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ABSTRACT: A highly ordered mesoporous nickel sulfides/nitrogen-doped mesoporous carbon
(NiS/NMC, NiS;: NiS and Ni3S4) nanohybrid was synthesized by the assistant of NMC template.
Using of NMC as a template, improves the electronic conductivity of the catalyst, while the high
specific surface area increases the number of active sites and the highly ordered mesoporous
structure enables fast mass transfer. As a result, the resultant NiS,/NMC is one of the most active
bifunctional oxygen electrocatalysts W@i low potential gap of 0.70 V. The primary Zn-air battery
shows a maximum power density of 186 mW c¢m 2 and an energy density as high as 805 Wh kg™
at 100 mA cm 2. The battery also exhibits favorable long-term cycling behaviour (the polarization
increased only 0.05 V after 300 charge/discharge cycles for 100 h). This work provides a new
strategy for the rational design of metal-carbon nanohybrid electrocatalysts for low-cost energy

storage and conversion devices.

TOC GRAPHICS

Current density / mA cm”

o, sat\,‘iraled
10 wt. % Pt/C 0.1 MIKOH

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Electrode potential / V vs. RHE


u0002698
Sticky Note
with a potential gap of only 0.70 V.


Rechargeable Zn-air batteries are interesting energy storage systems due to their high theoretical
energy density (1086 Wh kg!), environmental friendliness and safety.! The oxygen reduction
reaction (ORR) and oxygen evolution reaction (OER) are the key electrochemical reactions for the
discharge and charge processes of the Zn-air batteries, respectively. However, these two reactions
exhibit sluggish kinetics due to the four-electron transfer process, and require noble metals as
catalysts to construct efficient energy storage devices.’® Currently, Pt-based catalysts are

considered as the most efficient ORR catalysts,”!°

and IrO> and RuO; are regarded as the most
efficient OER catalysts.!!"'> However, the scarcity and concomitant high cost of Ru and Ir severely
hamper their application for Zn-air batteries.!>"!> Therefore, a lot of efforts have been devoted to
finding alternative bifunctional electrocatalysts with low-cost, high activity and stability.!6-"?

In the past years, nitrogen-doped carbons with high specific surface area and modified electronic
structure have achieved outstanding electrocatalytic activity for ORR in aqueous alkaline
solutions.?*?3 On the other hand, transition metal-based materials have been considered as
promising electrocatalysts for OER due to their low cost and high activity.?*?¢ Therefore, transition
metal-based materials coupled to nitrogen-doped carbon is an effective strategy for the preparation
of nanohybrids as bifunctional oxygen electrocatalysts. For instance, Hu et al. developed NiCo2S4
nanocrystals anchored on nitrogen-doped carbon nanotubes (NiCo02S4/N-CNT) as a bifunctional
catalyst.?” The catalyst displayed excellent electrocatalytic activity towards ORR (E12= 0.80 V)
and OER (7 = 0.37 V at 10 mA cm 2). A Zn-air battery using this catalyst showed a peak power
density of 147 mW cm 2and had an energy density of 555 Wh kg !, respectively. The polarization
increased 0.06 V after 150 charge-discharge cycles at 10 mA cm 2. Chen et al. fabricated a

hierarchical porous double-shelled (Mg, Co);04 encapsulated in N-doped graphitized carbon,

where the Mg substitution facilitates the mass transport and also improves electrical conductivity.'”



The catalyst exhibited a high electrocatalytic activity towards ORR (E12=0.842 V) and OER (»
=0.346 V at 10 mA cm?). The rechargeable Zn-air battery using this catalyst displayed a peak
power density of 125 mW cm 2 and a long-term cyclability at 10 mA cm 2 (2 h per cycle for 100
cycles).!” Goodenough et al. reported NisFe nanoparticles embedded in porous nitrogen-doped
carbon sheets (Ni3Fe/N-C sheets) by a pyrolysis-based route using NaCl crystals as a template.
The obtained Ni3zFe/N-C sheets showed good electrocatalytic activity towards ORR (E12= 0.78
V) and OER (7 =0.37 V at 10 mA cm2). The corresponding Zn-air battery showed good cycling
stability at 10 mA cm 2 for 105 cycles with an energy density of 634 Wh kg !'.2® Despite the
significant progress, the electrocatalytic performance and cycling stability of the reported
nanohybrids are not yet satisfactory for the practical applications of Zn-air batteries. Clearly, the
development of alternative air-cathode electrocatalysts with low cost, high performance, and
superior cycling stability for Zn-air batteries is highly challenging and hence research in this
direction is needed to obtain efficient catalytic materials for application in air cathodes.

Here, we conducted the template-directed synthesis of highly ordered mesoporous nickel
sulfides/nitrogen-doped mesoporous carbon (NiS:/NMC) nanohybrids as an advanced oxygen
electrocatalyst for Zn-air batteries. The NiS;, follows the ordered mesoporous structure of the NMC
template and is uniformly attached on the surface of NMC. Owing to the combined effect of
nitrogen-doped carbon and nickel sulfide in the nanohybrid structure, the optimized NiS,//NMC
catalyst exhibits outstanding electrocatalytic activity with a small potential gap (AE) of 0.70 V.
On the one hand, the NMC was highly activi@| ORR and nickel Qdes was highly active to
OER. On the other hand, using the NMC template improves the electronic conductivity of the
catalyst, while the high specific surface area increases the number of accessible active sites and

the highly ordered mesoporous structure promotes the efficient mass transfer of reactants. The
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primary Zn-air battery using this electrocatalyst achieved a maximum power density of 186 mW
cm 2, and an energy density of 805 Wh kg!, as well as long-term cycling durability of 300

charge/discharge cycles for 100 h.
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Figure 1. (a) Schematic illustration of the synthesis of NiSi/NMC nanohybrids, (b) SEM image of

the Ni-MOF/NMC-1.5, (c) XRD patterns of the Ni-MOF/NMC samples, (d) XRD patterns of the

obtained NiS,/NMC nanohybrids,

(e) SEM

image of NiSy/NMC-1.5,

(f) Nitrogen



adsorption/desorption isotherms of the NiS,/NMC nanohybrids and (g) the corresponding pore

volume distribution.

The schematic diagram of the synthesis process of NiS,/NMC nanohybrid is shown in Figure
1a. Firstly, the Ni-MOF/NMC nanocomposites were synthesized by dissolving nickel(II) nitrate
hexahydrate (Ni(NO3)2-6H>0) and organic linkers in DMF in the presence of NMC particles at 50
°C for 72 h. Scanning electron microscopy (SEM) images show that the NMC particles are
distributed both on the ce and inside of Ni-MOF blocks (Figure 1b and Figure S1). The Ni-
MOFs were almost fully covered by the NMC particles when increasing the concentration of NMC
from 0.5 mg mL™! to 3.0 mg mL ™! (Figure S1d). The Ni-MOF/NMC nanocomposites exhibit the
same diffraction peaks as the Ni-MOF,? indicating the successful synthesis of Ni-MOFs in the
presence of NMC particles (Figure 1c and Figure S2). Subsequently, the Ni-MOF/NMC
nanocomposites were subjected to a solvothermal process at 150 °C in ethanol in the presences of
NazS, where the NMC served as a template. The X-ray diffraction results confirmed that there are
two kinds of nickel sulfides (NiS and Ni3S4) in the obtained nanohybrid (Figure 1d). The 26
diffraction peaks at 30.1°, 34.7°, 45.9°, and 53.5° correspond to the (100), (101), (102), and (110)
planes of hexagonal NiS (JCPDS: 01-075-0613), respectively. The 26 diffraction peaks at 26.6°,
31.2°, 37.9°, 49.9°, and 54.7° correspond to the (220), (311), (400), (511), and (440) planes of
cubic Ni3S4 (JCPDS: 01-073-8754), respectively.*® Furthermore, the SEM images reveal that the
Ni-MOF structure was destroyed and only the NMC particles remained after solvothermal
treatment (Figure 1e and Figure S3). N> adsorption/desorption isotherm and pore size distribution
plots were used to investigate the porous structure of the NiS,, NMC, and NiS,/NMC nanohybrid
(Figure 1f, Figure 1g and Figure S4). All of the NiS,/NMC nanohybrids exhibit typical type-IV

isotherms with an H1 hysteresis loop, confirming their ordered mesoporous structure.® 3! When
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the NMC concentration increased from 0.5 mg mL™! to 3.0 mg mL™!, the specific surface area of
the nanohybrids increases from 20 m? g ! to 110 m? g !, owing to the high specific surface area of
NMC (746 m? g!). The pore diameters of the NiSy/NMC nanohybrids (ranging from 3.5 nm to
4.0 nm) are larger than NMC (3.0 nm, Figure S5b), which may be ascribed to the large pore of

NiS, on the pore walls of the NMC.
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Figure 2. TEM images at a resolution of (a) 0.5 um, (b) 200 nm, and (¢) 50 nm; (d) EDS line scan

and maps of NiS,/NMC-1.5.

Transmission electron microscopy (TEM) images show that the NiS,/NMC-1.5 nanohybrid
exhibits necklace-like connected spherical particles with a highly ordered mesoporous structure,
which perfectly copies the template structure of NMC (Figure 2). The line scan results show that

@ element of C exhibits much higher intensity than the other elements. This result suggests that
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the N, O, S, and Ni elements are distributed on the surface of the NMC particles. The elemental
mapping results confirm the uniform distribution of C, N, O, S, and Ni. These results indicate that
NiS, was attached to the highly ordered mesoporous NMC template. The NiS/NMC-3.0
nanohybrids show similar morphology and elemental distribution (Figure S6d-f). For the sample
of NiS/NMC-0.5, the maj@' of nickel sulfides was uniformly dis@ued on the structure of
NMC, however, it was also partially agglomerated and connected to the NMC particles, which
may be attributed to the excess nickel sulfides when a low NMC concentration (0.5 mg mL™") was
used (Figure Sé6a-c). The inductively coupled plasma optical emission spectroscopy (ICP-OES)
confirmed that@ Ni contents follow the order: decreased from 14.9 wt. % for NiS,/NMC-0.5 >
8.4 wt. % for NiS//NMC-1.5 > 4.8 wt. % for NiS,/NMC-3.0, when increasing the NMC
concentration from 0.5 mg mL ! to 3.0 mg mL™! (Figure S7).

X-ray photoelectron spectroscopy (XPS) was employed to det@the surface elemental
compositions and chemical states of the NiS,/NMC nanohybrids. Clearly, C, N, O, S, and Ni were
detected on the surface of NiS/NMC nanohybrids (Figure S8 and Table S1). The Ni content
decreased rapidly as the concentration of NMC increased from 0.5 mg mL™! to 3.0 mg mL™
(Figure 3a), which is consistent with the ICP-OES results. In order to get further insight into the
chemical states, the N 1s, S 2p, and Ni 2p spectra of the nanohybrids were deconvoluted (Figure
3b-d). The N 1s peaks at 398.65 eV, 399.72 eV, 401.28 eV, and 403.20 eV correspond to pyridinic-
N, pyrrolic-N, graphitic-N, and N-O, respectively.>** The nitrogen-activated carbon has been
considered as the active sites of ORR, which exhibits a @tive charge density thus facilitates the
adsorption of the oxygen during ORR.?*?! The peaks at 162.39 eV, 163.74 eV, and 165.01 eV
were attributed to the S 2p32 of S*°, S 2pi12 of S*, and the bridging S2~, respectively.>**¢ The Ni

2p peaks at 857.53 eV, 875.51 eV, and 862.61/881.17 eV were assigned to the Ni 2p3/2, Ni 2p1,
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and satellite peaks, respectively. The Ni 2ps»2 peak was deconvoluted into two peaks of Ni*" and
Ni®. The peak area of the Ni** was much larger than that of Ni**, indicating the high content of
high-valence Ni*". It is proposed that the surface of the electrocatalyst was slightly oxidized to
Ni*" under OER conditions.>’* The high-valence Ni** enhanced the chemisorption of OH™ on its
surface and favors the formation of NiOOH, which facilitates the electron transfer to the surface

during OER.*! Therefore, the obtained NiS./NMC catalysts were expected to display a superior

activity toward ORR and OER.
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Figure 3. (a) Surface elemental content of nitrogen and nickel of the NiS,/NMC nanohybrids as
determined by XPS; (b) N 1Is peak and peak fitting results of NiS,/NMC-0.5; (c¢) S 2p peak and

peak fitting results of NiS,/NMC-0.5; (d) Ni 2p peaks and peak fitting results of NiS,/NMC-0.5.
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The electrocatalytic performances of the as-prepared catalysts for the ORR and OER were
evaluated in 0.1 M KOH solution (Figure 4 and Figure S9). In terms of ORR performances, the
NiS,/NMC catalysts exhibit a significant enhancement of ORR activity after the introduction of
NMC (Figure 4a). Among them, the NiS,/NMC-1.5, NiS/NMC-3.0, and NMC exhibit better
ORR activities than that of commercial 10 wt. % Pt/C. The half-wave potentials (E12) of the
catalysts were observed to decrease in the following order: 0.898 V for NiS,/NMC-3.0, 0.893 V
for NMC, 0.890 V for NiS,/NMC-1.5, 0.837 V for 10 wt. % Pt/C, and 0.801 V for NiS,/NMC-0.5
(Figure S10). For the NiS,/NMC nanohybrids, the ORR activities were observed to increase with
the increasing NMC concentration from 0.5 mg mL™! to 3.0 mg mL™!, which may be attributed to
the increased active NMC in the materials. However, the NiS,/NMC-3.0 exhibits a higher onset
potential than NMC, which may be attributed to the synergistic effects between the highly
dispersed NiS, and NMC. Furthermore, the electron transfer number of the as-synthesized
nanohybrids was calculated based on the Koutecky-Levich equation (K-L) (Figure 4b and Figure
S11). Clearly, NiS/NMC-1.5, NiS,/NMC-3.0, and NMC show high selectivity and favor the four
electron reduction of oxygen with an electron transfer number of around 3.9.

For the OER process, the NiS; displayed the highest OER activity than the other catalysts, while
the NMC @ibited a negligible OER activity (Figure 4c). The OER activity @ased with the
increasing concentration of NMC. The NiS,/NMC-0.5 and NiS,/NMC-1.5 both exhibit an
overpotential (1) around 0.36 V, which is lower than that of NiS,/NMC-3.0 (0.394 V) and IrO>
(0.453 V) at a current density of 10 mA cm 2 (Figure S12). Charge transfer resistance (Rct) of the
OER was evaluated by electrochemical impedance spectroscopy (Figure 4d). The NiS,/NMC
nanohybrids exhibited a lower charge transfer resistance than the non-template NiS,, indicating

the improved electronic conductivity in the presence of NMC. The NiS,/NMC-3.0 shows a larger

10
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charge transfer resistance (27.7 Q) than that of NiS/NMC-0.5 (15.2 Q) and NiS/NMC-1.5 (16.4

Q).
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Figure 4. (a) The ORR polarization curves in 0.1 M O;-saturated KOH at 1600 rpm. (b) The
electron transfer number of the catalysts. (c) The OER polarization curves the catalysts in 0.1 M
Oz-saturated KOH at 1600 rpm. (d) Nyquist plots and fitting results of the catalysts in the
frequency range from 100 kHz to 0.1 Hz with an amplitude of 5 mV at 1.61 V vs. RHE; Inset is
the equivalent circuit, where Rs is the resistance of the electrolyte, Rc is the charge transfer

resistance, and CPE is a constant phase element. (¢) ORR and OER polarization curves of
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NiS/NMC nanohybrids, 10 wt. % Pt/C (for ORR), and IrO> (for OER). (f) The AE value between
E; - 10 and E1 of the catalysts. (g) Comparison of AE value of NiS,/NMC-1.5 with previously

reported bifunctional catalysts.!3 7> 4259

For a bifunctional electrocatalyst, the reversible oxygen activity is usually evaluated by the
potential gap (AE = E; - 10 — E112) between E; - 19 (potential of OER at 10 mA c¢m2) and E1,, of
ORR (Figure 4¢). The smaller the value of AE, the more active and reversible the oxygen electrode
is. The AE value of NiSy/NMC-1.5 is 0.70 V, which is lower than 0.864 V for the 10 wt. %
Pt/C+IrO2 hybrid (Figure 4f). This makes the NiS,/NMC-1.5 nanohybrid one of the best
bifunctional catalysts reported@ the literature (Figure 4g). The superior bifunctional
electrocatalytic performance was attributed to the following factors. First, the highly ordered
mesoporous NiS,/NMC nanohybrid exhibits highly electrocatalytic activity towards both ORR and
OER. Second, the nickel sulfides are uniformly attached on the surface of the NMC, which is
beneficial for the electronic conductivity of the catalyst. Third, the high specific surface area results
in a high number of active sites while the ordered mesoporous structure favours the mass transfer

of reactants.

12
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Figure 5. (a) Schematic illustration of a rechargeable Zn-air battery. (b) Charge and discharge

polarization curves of NiS,/NMC-1.5 electrode and 10 wt. % Pt/C + IrO; hybrid electrode. (¢) The

corresponding polarization curves and power density curves. (d) Comparison of peak power

density and specific capacity of the Zn-air batteries with NiS,/NMC-1.5 and previously reported

bifunctional catalysts.!343-46.:50-54.58-59 (o) Charge-discharge cycling stability of the Zn-air batteries

with a NiSy/NMC-1.5 electrode vs. a 10 wt. % Pt/C + IrO> hybrid electrode at 10 mA cm 2. (f)

TEM image, EDS line scan, and maps of the NiS,/NMC-1.5.air cathode after long-term cycling.
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Finally, the NiS/NMC-1.5 nanohybrid was used as an air electrode in rechargeable Zn-air
batteries (Figure Sa and Figure S13). The open circuit voltage (OCV) of the Zn-air battery is 1.53
V (Figure S14). It shows lower charge and discharge overpotential at various current densities
than that of the 10 wt. % Pt/C+IrO2 hybrid electrode. In particular, a peak power density of 186
mW cm 2 at a current density of 323 mA cm 2 was achieved for the NiSy/NMC-1.5 electrode
(Figure Sc), which makes it one of the best-performing air electrodes (Figure 5d and Table S2).
Moreover, at a cell voltage of 1.0 V, the NiS,/NMC-1.5 electrode shows a current density of 107
mA cm 2, which is significantly higher than the 72 mA cm 2 obtained for the 10 wt. % Pt/C+IrO,
hybrid electrode. The specific capacity and energy density were calculated to be 785 mAh g 'and
805 Wh kg! at a discharge current density of 100 mA c¢m 2, respectively (Figure S15). The
charge-discharge cycling stability was further investigated by galvanostatic technique at 10 mA
cm 2 (Figure 5e). The discharge voltage plateau is found to be around 1.08 V and exhibits
negligible decrease even after 300 cycles (20 min per cycle for a total time of 100 h). Only a small
increase from 1.98 V to 2.03 V was observed for the charge voltage plateau after continuous
cycling for 100 h. In contrast, the discharge voltage plateau of the Zn-air battery using the 10 wt.
% Pt/C+IrO7 hybrid electrode decreased rapidly after cycling for 10 h. The TEM image, EDS line
scan, and maps of the post-cycling produc@ts shown in Figure 5f. It is found that the NM@as
remained its morphology of spherical particle, while the S element was lost from the NiSx. The
EDS line scan and maps sl‘@ that the N and Ni element still uniformly distributed on the surface
of NMC. The OER activated species of NIOOH was detected from the post-cycling product,@ch
generated under oxidation conditions during the charging process. This results suggested that the

long-term durability@ assigned to the stabled NiS,/NMC-1.5 structure and active species of
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ORR and OER. The outstanding cycling stability makes the NiS,/NMC-1.5 nanohybrid a
promising catalyst for the air electrode in practical Zn-air batteries.

In summary, a highly ordered mesoporous nickel sulfides/nitrogen-doped mesoporous carbon
(NiSx/NMC) nanohybrid was synthesized through a template-assisted method as bifunctional
oxygen electrocatalyst for rechargeable Zn-air batteries. The optimized NiS,/NMC nanohybrid
(denoted as NiS,/NMC-1.5) shows high ORR and OER electrocatalytic activities with a small
potential gap (AE) of 0.70 V. The outstanding electrocatalytic activity was attributed to the uniform
distribution of highly active species and improved electronic conductivity of the NiS,/NMC
nanohybrid. Additionally, the high specific surface area increases the number of accessible active
sites while the unique ordered mesoporous structure enables fast mass transfer of reactant species.
A primary Zn-air battery with the NiSy/NMC-1.5 nanohybrid as the catalyst for the air-electrode
exhibited a maximum power density of 186 mW cm 2 and an energy density of 805 Wh kg ™!, as
well as excellent durability after 300 charge/discharge cycles for 100 h. This work provides a new
strategy for the rational design of metal-carbon nanohybrid electrocatalysts for low-cost energy

storage and conversion devices like rechargeable batteries and unitized regenerative fuel cells.
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