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Abstract: Co-N-C electrocatalysts have attracted great attention in electrocatalytic
ORR (oxygen reduction reaction) field. In this work, we propose to prepare CozN
nanoparticles embedded N-doped mesoporous carbon by a facile method including in
situ copolymerization and pyrolysis under NH3 atmosphere. The results show that

more N atoms can be doped in carbon framework by NHs pyrolysis, it is also found



that pyrolysis temperature and Co content can influence the ORR performance of
samples. The sample prepared by adding Co precursor and pyrolysis at 700 °C has high
N content (11.86 at. %) and relative large specific surface area (362 m? g1), and it also

exhibited superior electrocatalytic ORR performance in terms of Eonset (-0.038

V vs. SCE), E12 (-0.126 V vs. SCE) and large current density (5.22 mA cm2). Additionally,
the sample also shows better stability and resistance to methanol poisoning than Pt/C
catalyst. The synergistic effect of Co-N active centers and hierarchical porous
structures contribute the excellent electrocatalytic activity, which are considering as

alternative catalysts for ORR in full cells.

Keywords: Cobalt nitrides; Mesoporous carbon; Electrocatalysts; Oxygen reduction

reaction

1. Introduction

The energy crisis is becoming increasingly serious and continuously threatening
the survival environment. Thus, the development of appropriate and sustainable
energy is the most crucial task in current scientific research. Fuel cell, an efficient and
environmentally friendly energy conversion device, has shown great potential in

applications of domestic electricity or automobile power [1-3]. The oxygen reduction
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reaction (ORR) occurred in the cathode shows slow and complex reaction kinetics, and
it requires the efficient catalysts to lower the overpotential. The platinum (Pt)-based
catalysts have the excellent activity towards ORR, but Pt is expensive and its stability
decreases during the ORR, so that the commercialization of fuel cell has been seriously
restricted [4-7]. The research and development of low-cost and more effective ORR
electrocatalysts which can replace platinum-based catalysts is the crucial point for the
commercialization of fuel cell. Nowadays, more and more non-precious metal-based
materials have been developed for ORR applications, such as transition metal-N-C
materials [8-12], metal oxide-based materials [13, 14], metal sulfides-based materials
[15-17] and metal-free materials [18-20].

Among these non-precious metal based catalysts, the metal-N-C catalysts show
great potential for ORR since Jasinski et al. studied the ORR catalysis of the cobalt
phthalocyanine (CoPc) under alkaline conditions [21]. Gupta et al. later demonstrated
that the metal-based N-doped carbon materials obtained by the high-temperature
pyrolysis of metal macrocycles could improve ORR activity [22-24].

After these works, more and more M-N-C (M=Fe, Co, etc.) materials are investigated
to substitute the precious metal based catalysts towards ORR. These transition metal-
N-C catalysts show excellent activity, while the catalytic mechanism for the ORR has
not been understood clearly. Some studies demonstrated that the existence of the N
atoms in those M-N-C type catalysts could enhance the ORR performance because the
N groups could serve as the bridge for connecting the metal active sites and N atoms
[25-27]. For example, Fe-Nx moieties have been proved as the main active reaction

sites in Fe-based nitrogen-doped carbon materials [28]. The Co-N-C catalysts also
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show excellent ORR activity due to the Co-N moieties (Co-N3, Co-N4). Amiinu et al.
reported Co—N,/C nanorod array with superior electrocatalytic activity and stability
toward ORR compared to commercial Pt/C, and it has been proved that the improved
activity of Co-Nx/C nanorod is attributed to the synergistic effects of the Co-N moieties
[29]. Wang et al. prepared nitrogen-doped carbon nanotubes with the encapsulation
of Co nanoparticles (Co-N-CNTs) for ORR and OER application. Specifically, the
excellent ORR performance is also derived from those highly active Co-N-C moieties
[30]. Besides, the Co-N-C moieties are also effective for other reactions, such as the
selective oxidation of alkylaromatics [31]. Additionally, Co-based materials like CoO-
[32], Co30s- [33] and CoxSix-based [34] carbon supported catalysts also exhibit
outstanding ORR activity. Recently, a study indicated that the enhanced ORR
performance of the Co-N-C catalyst might be caused by the formation of some cobalt-
based species including cobalt oxides, cobalt carbides and metallic cobalt. It could be
speculated that there is a synergistic reaction between the Co-N moieties and cobalt-
based species [35]. Some Co-based catalysts even show better activity than
commercial Pt/C catalysts. Guo et al. synthesized the cost-effective Co-N,B-CSs
catalyst by soft template self-assembly pyrolysis method, and the DFT calculations
further demonstrated that the coupling of Co-Nx active sites with B atoms could
accelerate ORR kinetics [36]. Wu et al. prepared porous CoNy/C materials via pyrolysis
at high temperatures (Ar/N2) by using Co(NOs3), precursor and MWCNT (N source) [37].
The resulting catalyst showed enhanced ORR activity and stability due to the high-
speed electron transmission and high electroconductivity of graphitic carbon. Xia et al.

synthesized the Co/N-doped CNTs (NCNTs) composite via the direct pyrolysis (Ar/Ha,
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90%/10%) of a Co-based MOF (ZIF-67), which also shows excellent ORR activity [38].
Zhou et al. synthesized novel MOF-derived carbon nanotubes (Co/N-CNTs) with
mSiO;-coated ZIF-67 nanocrystal, and the catalyst showed excellent ORR activity and
stability [39]. Consequently, it is important how to design and synthesize efficient Co-
N-C catalyst, much work still need to be performed to understand the reaction
mechanisms for ORR in those catalysts.

In this work, we report a simple method to prepare cobalt nitride (CozN)
nanoparticles embedded N-doped mesoporous carbon framework for ORR. In our
strategy, the Co salt (Co(NOs)-6H20) is served as Co source and the Co?* could be
adsorbed by the copolymers of aniline and pyrrole (polymer spheres) due to the
charge interaction. On the other hand, the polymer spheres could be also served as
N source and C source during the synthesis. It has been proved that pyrolysis under
NHs atmosphere could increase the total N content in carbon framework, and make
more N atoms combining with Co dopants to form Co-N moieties (Co;N nanoparticles),
and thereby enhance the ORR activity [40]. The existence of CozN nanoparticles in
composites create more ORR active sites and speed up the adsorption/reaction of
oxygen. Additionally, mesoporous carbon structure is considered to benefit charge
transmission and mass diffusion during the whole period. For these unique properties,
the as-prepared Co-N-C (Coz:N-2-700@NC) catalysts show the superior ORR activity
comparable to commercial Pt/C, besides, the durability, tolerance to methanol
crossover, half-wave potential under the alkaline conditions are even better than

those of Pt/C catalysts.



2. Experimental
2.1 Materials and chemicals

Anhydrous ethanol (EtOH), ammonium persulfate (APS) [(NH4)2S20s, = 98%],
Triton X-100 [CeHa-(OCH,CH3)n0OH, n=9-10], cobalt (l) nitrate hexahydrate
[Co(NOs3)2:6H20, (2 99.9%)], pyrrole (= 99%) and aniline (= 99%) were purchased from
Sinopharm Co. Ltd., the commercial Pt/C catalyst (20 wt%) was purchased from
Johnson Matthey (UK), Nafion solution (5 wt%) were purchased from Sigma (China).
Milli-Q ultrapure water was used during the whole experimental process.
2.2 Synthesis of Co,N-x-T@NC electrocatalysts

The synthesis procedure of electrocatalysts is shown as follows. 0.40 ml aniline,
0.30 ml pyrrole, 0.06 g emulsifier (Triton X-100) and a certain amount of
Co(NQ3)2:6H,0 were dissolved in 60 ml deionized water, and this mixture was
maintained at 5 °C for 1 hour before copolymerization. Then the precooled APS
aqueous solution (0.05 g/ml) was added into the above solution for cationic
polymerization for 48 h (maintain at 5 °C) to obtain precursors. Subsequently, the
precursors were washed with DI water until the filtration became colorless, then
drying at 50 °C for 12 h. The obtained precursors were pyrolyzed under NH;
atmosphere at 600-800 °C for 2h (5 °C min!) to synthesize CooN-x-T@NC. Here, x
represents the amount of Co(NQOs3);:6H20 (x=1, 2 or 3 mmol) and T represents the

pyrolysis temperature (T=600, 700 or 800 °C). For comparison, precursors synthesized



without Co(NQO3);:6H,0 were pyrolyzed under N, atmosphere at 700 °C to obtain PCM-
700 electrocatalysts.
2.3 Characterization

XRD patterns of electrocatalysts were obtained by a D8 ADVANCE powder
diffractometer. SEM images of electrocatalysts were observed with a scanning
electron microscope (FEI Quanta 450), TEM images were obtained by a transmission
electron microscope (300 kV, Tecnai G2 F30). Raman Microscopy was used to obtain
Raman spectra. XPS spectra were obtained by an ESCALAB 250 spectrometer. Nitrogen
sorption isotherms were measured on Micromeritics Tristar Il 3020 at -196 °C for
calculating specific surface areas based on Brunauer—-Emmett—Teller (BET)
theory, while the pore size distribution was obtained based on
Barrett—Joyner—Halenda (BJH) model.
2.4 Electrode preparation and electrochemical measurements

The electrocatalytic performances were performed with a three-electrode
system in 0.1 M KOH electrolyte (Pine Co.). A saturated calomel electrode (SCE) was
served as the reference electrode and a Pt sheet (1x1 cm) was served as the counter
electrode. The polished modified glassy carbon (GC) electrode (RDE and RRDE) were
used as the working electrode (5 mm). For the preparation of ink, 5 mg of sample, 500
uL of deionized water, 500 plL of anhydrous ethanol and 20 plL of Nafion were mixed
by ultrasonic method for 1 h to form a uniform dispersion. After that, 20 uL of catalyst
ink was dropped onto the surface of GC electrode by a micro injector, then dried at

60 °C for several minutes. A Pt/C working electrode was prepared via the same method.



Specially, the electrolyte should be purged by oxygen or nitrogen for 30 min before
tests.

Before collecting results, the working electrode was activated in O;-saturated
electrolyte by CV measurement (0.1 to -1 V vs. SCE, speed: 100 mV s1). Linear sweep
voltammetry (LSV) measurements were performed (0.1 to -1 V vs. SCE, speed: 10 mV
s1, 400 to 1600 rpm). The current densities obtained from LSV tests were normalized
to the geometric surface area. The number of transferred electrons (n) could be

obtained using the Koutecky-Levich (K-L) equation (1) and (2):

2 ()

0.2nFCo,D0/ 3y 2)

where J represents the measured current density, Jk represents the kinetic current

density, represents the rotation speed (in rpm), n represents the number of

transferred electrons, F (Faraday constant) is equal to 96485 C mol?, Co; is the bulk

concentration of oxygen (1.2 x 10°® mol cm3), Do; is the diffusion coefficient of
dissolved oxygen (1.9 x 10 cm?s?), is equal to 0.01 cm?s2.

For the RRDE test, a glass carbon electrode (the disk was encircled by a Pt ring)
was employed. The RRDE tests were conducted by LSV measurement from 0.1to -1V
vs. SCE in Oz-saturated 0.1 M KOH (scan rate: 10 mV st) at 1600 rpm for collecting the
ring current and disk current (the ring potential: 0.2 V vs. SCE). The H,0; yields (%) and

the electron transfer number (n) can be calculated by using the equation (3) and

(4):
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in which Igrepresents the disk current, Ir represents the ring current, N = 0.37.
The durability and methanol tolerance performance of Co;N-2-700@NC and 20

wt% Pt/C were evaluated by chronoamperometric (CA) method at -0.6 V vs. SCE.

3. Results and discussion
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Figure 1. Scheme for the synthesis of Co;N-x-T@NC: (1) Copolymerization of Co?*-
Aniline-Pyrrole system; (2) Pyrolysis of the precursors under NH3 atmosphere at 600-

800 °C.

Figure 1 shows the synthesis process of CoaN-x-T@NC electrocatalysts. In step
(1), the aniline and pyrrole co-monomers were located in the different position of the

Triton X-100 micelles: the aniline molecules were located in the outsides (micelle-
water interface) due to its amphiphilic characteristic; the pyrrole molecules were
located in the interiors of micelles due to its hydrophobic characteristic. The
polymerization first occurred at outsides because the oxidant (APS) is hydrophilic.
Afterwards, the diffusion of the pyrrole monomers from interiors to outsides continue

to promote the reaction process, resulting in the formation of polymer spheres [41].



Meanwhile, Co%* ions were adsorbed by those copolymers under the charge
interaction [9]. The APS serves as the initiator for the copolymerization of aniline-
pyrrole-Co?* system, while the residual APS would be removed during the following
centrifugation and washing process. In step (2), the obtained precursors, polymer
spheres, were pyrolyzed under NH3 atmosphere at 600-800 °C. It has been proved that
pyrolysis of the carbon-based materials under NHs atmosphere could introduce more
nitrogen atoms into carbon substrate and increase the total nitrogen content. After
the pyrolysis process, polymer spheres could be converted to the broken mesoporous
carbon particles due to the high-temperature pyrolysis, meanwhile, a certain amount
of metal nitride (CozN) nanoparticles embedded in mesoporous carbon were formed

during the pyrolysis under NHs atmosphere.
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Figure 2. (A) XRD patterns of Co;N-2-T@NC (T=600, 700, 800); (B) Raman spectra of
Co2N-2-T (T=600, 700, 800) and PCM-700

The crystal structures of the Co,N-2-600@NC, Co;N-2-700@NC and
Co2N-2-800@NC were studied by XRD analysis in Figure 2A. The peak at 24.1 ° in the
XRD pattern of Co;N-2-600@NC indicates its amorphous structure. With the

temperature increased to 800 °C, it can be found that this peak of Co,N-2-800@NC
10



shifts positively to 26.2 °, which is in agreement with the (002) crystal face of graphitic
carbon structure. The peaks at about 44.5 ° could be assigned to the (021) crystal face
of CozN (JCPDS: No. 06-0647) [42]. Besides, it is clear that the intensities of the peaks
increased with the pyrolysis temperature increased. The peak intensity of Co2N-2-600
is the weakest, proving that the crystallization of Co,N-2-600 is lower than other two
samples, and it is known that high crystallization could enhance the catalytic ability of
nanocrystals. For comparison, the XRD patterns of samples synthesized with different
amount (1 mmol, 2 mmol and 3 mmol) of Co(NO3),-6H,0 and pyrolyzed at 700 °C were
shown in Figure S1. It can be found that the peak intensity of Co;N phase increases
with the increase of Co?* content. These XRD results indicate that all samples are

consisted of CozN nanoparticles and amorphous/graphitic carbon structures.

Raman spectra of CozN-2-600@NC, CozN-2-700@NC and CozN-2-800@NC are
shown in Figure 2B to investigate the differences of microstructure among these
samples. The peaks at 1350 cm™ (D band) are related to the defect in graphitic carbon
framework while the other peaks at 1571 cm™ (G band) represents the Eyg vibration of
carbon atoms. From the results of D bands in those Raman curves, it could be
speculated that there exists a certain amount of defects possibly caused by the
introduction of nitrogen atoms into carbon frameworks during the pyrolysis under NH3
atmosphere. The graphitic degree of samples could be evaluated by calculating the
intensity ratios (Ip/lg). The ratio for Co2N-2-600@NC, CozN-2-700@NC and CozN-2-
800@NC are 1.0161, 1.0072 and 1.0026, respectively. Combining the previous XRD

results, it is easily found that the graphitic degree of these samples increases with the
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pyrolysis temperature increases. Carbon structures with high graphitic degree are
beneficial for enhancing the electrocatalytic activity owing to the high electrical

conductivity.
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Figure 3. (A) The N sorption isotherms and (B) the corresponding BJH pore-size
distribution curves for Co;N-2-T@NC (T=600, 700, 800).

N, adsorption-desorption measurements were used to analyze the BET surface
area and pore texture of these samples. The distinct hysteresis loops (type 1V) could
be found in these isotherms of all three samples (Figure 3A), indicating the existence
of mesopores in Co2oN-2-T@NC (T=600, 700, 800). And the specific surface areas of the
CozN-2-600@NC, Co2N-2-700@NC and Co;N-2-800@NC are 247, 362 and 424 m?/g,
respectively. Figure 3B exhibits the pore size distributions of these three samples. The
narrow peaks at 3.8 nm and peaks at ca. 30 nm are observed in all three samples,
which may be attributed to the gas generation and the breaking of some polymer
spheres during the pyrolysis period. Small mesopores (3.8 nm) could lower the
transmission resistance of the reactants towards ORR, while large mesopores (~¥30 nm)
could store the electrolyte and accelerate the reaction rate. Thus, it can be speculated

that relative high BET surface area and hierarchical structure in these samples could
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produce more active sites and provide more reaction places, and thereby promote the

transmission rate of electrolyte, reactants, and products in ORR [43].

b} .‘.\a(ooz)=o.220nm

Figure 4. (A) SEM image, (B, C) TEM images and (D) HRTEM image of Co2N-2-700@NC.

Figure 4A shows the SEM image of Co2N-2-700@NC. Most of Co;N-2-700@NC
particles are spherical, but a small amount of broken fractal particles is also observed
due to the high temperature pyrolysis. These broken/spherical carbon particles could
offer the mesopores. Figure 4B confirmed that cobalt nitride nanoparticles (circled by
red line) were embedded in mesoporous carbon framework. As shown in Figure 4C-D,
the lattices fringes with distance of 0.22 nm agree well with the (002) plane of Co;N
[42]. These SEM and TEM results are in consistent with previous XRD patterns. SEM
and TEM images of PCM-700 electrocatalysts without the Co addition (Figure S2)
showed that the PCM-700 nanoparticles are almost spherical and the particle size

ranges from 70 to 100 nm. The addition of Co precursor influenced the

13



micromorphology of those final electrocatalysts slightly. On the other hand, little

differences in the morphology and particle size can be found for Co;N-2-600@NC, and

Co2N-2-800@NC electrocatalysts compared to CoaN-2-700@NC electrocatalysts

(Figure S3).
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Figure 5. (A) XPS spectra of CooN-x-T@NC and PCM-700; (B, C) High-resolution N 1s

and Co 2p XPS spectra of Co;N-2-700@NC, respectively; (D) Total N content and N

bonding configurations of Co;N-x-T@NC.

XPS measurements were conducted to investigate the element composition of

the surface and obtain some information about bonding configurations of CozN-x-

T@NC. The samples CoaN-x-T@NC show C 1s peaks (~284 eV), O 1s peaks

(~530 eV), N 1s peaks (~400 eV) and Co 2p peaks (~780 eV) in the XPS spectra (Figure

5A), and sample PCM-700 shows weak N 1s peak due to its low N content. The high
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resolution N 1s XPS spectrum of CozN-2-700@NC are divided into four peaks, and the
peaks appeared (Figure 5B) at 398.3, 401.2, 399.3 and 400.3 eV were ascribed to
pyridinic N, graphitic N, Co-N bond and pyrrolic N, respectively [44]. For Co 2p
spectrum in Figure 5C, two distinct peaks (green line) at about 780.8 and 796.0 eV are
corresponding with Co-N bond [42]. These results (N 1s and Co 2p spectrum) indicate
the existence of the Co-N structure in the synthesized Co2N-2-700@NC
electrocatalysts. The N 1s spectra of other as-prepared samples (Co;N-1-700@NC,
Co2N-3-700@NC, CozN-2-600@NC and Co;N-2-800@NC) are also compared and
displayed in Figure S4A-D. Obviously, the N bonding configurations and total N content
of those samples show some differences. It has been reported that graphitic N can
enlarge the current density and pyridinic N can make the Eonset more positive for ORR
[45]. In Co-N-C system electrocatalysts, the existence of Co-N bond also plays a critical
role in ORR electrocatalysis. The sample Co;N-2-600@NC has the highest total
nitrogen content but the low content of Co-N bond and graphitic N; the sample Co;N-
2-800@NC has relative high content of graphitic N, but the total nitrogen content is
the lowest among these samples, which would lower the ORR activity. The N bonding
configurations and total N content of other two samples (Co2N-1-700@NC and Co:zN-
3-700@NC) are close to the sample Co,N-2-700@NC. Moreover, the elemental atomic
ratios of those samples detected by XPS measurement are shown in Table S1. It is also
obvious that those samples contain a certain amount of N

(6.02-17.89%) and Co (0.456-1.172%), which proves the N-doping and CozN in

Co2N-x-T@NC electrocatalysts.
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Figure 6. (A) LSV curves of Co;N-2-T@NC (T= 600, 700, 800), Pt/C and PCM-700 in
O,-saturated 0.1 M KOH solution at 1600 rpm; (B) Tafel plots derived from Figure 6A;
(C) Comparisons of Eonset and E1/2 for PCM-700, Co;N-2-T@NC (T= 600, 700, 800) and
Pt/C; (D) Comparisons of current densities and Tafel slopes for CooN-2-T@NC (T= 600,
700, 800), Pt/C and PCM-700, respectively.

For the electrocatalysis tests, circle voltammetry (CV) measurements were
conducted via the RDE technique in Oz-saturated 0.1 M KOH electrolyte to study the
ORR activity. CV curves of Co;N-2-700@NC are shown in Figure S5, and an obvious
cathodic peak appeared under O;-saturated condition, however, no related peak could
be found under N;-saturated condition, such a result proves the effective ORR activity
for CoaN-2-700@NC. Figure S6A shows the CV curves of CoaN-2-600@NC and CozN-2-
800@NC. It is obviously found that the peak of Co2N-2-700@NC is more positive than

CozN-2-600@NC and Co;N-2-800@NC synthesized at other temperatures, because the
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increase of temperature could improve the BET surface area of samples effectively to
generate more active sites and promote the reaction rate, on the other hand, the
increase of temperature could improve the crystallinity of Co2N nanoparticles, thus
enhancing the ORR performance. However, it is known that the content of nitrogen
could decrease with the increase of temperature and the decrease of nitrogen content
could influence the ORR activity. In our work, it is noticed that Co2N-2-800@NC shows
lower ORR activity than Co,N-2-700@NC. Combined with the XRD and XPS results, it
can be seen that the crystallinity of these two samples are similar, but the total N
content and relative Co-N content of Co2N-2-800@NC is lower than CozN-2-700@NC,
so that the sample Co;N-2-700@NC should show the better ORR performance.

Additionally, it can be found in the Figure 5D that the bonding configurations of
nitrogen for those samples are different, the graphic-N content and Co-N typed N
content of CoaN-2-600@NC are less than CozN-2-700@NC. It has been proved that the
relative high content of graphic-N/pyridinic-N/Co-N could improve the ORR
performance. Besides, the crystallinity of Co.N-2-700@NC is higher than Co;N-2-
600@NC, the higher crystallinity of CooN nanoparticle could also enhance the ORR
activity. [46].

LSV curves of PCM-700, Co;N-2-T@NC (T= 600, 700, 800) and Pt/C and are
exhibited and compared in Figure 6A. The comparison of their onset potential (Eonset)
and half-wave potential (E1/2) are shown in Figure 6C. The Co2N-2-700@NC exhibits
the best performance (Figure 6C) with an Eonset Of -0.038 V vs. SCE and a E1/; of -0.126

V vs. SCE, which are similar to Pt/C (-0.016 and -0.141V vs. SCE). The Eonset and E1/2 of
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Co,N-2-700@NC are much more positive than those of CoaN-2-600@NC (-0.181 and -
0.284 V vs. SCE), Co2N-2-800@NC (-0.064 and -0.169 V vs. SCE) and PCM-700 (-0.248
and -0.382 V vs. SCE). Besides, Tafel plots derived from Figure 6A are also compared
in Figure 6B. Among these samples, the Tafel slope of Co2N-2-700@NC is the smallest
(52 mV), superior than Pt/C (56 mV), which suggests the excellent reaction dynamics
towards ORR. Figure 6D shows that the limiting current density of Co2N-2-700@NC
(5.22 mA-cm™) is smaller than that of Pt/C (5.51 mA-cm) slightly, but much larger
than that of PCM-700 (4.01 mA-cm™), Co,N-2-600@NC (4.41 mA-cm™) and Co;N-2-
800@NC (5.01 mA-cm2), confirming the synergistic effect of cobalt nitrides (CozN) and
mesoporous carbon. Figure S7A shows the effect of the Co content in electrocatalysts
on the ORR performance of Co;N-x-700@NC (x= 1, 2, 3). The LSV curves demonstrate
that suitable Co addition (2 mmol) result in the best ORR performance. Too many Co
addition (3 mmol) could lower the relative content of Co-N (CozN) bond and graphitic
N and increase the relative content of metal Co (the metal Co shows weaker catalytic
ability than Co-N active sites toward ORR) [47]. Furthermore, to study the influence of
NHs/N2 pyrolysis and Co/N doping in these Co-N-C electrocatalysts, the LSV curves of
sample PCM-700(NHs3) pyrolyzed in NHs atmosphere and CozN-2-700(N2)@NC
pyrolyzed in N; atmosphere were also investigated and compared in Figure S7B. Co;N-
2-700@NC pyrolyzed in NH3; atmosphere shows the best ORR performance (the most
positive Eonset and E1/2) among those three samples, so it is clear that the Co doping
and NHs pyrolysis could enhance the ORR activity in these Co-N-C samples. It can be

concluded that there are three key factors determining the electrocatalytic
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performance for Co;N-2-700@NC: (i) CozN as the main active sites: it has been proved
that Co-N species are main ORR active sites in Co-N-C system electrocatalysts. (ii)
Reasonable content of Co source and pyrolysis under NH3 atmosphere: pyrolysis in
NHsz atmosphere could introduce a certain amount of nitrogen atoms into the final
carbon framework, the high relative nitrogen content is also benefit for the formation
of Co-N moieties [48]. (iii) Graphitic-N and pyridinic-N configuration: the charge and
spin properties of carbon atoms could be tuned and adjusted by nitrogen-doping,
especially for graphitic-N and pyridinic-N, which can enhance the surface-adsorption
of reaction intermediates on carbon frameworks and lower the binding energy
between electrocatalysts and reactants, thus improving the ORR performance of N-
doping carbons. As shown in Table S2, Co;N-2-700@NC is also superior to many Co-N-

C electrocatalysts towards the ORR reported by other literatures.
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Figure 7. (A) LSV curves of CoaN-2-700@NC in Oz-saturated 0.1 M KOH electrolyte
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(400-1600 rpm); (B) K-L plots at different potentials; (C) RRDE voltammograms for
PCM-700, Co2N-2-700@NC and 20wt% Pt/C (1600 rpm, ring potential: 0.2 V vs. SCE);
(D) The calculated H;0; yield (%) and electron transferred number (n) from RRDE
results (-0.8 to -0.2 V vs. SCE).

To investigate the reaction dynamics of ORR, LSV curves of Co2N-2-700@NC in O»-
saturated 0.1 M KOH electrolyte at the rotation speed from 400 to 1600 rpm were
tested by the RDE (Figure 7A). Figure 7B shows the K-L plots (-0.5 to -0.65 V vs. SCE).
The numbers of transferred electrons (3.87-3.93) obtained by K-L plots for Co;N-2-
700@NC were close to that of Pt/C, indicating the direct 4e- ORR reaction pathway.
The RRDE measurements were used to detect the transfer electron number and H202
yields during the reaction period. As shown in Figure 7C, RRDE voltammograms for
PCM-700, Co;N-2-700@NC and Pt/C were given to calculate the number (n) of
transferred electrons and H,0; yields (%) for those samples (Figure 7D), CoaN-2-
700@NC shows n (3.79-3.93) and peroxide yields (2.68-10.41%) over the potential (-
0.2 to -0.8 V vs. SCE), consistent with the n values obtained from the Koutecky-Levich
plots. The numbers of transferred electrons and H;0; yields of Co,N-2-700@NC are
very close to Pt/C (3.94-3.98; H,0; yields: 3.11-3.82%), superior to those for PCM-700
(3.53-3.68; H,0; vyields: 13.91-20.47%), demonstrating the combination of cobalt

nitrides and nitrogen-doping via NH3 pyrolysis obviously improves the ORR activity.
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Figure 8. (A) Current—time chronoamperometric responses (CA) for Co;N-2-700@NC
and 20 wt% Pt/C at -0.6 V vs. SCE (1600 rpm); (B) CA measurements of CoaN-2-
700@NC and Pt/C with 3 M methanol added at 300s.

To study the ORR durability and methanol toleration of Co;N-2-700@NC and
Pt/C, chronoamperometric responses measurements were conducted in
O,-saturated electrolyte (1600 rpm) with the potential maintained at -0.6 V vs. SCE. As
shown in Figure 8A, Co2N-2-700@NC exhibits much better stability (95.9% remaining)
than Pt/C (83.1% remaining) after test. On the other hand, compared to the Co,N-2-
700@NC before ORR process (Figure 4), little difference can be observed from the SEM
and TEM images of the Co,N-2-700@NC after ORR process (Figure S8), also suggesting
the stability of the Co,N-2-700@NC toward ORR. As shown in Figure 8B, after the
injection of methanol (6 mL), the current density of Co.N-2-700@NC shows slight
variations but finally remain stable (95.2% remaining), conversely, the current density
of Pt/C decrease significantly (75.4% remaining) due to the CH3OH oxidation reaction
[49]. Based on those above results, CozN-2-700@NC shows more excellent durability

and methanol toleration than Pt/C catalysts.
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4. Conclusions

In this study, we successfully prepared cobalt nitride nanoparticles embedded N-
doped mesoporous carbon by introducing the Co sources into polymer spheres and
pyrolysis under NHs atmosphere at high temperature. The optimized Co;N-2-700@NC
electrocatalyst shows a direct 4e” reaction process and the Eonset and E1/2 are also close
to or even better than Pt/C catalyst. Additionally, CozN-2-700@NC electrocatalyst
exhibits preferable stability and better methanol toleration. The combination and
synergistic reaction of cobalt nitrides nanoparticles and N-doped mesoporous carbon
contribute those outstanding electrocatalytic performances. The formation of cobalt
nitrides and N-doping are benefit for providing more active sites in Co-N-C
electrocatalysts, while relatively high BET surface area and mesoporous structure
could expedite the process of mass diffusion and the transmission of
reactants/products/electrolyte. Therefore, the Co.N nanoparticles embedded N-

doped mesoporous carbon are promising as alternative catalysts in fuel cell fields.
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