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Abstract

Oxygen-evolution and oxygen-reduction reactions (ORR and OER) represent the two important
cornerstones of many renewable energy technologies. As the traditionally used noble metal based
electrocatalysts are becoming unsustainable, it is a challenge not only to limit the use of precious
metals but to perform both ORR and OER using the same catalysts without compromising catalytic
activity, stability and cost-efficiency. Clearly, future commercial viability of these technologies
heavily depends on the development of bifunctional electrocatalysts that address the above
limitations. Here, a route to ultrafine bimetallic NixCos nanocrystals embedded in pyridinic nitrogen
enriched carbon nanotubes, namely NixCo3@N-CN, via metal organic framework is reported. The
Ni in the bimetallic nanocrystals is found to favor the doping of pyridinic nitrogen in high amounts
(~5.62 %), which is a key enabler for high catalytic activity. When tested as electrocatalysts for
OER, NixCo3;@N-CN composites offered a lower OER onset potential ~1.52 V at a current density
10 mA/cm? and faster kinetics (a lower Tafel slope of 56 mV/decade). When tested for ORR activity,
the superior oxygen electrocatalytic performance of NixCoz@N-CN was shown by achieving a more
favorable half-wave potential of 0.85 V and a large diffusion limiting current density of 4.73
mA/cm? and high catalytic stability (20,000s with high current retention). This is attributed to the
hierarchically built structure that allows for the dispersion of ultrafine NijCos bimetallic

nanocrystals, high pyridinic nitrogen doping, highly networked electron pathways, high surface area
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(active sites) and their synergistic function. These findings point to a promising research avenue for
developing low-cost and high-performance bifunctional oxygen electrocatalyst for renewable

energy.
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Introduction

With ever growing energy consumption and environmental pollution, developing next-
generation renewable energy storage and conversion technologies is an urgent task. On account of
their high efficiency and zero-emission characteristics, fuel cells and metal-air batteries have
emerged as promising alternatives.!'>! In nature, the cornerstone reactions in these technologies are
the oxygen evolution reactions (OER) and reduction reaction (ORR).[*%] However, the sluggish
reaction kinetics and the multiple proton-couple electron transfer steps in OER/ORR have severely
hampered the widespread and large-scale applications of these renewable energy technologies.!® 1
Noble metals such as ruthenium/iridium-based nanocomposites represent the most efficient
commercial electrocatalysts for OER, but have limited activity for ORR. In the case of platinum and
iridium alloys or oxides these materials are typically the most efficient ORR catalysts, however the
poor stability and scarcity of these noble metal-based electrocatalyst remain challenges.['!: 121 1t is
difficult to achieve both acceptable OER and ORR activities with the same material. Therefore, the
development of low-cost, efficient and durable bi-functional materials for oxygen electrocatalysis
is particularly important.

Transition metals composited with N-doped carbons (M/N-C) represent a promising a material
platform alternative to noble metal electrocatalysts for OER/ORR which have received wide

[13-15] The catalytic performance of M/N-Cs are dependent on the dispersion of metal

attention.
catalytic particles and the nature of N-doped carbons. Therefore, it is important to prepare M/N-C
with fine dispersions of metal nanoparticles with high electron conductivity and N-Cs surface area.
Metal-organic frameworks (MOFs), featured with large surface areas, tunable pore structures and

abundant N species have been investigated as precursors for producing M/N-C.['*191 To date,

various types of M/N-Cs such as Co-MOF-derived Co@N-doped C,?°1 a hybrid
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FesC@NCNT/NPCP! have been developed and tested as oxygen electrocatalysts. To further
increase the catalytic activity, bimetallic zeolitic imidazolate frameworks (BMZIF) were introduced

2224 Many works have just focused

as templates to prepare bimetallic N-doped carbons (BM/N-C).
on structural design, such as hybrid, composite or core-shell structures 2% 2%, For example, Zheng
et al.l”’! used a method based on thermal conversion of zeolitic imidazolate frameworks (ZIF-67)
pre-grown on Cu(OH), nanowires to prepare CuCo-embedded nitrogen-enriched mesoporous
carbon framework (CuCo@NC), exhibiting improved electrocatalytic performance. However, the
catalytic activity of Cu is not good compared with other transition metals, which often requires the
introduction of more active transition metals!?® 21 for improving the catalytic performance. In
addition, the mechanism of introducing a second metal based on Co-MOF has not been well
investigated.

On the other hand, in N doped carbonaceous materials, the N tends to be in three types of
dopants: quaternary, pyrrolic and pyridinic.l3%-34 Since the pyridinic N has a lone pair of electrons,

35371 leading to

they can be donated to the conjugated m bond in the planar structure of carbon!
considerably increased catalytic activities compared to other forms of N as a dopant. This means
that by increasing the levels of pyridinic N doping in carbon, the catalytic activity of N-doped
carbonaceous catalysts can be improved.l® 3% 31 In general, N doping is carried out by high
temperature treatment of mixed nitrogen source but N does not appear to fully diffuse into each
molecular target, resulting in poor doping levels. Alternatively, MOFs do contain a good amount of
nitrogen sources within their molecular skeleton, which is beneficial to achieve high N doping.
However, the amount of N in the MOF is still finite, so it is particularly important to increase the
proportion of pyridinic form of N in the resultant MOF derived N-C.

In light of what discussed above, we here report the synthesis of bimetallic nanocrystals
enclosed into N-doped carbon nanotubes (NixCo3@N-CN) as electrocatalyst by introducing Ni into
Co-based MOF as precursors. The synthetic method of the NiyCo3@N-CN is illustrated in Figure
1. The structure and composition of the NixCo3@N-CN were regulated by varying the molar ratio
of Ni/Co. First, the precursor NixCo3-MOF was prepared by adding Co and Ni ions simultaneously.
Then, the obtained NiCo3-MOF was calcined to generate NixCo3@N-CN. The morphology and
composition before and after calcination were investigated systematically for catalyst morphology

and structure. The results showed that the presence of Ni in the bimetallic nanocrystals is conducive
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to increase the amount of pyridinic nitrogen. With an optimal Ni/Co mole ratio of 1/3, the resultant
Ni;Co;@N-CN exhibited the highest the amount of pyridinic nitrogen of 5.62 % and ultrafine
bimetallic nanocrystals with a size of ~8 nm. When tested as catalyst for OER/ORR, the Ni;Cos@N-
CN delivered excellent catalytic activity and durability, which were comparable to the standard 20%
Pt/C and RuOs. This is attributed to a synergistic effect of bimetallic nanoparticles and N-CN
network that improve the exposure of more catalytic active sites and to promote electron conduction
and ion diffusion. Therefore, the prepared NijCo3@N-CN catalysts represent a low-cost and high
performance material platform for renewable energy devices. This work also provides new insights

into the mechanism of bimetallic MOF derived N-doping carbon for bifunctional oxygen catalysts.

Experimental Section

Synthesis of Ni,Co3@N-CN catalysts: All reagents were analytical grade and used without
any further purification. In a typical synthesis, 12 mmol of 2-methylimidazole (MeIM) was
dissolved in 100 mL of methanol to form a uniform solution, which was slowly poured into a 80
mL methanol solution containing Co(NO3),-6H,O and Ni(NO3),-6H>O. The mixture was then
magnetically stirred for 12 h at room temperature and purple precipitates of NixCo3-MOF
precursors were then obtained by centrifuging and washing with methanol several times, where x
(x=0, 0.5, 1, 2, 3) represents the amount of Ni ions in the reactants. Finally, the samples were dried
in a vacuum at 60 °C for 24 h, followed by annealing at 900 °C (ramp rate of 5 °C/min) for 2h under
a N> atmosphere to obtain the materials in a powder form.

Sample characterization: The morphology and microstructure of the samples were assessed
by scanning electron microscopy (SEM, Hitachi S4800). Transmission electron microscopy (TEM,
JEM-200CX) and high-resolution transmission electron microscopy (HRTEM, JEOL-2100F)
images were obtained using an accelerating voltage of 200 kV. The X-ray diffraction (XRD, Burker
D8 Advance) patterns were recorded to analyze the crystal structure. X-ray photoelectron
spectroscopy (XPS, ESCALAB 250) was performed by X-ray scanning, using an Al Ka line as the
standard. Raman spectroscopy (Renishaw UK) was performed using a 514 nm excitation
wavelength. The Brunauer-Emmett-Teller (BET) specific surface area measurements were
performed by using the N; adsorption-desorption isotherm in a relative pressure on a NOVA 2000e.

The electrochemical data and properties of the sample were measured using CHI 760E
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electrochemical workstation (CHI Instruments).

Electrochemical measurement: All electrochemical analyses were measured in a three-
electrode system. Ag/AgCl electrode and Platinum foil were used as the reference and counter
electrodes. A glassy carbon electrode (d=4 mm) was used as the working electrode which was loaded
with different samples (active materials). To prepare the working electrode, 5 mg of the active
material was dispersed in a solution containing 800 pL of ethanol, 200 pL of deionized water and
10 pL of Nafion (5 wt%), ultrasonically dispersed for 30 min. Then the homogeneous catalyst ink
(15 pL) was dropped onto the cleaned glassy carbon electrode surface with a mass loading of 0.58
mg/cm?. Another set of electrodes using commercially available 20 wt% Pt/C and RuO, with a
loading of 0.2 mg/cm? was also measured for comparison, with all the electrochemical data
compared to the reversible hydrogen electrode (RHE) with following equation!“°l:

E rup)=E (sce) + E (agagen + 0.059 pH
For the ORR performance test, N> or O, was used in the electrolyte of 0.1M KOH to achieve a N»
and O saturated solution. The cyclic voltammetry (CV) curves were obtained in the N> and O;
saturated solution with a scan rate of 10 mV/s. Linear sweep voltammogram (LSV) curves were
measured by using a rotating disk electrode (RDE) with different rotating speeds from 400 to 2400
RPM. To further analyze and verify the electrocatalytic performance of the active materials, the
electron transfer number (n) was calculated according to the Koutecky-Levich equation[*!l:
1/3 = 1/Jo +1/Jx = 1/(Bw'?) + 1/Jx
B = 0.62nFAD**V-16C,
Where J, Jo and Jk represent measured current density, kinetic and diffusion-limiting current,
respectively. o is the electrode rotation rate (rad s'). F represents the Faraday constant (96,485 C
mol). A is the electrode surface (0.07065 cm?). Dy s the diffusion coefficient of O, saturated in 0.1
M KOH solution (1.9x10-° cm? s1). V represents the kinematic viscosity constant of the electrolyte

(0.01 cm? s1). Co is the O saturated concentration in electrolyte (1.2x10¢ mol cm?).

Results and discussions
A series of NixCo3@N-CN samples were prepared via carbonizing the precursors of NixCos-
MOF with different molar ratios of Ni/Co as schematically depicted in Figure 1. SEM images

(Figure 2a and Figure Sla, c, e, g, i) confirm that NiCo3-MOF particles have a prismatic
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dodecahedron morphology with high uniformity, smooth surface and a size range ~300-500 nm.
The samples containing no or less Ni (x=0, 0.5) showed an increased tendency of aggregation as the
particles appear to be densely clustered and fused (Figure S1b and d). When the ratio of Ni/Co was
1/3, the obtained samples displayed NixCo3-MOF particles without much aggregation, which shows
that moderate amounts of Ni tended to improve the quality of bimetallic particles in terms of their
morphology. After pyrolysis at 900 °C, the samples NijCo3@N-CN still reflect the overall
morphology of NixCo3-MOF particles but contain much smaller Ni;Cos bimetallic nanoparticles,
and are covered with carbon nanotubes that encase those smaller Ni;Cos particles. The Ni;Coz@N-
CN sample with a 1/3 Ni/Co ratio showed even dispersion and was wrapped with dense and netted
carbon nanotubes (Figure 2b). With the increase of Ni content (x=2, 3), large amounts of metal
clusters were observed on the surface of the particles (Figure S1h and j). It may be that the effect
of high concentration of Ni metal ion lead to the partial segregation!*?l. Therefore, it appears that a
ratio of Ni/Co=1/3 is optimal for the final morphology and crystalline structure of the samples
obtained in these experiments. This is further reflected in the elemental mapping (Figure S2) that
Ni;Co3@N-CN particles were mainly made up of Co, Ni, C and N, and with all these elements are
dispersed homogeneously.

The microstructure of the Ni;Cos@N-CN was analyzed by TEM. From the low-revolution
TEM (Figure S3a), it can be observed that Ni;Co3@N-CN particles tended to maintain the original
skeleton of the Ni,Co3-MOF. This is despite the original dodecahedron morphology being distorted
as the particles were reduced in size and enveloped by carbon nanotubes. TEM images also showed
that many carbon nanotubes were grown on the surface of the Ni;jCo3@N-CN (Figure S3b). In the
HRTEM analysis (Figure 2c¢), it is observable that the diameter of carbon nanotubes was ~10 nm,
the length was ~60 nm and many domains of bimetallic nanoparticles with a size ~8nm were
wrapped in carbon nanotubes. Figure 2d and e showed the lattice fringes with interplanar distances
of 0.35 nm, 0.205 nm and 0.203 nm, which can be attributed to the C (002), Co (111) and Ni (111)
planes. This is in agreement with the XRD pattern, showing the presence of bimetallic nanoparticles
in carbon nanotubes. As shown in Figure 2f, the peaks located at about 44.2°, 51.5° and 75.8°
coming from the (111), (200) and (220) planes of metal Co (JCPDS Card no. 89-7093), respectively.
Similarly, the peaks at around 44.3°, 51.6° and 76.1° are attributed to the (111), (200) and (220)

planes of metal Ni (JCPDS Card no. 89-7128), respectively. In addition, the XRD patterns revealed
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some weak diffraction peaks at around 26.4° indexed to the typical (002) planes of graphitic carbon
(JCPDS Card no. 41-1487, Figure S4).

Raman spectra for the NixCo3@N-CN were obtained as shown in Figure 3a. All the samples
displayed two clear main peaks around 1,342 and 1,589 cm!, which suggests the presence of
disordered carbon (from the D peak) and graphitic carbon (from the G peak)!*> 44, respectively. The
intensity ratio of Ip/Ig can be used to evaluate the degree of structural disorder and defects in the
carbon formed in these samples. Compared with the Nig sCo3@N-CN (Ip/Ig =1.02) and Ni,Co3@N-
CN (Ip/Ig=1.01), the Ni;Co3@N-CN exhibits the highest Ip/Ig values up to 1.06, which is indicative
of Ni;Co3@N-CN having the highest concentration of defect sites. These defects in turn can afford
more active sites for an efficient electrocatalytic process. The small peaks located at ~486 and 510
cm’! were attributed to the Co and Ni bonding.

The porosity of the Ni,Co3@N-CN structures were analyzed via N, adsorption-desorption
isotherms as shown in Figure 3b. Here, the obtained isotherms displayed a distinct hysteresis loop
that corresponds to the type-IV isotherm characteristics, implying the presence of mesoporous
carbon structures in the NixCo3@N-CN samples. The calculated BET surface area follows the order:
Ni;Cos@N-CN (461.9 m?/g) > NigpsCos@N-CN (425.7 m*/g) > NiCos@N-CN (389.1 m?/g).
Moreover, the pore size distribution curves (Figure S5) show that the Ni;Co3@N-CN exhibited a
relatively narrow mesopore distribution while NigsCo3@N-CN and Ni;Coz@N-CN possessed a
broad pore size distribution. These results can in part be explained by the optimal amount of Ni
being added which was beneficial to produce uniform nanoparticles and carbon nanotubes leading
to the increase of the surface area and defect concentration. Such microstructures can in fact favor
the contact between catalytic sites and reactants leading to improved mass transport.

The surface chemical composition of these samples was characterized by XPS. Figure 3¢
shows the full energy spectra of the NixCo3@N-CN, demonstrating the presence of Co, Ni, N and
C elements. The high-resolution spectrum of Co for NixCo3;@N-CN involved two main peaks (Co°
and Co?") and two satellite peaks (Figure 3d). The detected Co?>" was attributed to the oxidization
of Co when exposed to the air. Fitting of the N 1s spectra (Figure 3e) revealed that the N doping
mainly occurred in three types: pyridinic N (398.5 eV), pyrrolic N (399.6 eV) and graphitic N (402.5
eV). Notably, Ni;Co3;@N-CN contained the highest amount of pyridinic N (5.62 atomic% in overall

elements). This result indicates that the moderate Ni addition (1/3 ratio) was conducive to fixate the
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nitrogen and form pyridinic N, which can greatly improve the electronic conductivity of the
Ni;Cos@N-CN and is expected to further enhance the catalytic activity of Ni;Co3@N-CN.

With the promising structural features of the samples discussed above, the performance of
NixCo3@N-CN as electrocatalysts toward OER/ORR was systematically tested and analyzed. The
OER activity was first recorded by LSV curves with a traditional three-electrode cell in a 1.0 M
KOH solution at a scan rate of 5 mV/s (Figure 4a). The LSV curves showed that Ni;Co3;@N-CN
catalysts were able to achieve the lowest OER onset potential of 1.52 V (V vs RHE) compared to
that of NigCos@N-CN (1.90 V), NiiCoos@N-CN (1.63 V), Ni2Cos@N-CN (1.55 V) and
NizCo3@N-CN (1.57 V) at current density of 10 mA/cm? as shown in Figure 4b. According to
Volmer and Heyrovsky!l, the Tafel slope indicates the exchange of electrons and desorption of
OH- from active material surfaces. Therefore, the Tafel plots were fitted from the LSV curves to
study the catalytic OER kinetics. Figure 4c¢ depicted the Tafel slope for the Ni;Co3;@N-CN was 56
mV/dec, which was the smallest among the NixCo3@N-CN catalysts (169 mV/dec for NigCo3z@N-
CN, 106 mV/dec for NipsCo3@N-CN, 89 mV/dec for Ni,Co3@N-CN and 82 mV/dec for
NizCo3@N-CN). This indicated that the reactions on Ni;jCo3@N-CN were accompanied by the
fastest OER kinetics. This catalytic performance was also compared with commercial RuO». The
results showed that the optimized Ni;Cosz@N-CN exhibited low potential and Tafel slope, which is
comparable to that of RuO; (Table S1). This OER performance of the Ni;Co3@N-CN observed here
has several advantages compared with other related catalytic materials (Tables S1). As the catalytic
activity is closely related with the electrochemical active surface area (ECSA), cyclic voltammetry
(CV) curves were recorded to investigate the double layer capacitance (Ca) for associated with the
ECSA (Figure S6). The calculated Cy value for Ni;Cos@N-CN was 10.87 mF/cm?, which was
higher than that for other NixCo3;@N-CN materials (Figure 4d). This revealed that the Ni;Coz@N-
CN possessed a higher surface area and thus more catalytic active sites. The long-term durability
was assessed through galvanostatic tests with repeated LSV curves. Figure 4e showed that
Ni;Co3@N-CN can maintain a stable potential after 35,000s. Further repeating 2,000 LSV tests, the
potential for Ni;Co3@N-CN only increased by a negligible value (Figure 4f), demonstrating the
excellent durability of NijCo3@N-CN.

The ORR property of NixCo3@N-CN was then investigated on a RDE in alkali media. The

ORR electrocatalytic activity was studied by CV curves compared under N> and O,. All the
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NixCo3@N-CN samples showed a well-defined cathodic peak between 0.8 and 0.9 V in an O»-
saturated solution, evidencing their ORR catalytic activity (Figure 5a and Figure S7). Comparing
the cathodic peak current density, it can be seen that that the Ni;Co3@N-CN exhibited the highest
current density, an indicator for higher ORR activity. The LSV curves were collected to further
analyze the ORR at the rotation speed of 1,600 RPM. As shown in Figure 5b and ¢, the Ni;Co3@N-
CN displayed a lower half-wave potential (E 12 = 0.71 V) than that of other NixCo;@N-CN
(NipCo3@N-CN: 0.85 V, NigsCos@N-CN: 0.82 V; Ni2Cos@N-CN: 0.79 V and NixCo;@N-CN:
0.80 V). The limiting current density for the NijCo;@N-CN was 4.2 mA/cm?, which greatly
exceeded its counterparts and approached that of the state-of-art 20 % Pt/C. In order to explore the
ORR electron-transfer mechanism, LSV curves with different rotation speeds from 400 to 2,400
RPM were collected (Figure 5d and Figure S8). The electron transfer numbers (n) were calculated
based on the Koutecky-Levich (K-L) equation from LSV curves. The specific n varied from 3.75,
3.86, 4.06, 3.98 to 3.82 for all the NixCosz@N-CN (Figure 5e and Figure S8). The n for Ni;Co3@N-
CN was close to that of the theoretical value of 4 for the oxygen reduction pathway for the ORR. In
addition, the limiting current densities increased with rotation speed simultaneously, suggesting the
diffusion controlled processes. All in all, the ORR properties of Ni;Cosz@N-CN have many
advantages compared with other related materials (Tables S1). The stability for ORR performance
was also recorded by current-time measurement (i-f). As shown in Figure 5f, the current retention
rate of Ni;Co3@N-CN can be as high as 86.6 % over a 25,000s test, indicating excellent ORR
durability.

Finally Ni;Co3;@N-CN was tested as catalyst for both the electrodes in a cell (for both OER
and ORR). The cell based on Ni;Co3@N-CN catalysts showed a wider potential window than that
of commercial Pt/C//RuO, (Figure S9). This outstanding result obtained with Ni;Co3@N-CN as a
bifunctional oxygen electrocatalyst can be attributed to the optimal Ni in bimetallic, which aided
high pyridinic N doping along with other microstructural features discussed above.

Conclusions

In this work, a synthesis route to obtain bifunctional oxygen electrocatalysts, namely Ni Coz@N-
CN, consisting of high amounts of pyridinic N-doped carbon nanotubes (N-CN) and cobalt nickel
(NixCo3) bimetallic nanocrystals with a metal-organic framework was developed. The optimal

amount of Ni in the Ni;Cos bimetallic nanoparticles was shown to be conducive to enhancing the
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doping of pyridinic nitrogen, a crucial factor for achieving high electrocatalytic activity. With an
optimal Co/Ni molar ratio of 3:1, the Ni;Co3@N-CN composites exhibited ultrafine nanocrystals
with a size of ~8 nm and pyridinic nitrogen content as high as 5.62 %. When tested as an OER
electrocatalyst, Ni;Co3@N-CN showed a decreased OER onset potential ~1.52 V at the current
density of 10 mA/cm? and improved kinetics (a lower Tafel slope of 56 mV/decade). In ORR tests,
Ni;Co3@N-CN electrocatalysts enabled a favorable half-wave potential of 0.85 V and a larger
limiting current density of 4.73 mA/cm?, both of which demonstrate not only superior oxygen
electrocatalytic performance compared to many similar catalysts but it is possible to achieve both
ORR and OER activities by using a single bifunctional oxygen electrocatalytic system. These results
can stimulate further research towards the development of low-cost and high performance
bifunctional electrocatalysts via metal organic frameworks. These results also implies that as

prepared NixCo3@N-CN composites can play a significant role in rechargeable metal-air batteries.

Supporting Information

SEM of NixCo3-MOF and NiCo3;@N-CN; EDS mappings and TEM images of Ni;Coz@N-CN;
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curves of obtained samples; and summary of the relative materials with OER and ORR

performances.
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Figure 1 Schematic illustration of the synthetic route to the bimetallic nanoparticles embedded in N-doping carbon

nanotubes derived from Ni-doped Co based metal-organic frameworks
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Figure 2 Scanning electron microscopic (SEM) images of (a) NiiCo3-MOF precursor and (b) NiiCo3@N-CN
prepared from carbonizing the precursor at 900°C; (c, d) Transmission electron microscopic (TEM) and (e) high

resolution TEM images (f) X ray diffraction (XRD) pattern for NiiCo3@N-CN
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Figure 3 (a) Raman spectra, (b) N2 adsorption-desorption isotherms and (c) X ray photoelectron spectroscopic
(XPS) survey spectra for NixCo3@N-CN obtained from different Ni/Co ratios, high resolution spectra of (d) Co 2p

for NijCos@N-CN and (e) N 1s for NixCo3@N-CN, respectively
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Figure 4 (a) Linear sweep voltammetry (LSV) curves, (b) comparison of the overpotential obtained a current density
of 10 mA/cm? and (c) the corresponding Tafel plots of NixCos@N-CN and RuOs catalyst (commercial) at 1M KOH
solution. Scan rate 10 mV/s; (d) The capacitive current as a function of different scan rates for the various sample;
(e) Long-term oxygen evolution reaction (OER) durability test of NiiCo3@N-CN; and (f) LSV curves comparison

of 1st and 2000™ cycling
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Figure 5 (a) Cyclic voltammetry (CV) curves comparison in N2 and Oz saturated 0.1M KOH solution and (b) Linear

sweep voltammetry (LSV) curves at different rotation rates for NiiCo3@N-CN; (c) Comparison of half-wave

potential (Ei12 ) for different catalysts; (d) LSV curves for NixCo3@N-CN and commercial Pt/C catalyst at an RDE

of 1600 r.p.m (Scan rate 10 mV/s); (e) The Koutecky-levich plots at different potentials; (f) Long-term ORR

durability test of the NiiCos@N-CN for 20000s
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