the polarization
curves agreed well with the cyclic voltammograms (CV) scans (Figure S11). Meanwhile, the
polarization curves for the OER showed ultra-high activities of Ni-Co9Ss/tGN (Figure 3b)
with lower onset potential and polarization potential relative to the RuO; and other
comparative catalysts. To determine the specific catalytic activities of the bi-functional
catalysts, voltage gap (4E) between the Ej-10 ma cm2 0f OER and E12 of ORR were drew out

via a histogram (Figure 3c). As can be seen, the Ni-Co9Sg/rGN achieved the lowest 4 E value

of 0.65 V, which outperformed the Ni-CooSg (0.80 V), CoeSs/rGN (0.84 V), NiS/NigSs/rGN
(1.01 V), rtGN (1.15 V) and even the composite of Pt/C/RuO> (0.68 V). The electrochemical
performance of Ni-Co9Sg/rGN rated in the first row compared with many recent reported
catalysts (Table S2). Therefore, it is preliminarily confirmed that Ni-doping in Ni-Co9Sg/rGN

played key roles in accelerating the bi-functional activities towards ORR and OER.
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Figure 3 The electrochemical activities and Kinetics of the as-prepared catalysts. LSV
polarization curves for the ORR (a) and OER (b); (c¢) Histogram of the voltage gap between
OER and ORR; (d) Tafel plots derived from (a); (¢) LSV polarization curves for the ORR at
different scanning rates (inset) and the corresponding K-L plots; (f) Tafel plots derived from

(b).

The reaction kinetics of the ORR and OER were also studied for the as-prepared catalysts.
As for ORR, Tafel plots (Figure 3d) derived from the polarization curves (Figure 3a)
exhibited a smaller Tafel slope value (67.8 mV dec) for the Ni-Co9Ss/rGN than Ni-CooSs
(145.4 mV dec™"), Co9Ss/rGN (74.9 mV dec™), NiS/NigSs/rGN (168.4 mV dec!), rtGN (147.5
mV dec!), slight higher than Pt/C (154.8 mV dec™!), demonstrating the fast reaction kinetics
of Ni-Co9Ss/rGN. The electron transfer kinetics of the ORR derived from the polarization
measurements at different rotating rates (in set of Figure 3e) were further investigated. By
increasing the rotating speed, the oxygen flux to the electrode surface would be enlarged,
which resulted in the increasing values of limiting diffusion current density. The fitted
Koutecky—-Levich (K-L) plots of Ni-Co9Ss/rGN at different potentials showed good linearity,
suggesting the first-order reaction kinetics with respect to the concentration of dissolved
oxygen.*% Accordingly, the electron transfer number at the three potentials was calculated to
be ~4.0, indicating a direct 4-electron transfer process. Moreover, polarization curves
obtained via a rotating ring-disc electrode (Ering = 1.2 V vs. RHE) is described in Figure 3f.

By deriving from the LSV curves (Figure S12), the H>O; yield and electron transfer number
10
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at potential ranging from 0.1 to 0.8 V was calculated to be ~6.9% and ~3.86 V respectively
(Figure S13). Tafel plots (Figure 3f) derived from the OER polarization curves (Figure 3b)
demonstrated that the Ni-CooSs/rGN features relatively smaller slope value (97.0 mV dec™)
than Ni-CooSs (161.4 mV dec™), Co9Ss/rGN (256.1 mV dec™!), and NiS/NigSs/rGN (120.2 mV
dec™), and a bit higher than rGN (78.6 mV dec™') and RuO2/C (59.1 mV dec™!). The superior
ORR and OER activities and reaction kinetics of Ni-CooSg/rGN demostrates potential
prospects in the application of metal-air batteries.

To obtain fundamental mechanistic insights into ORR and OER by Ni-doping in the
Co9Sg structure, we performed first-principles density functional theory (DFT) calculations to
study the reaction mechanisms. The theoretical models were built to illustrate the specific
arrangement of Co and S atoms in a unit cell (Figure S14). Figure 4a shows the optimized
models of stable adsorption configuration of ORR/OER intermediates (OOH*, O*, and OH*)
on both catalysts. Free energy diagrams along reaction pathways were obtained using the
scheme based on Nerskov et al.’s computational electrode model.>!! The OER path is shown
below (Note: The ORR path can be regarded as the reverse of the following reactions, as

reacted from O(g) to H>O(1)):

HO() +* <> OH* + H" + ¢ (1)
OH* < O*+H' + ¢ )
H,O() + O* <> OOH* +H' +e  (3)
OOH* & *+ Oy(g) + H + & 4)

As can be seen from the free energy pathways of the four-electron ORR process in Figure 4b,
all the electron transfer steps of Ni-Co9Sg electrode can be carried out spontaneously at a U
value of below 0.51 V, indicating all reaction steps are exothermic. The whole process is
dominated by the reaction step: O2(g) — OOH*. For the pristine Co9Ss, it was endothermic on
the reaction step: OH* + H'" + ¢” = H,O(l) + *, at potential below 0.51 V. The results indicated
higher electrochemical activity of the Ni-doped catalyst relative to pristine CooSs. As for OER,

the theoretical overpotential for spontaneous reaction of Ni-CooSg was 1.96 V (Figure 4c),
11
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which pristine CooSg cannot reach, also demonstrating excellent OER activities of the Ni-
Co9Ss electrode. Further DFT calculations of free energy pathways for the ORR/OER reaction
processes on the two samples at 1.23 V illustrated the same results. Interestingly, the charge
transfer from Ni substitution was confirmed by the DFT calculations (Figure S15). Therefore,
Ni doping in the as-prepared catalysts effectively enhanced the intrinsic activities by
decreasing 4G at ORR/OER rate-determine steps, which was consistent with the experimental
results, giving theoretical proof for superior ORR/OER catalytic activity resulting from Ni-

doping in alkaline medium.
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Figure 4 DFT calculation of cubic centered Co09Ss and Ni-Co9Ss. (a) The models of pristine
and stable adsorption configuration of OER/ORR intermediate (OOH*, O*, and OH¥*); (b)
Free energy diagram of two models at different operation potentials for the ORR and OER.

Electrochemical specific surface area (ECSA) was investigated by measuring the CV
curves at different scan rates were evaluated to determine the. According to the CV curves at
the non-pseudocapacitance region (potential range of 0.10—-0.30 V vs. RHE, inset of Figure
4a), the ECSA value of Ni-CooSs/rGN was fitted and calculated to be 40.5 mF cm™, from the
slope values of the linear plots of scan rate vs. the variation of charging current density (4j =
Ja — jc) at 0.20 V. This value was higher than that of Ni-CooSs (2.3 mF cm™, Figure S16a),
Co09Ss/tGN (22.2 mF cm?, Figure S17), NiS/NioSs/rGN (14.6 mF cm?, Figure S18), and rtGN

(37.8 mF cm™, Figure S16b), indicating that the combined interaction of Ni-CoySs and tGN
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effectively enhanced the electrochemically active area for ORR and OER. Additioanlly, the
charge transfer kinetics of the as-prepared catalysts were analyzed by electrochemical
impedance spectroscopy (EIS). The Nyquist plots in Figure 5b showed semicircles with
different diameter for the four catalysts. After fitted via the equavalent circuit (inset of Figure
5¢), Ni-CoeSg/rGN demonstrated much lower charge transfer resistance value (Figure 5c)
relative to Co9Sg/rGN and Ni-CooSsg, indicating that the Ni-doping and rGN support in the
Co9Sg effectively enhanced the electrical conductivity. Therefore, the excellent bi-functional
activity of Ni-CooSg/rGN is mainly ascribed to the three following aspects: i, excellent Ni-
doping structure effectively improved the electronic structure, and then improved the intrinsic
activity; ii, the high specific surface area and good interaction between Ni-Co9Sg and rGN to
form the hierarchical porous structure significantly enlarged the electrochemical interfaces; iii,
the enhanced charge transfer caused by the coordination of rGN and Ni-doping.

Operation stability is another key parameter in practical application of the catalysts.
Chronoamperometric tests (Figure 5d) at fixed potential of 0.70 V were adopted to determine
the ORR stability, in which the Ni-Co9Ss/rGN showed negligible current density loss even for
25k s (~ 7 h), while the Pt/C suffered gradual decrease of activity and only 68.4% of activity
maintained at last. The OER stability was processed via a chronopotentiometry technique at a
constant current density of 10 mA cm™ for over 300k s (~85 h, Figure 5d). As a result, Ni-
Co9Ss/rGN remained constant potential at ca. 1.48 V during the test, while RuO; started at
1.56 V and failed at 62k s. Therefore, the design of Ni-Co9Ss/rGN effectively enhanced the

activity and stability towards ORR and OER.
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Figure 5 The electrochemical properties of the as-prepared catalysts. (a) CV curves of
Ni-Co9eSg/rGN at different scan rates (inset) and the linear plots of the scan rates vs. current
density variation at 0.20 V; (b) Nyquist plots of Ni-Co¢Ss/rGN, Ni-Co9Sg, Co9Ss/rGN and
NiS/NigSs/rGN; (c¢) The corresponding Rt values and equivalent circuit diagram (inset); (i)
Chronoamperometry tests for Ni-Co9oSg/rGN and Pt/C at 0.70 V, and chronopotentiometry
tests for Ni-Co9Ss/rGN and RuO> at 10 mA cm™.

On the basis of the excellent bi-functional electrocatalytic performance of Ni-Co9Sg/rGN,
a home-made Zn—air battery (Figure 6a) was assembled to evaluate the practical battery
performance. Such battery exhibited high peak power density value of 171.5 mW cm? at the
current density of 310.0 mA cm? (Figure 6b), which is much higher than Pt/C+RuO
composite (112.0 mW cm? at 225.0 mA cm™), indicating the excellent property of Ni-
Co9Ss/rGN in practical Zn—air batteries. Additionally, the rate performance of
charging/discharging processes measured separately in Figure 5¢ showed that the platform
potential changed slightly by gradually increasing the operating current density. Result
demonstrated that the existence of spatially hierarchical porous structure of Ni-Co9Ss/rGN
effectively facilitated the mass transfer of the battery. Since working stability is also a key
parameter in practical battery operation, the durability test of Ni-CooSs/rGN based Zn—air
battery was conducted at current density of 10.0 mA cm™. As can be seen in Figure 6d, the
Ni-Co9Ss/rGN based Zn—air battery showed initial charge and discharge potential of 1.92 and

1.13 V with a voltage gap of 0.79 V, and also showed negligible change even over 120 h. In
14
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comparison, the Pt/C+RuO, based battery displayed slight lower initial charge potential (1.88
V) and discharge potential (1.08 V) with a voltage gap of 0.80 V, a bit higher than Ni-
Co9Ss/rGN and moreover, suffered from severe decrease in durability. In comparison, the
overall battery performance of Ni-Co9Ss/rGN outperformed many reported Zn—air batteries in
recent literatures (Table S3). Therefore, it is concluded that the Ni-Co9Sg/rGN is promising in
Zn—air battery application. The optical images in Figure 6e showed that all the LED (~3.0 V)

decorated lights on the tree were successfully driven by two Zn—air batteries.
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Figure 6 The Zn—air battery performance of the as-prepared catalysts. (a) Schematic of a
home-made Zn-—air battery; (b) LSV polarization and corresponding power density curves;
Rate performance (c) and cycling stability (d) of Ni-Co9Ss/rGN and Pt/C+RuO> based Zn-air
batteries; (e) Optical images of a LED (~3.0 V) decorated tree before and after being driven
by two Zn—air batteries. (f) Schematic illustration of the flexible Zn—air battery (i-iv are Zn
foil, solid electrolyte, Ni-CooSs/rGN, and Ni foil, respectively); (g) Open circuit potential
image of a flexible battery; (h) The corresponding LSV and corresponding power density
curves; (1) Rate performance of the batteries at different current densities; (j) Cycling stability
of Ni-CooSs/rGN at different bending degree.
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In order to investigate the potential applications of Ni-Co9Ss/rGN catalyst in wearable
potential applications, an all-solid state Zn—air battery was constructed (Figure 6f) with an
open circuit potential of approximatelyl.37 V (Figure 6g) and exhibits high power density of
110.0 mW cm? at the current density of 223.0 mA cm™ (Figure 6h), indicating high
application wearable potential of the sample. The rate performance in Figure 61 demonstrated
that such a battery can be operated at both high (30 mA c¢cm™ with voltage gap of 1.18 V) and
low current density (2 mA cm™ with voltage gap of 0.55 V). The durability test was also
conducted via the galvanostatic charge/discharge cycle at 1 mA cm 2 with the different
bending angle of the battery (Figure 6j). As a result, the Ni-Co¢Sg/rGN-based battery
delivered a slight increase in the voltage gap after 25 h discharge/charge cycles, further
demonstrating its superb cycling stability as a flexible electrode. Moreover, four of the
devices together can successfully operate a 5.0 V bluetooth headset (Figure S19 and Video
S1).

Conclusion

In summary, this work emphasizes the synergistic regulation of the intrinsic activities of
ORR/OER and mass/electron transfer properties. In particular, rGN supported nickel-doped
Co9Ss has been developed via a simple solvothermal procedure for the electrocatalysis of
oxygen reduction/evolution reactions and Zn-air batteries. The spindle-type nanorod
assembled Ni-CooSg sphere in Ni-Co9Ss/rGN possessed hierarchical porous structure with
uniform graphene nanoribbon coverage, which effectively shortened the ion diffusion
pathway, expose more active sites, and accelerated the electron migration. Besides, the Ni-
doping in the Co9Sg improved the intrinsic ORR/OER activities by optimizing the adsorption
properties of oxygen species on the electrochemical interfaces. Due to the synergistic
regulation of Ni-doping and rGN supported hierarchical porous structure, the Ni-Co9Ss/rGN
demonstrated an AE value of 0.65 V between OER and ORR, which is better than

comparative samples, commercial RuO> and Pt/C. Moreover, as a bi-functional catalyst for
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rechargeable and flexible Zn—air batteries, higher power density, superior rate performance
and long-term cycling stability were achieved, providing new insights in high efficiency and
low-cost oxygen-related bi-functional electrocatalyst development.
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Reduced-graphene-nanoribbon supported hierarchical porous nickel doped Co9Ss spheres
shows high-efficiency oxygen reduction and evolution activities, and excellent rechargeable
/flexible Zn-air battery performance because of the synergistic regulation between the uniform
rGN covered hierarchical architecture and nickel dopants in promoting the intrinsic
ORR/OER properties, electrical conductivity, and mass transfer.
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Synergistic Regulation of Nickel Doping/Hierarchical Structure in Cobalt Sulfide for High
Performance Zinc-Air Battery
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