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Developing highly efficient bifunctional oxygen electrocatalysts via cost-effective methods is of great sig-
nificance for energy storage and conversion systems but still full of challenges. In this work, a simple and
eco-friendly method which involves a sol-gel pretreatment on multiple precursors and subsequent pyr-
olysis is designed to synthesize Co nanoparticles embedded and nitrogen-doped porous carbon (Co@NC).
The sol-gel pretreatment ensures the high dispersion of all precursors, which is beneficial to the formation
of uniform and highly dense active sites. After pyrolysis, acid treatment removes the unencapsulated Co
nanoparticles on the surface to form porous structure and increase the mass activity. Benefiting from the
synthetic strategy, the porous CO@NC-850 with large surface area, high density of active sites (graphitic N,
pyridinic N and Co-Ny) exhibits comparable oxygen reduction performance (E;j> = 0.85 V vs. reversible
hydrogen electrode) to that of commercial Pt/C and better oxygen evolution activity (with an overpotential
of 350 mV at 10 mA cm™2) with respect to RuO,. The potential gap AE (between the oxygen evolution
potential at 10 mA cm™ and oxygen reduction E; 12) for Co@NC-850 is only 0.73 V. Compared with the state-
of-the-art bifunctional oxygen electrocatalysts, CoO@NC-850 shows obvious advantages in bifunctional ac-
tivity and durability. The results in the present work will shed light on the development of other carbo-
naceous materials as the bifunctional oxygen electrocatalysts for energy storage and electrochemical
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devices.
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1. Introduction

The excessive consumptions of fossil fuels have caused global
energy crisis and related environmental issues [1,2]. Thus the de-
velopment of renewable, clean and economic energy systems be-
comes more significance to replace the traditional energy sources.
Due to the high energy density and environmental friendliness, fuel
cells [3], water splitting electrolyzers [4,5] and metal-air batteries
[6,7] have recently attracted extensive attention in novel energy
devices. Oxygen reduction reaction (ORR) and oxygen evolution re-
action (OER) are the most important reactions in these devices.
However, the intrinsic multiple electron-transfer reaction steps
[8—10] typically resulted in sluggish reaction kinetics and limit the
large-scale applications. Pt- [11,12] and IrO,/RuO,-based |[13,14]
noble metal/metal oxide electrocatalysts have been widely used as
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the active electrodes for ORR and OER, respectively. However, the
high cost, scarcity, and poor durability hindered the large-scale ap-
plication of the noble-metal based electrocatalysts. Simultaneously,
Pt-based catalysts only show high efficiency for ORR. And IrO,/RuO,
based catalysts are only applicable for OER. Hence, economic, ef-
fective and stable bifunctional ORR/OER electrocatalysts without
precious metal are urgently needed for paving the applications of
oxygen reaction related energy systems.

Carbon-based materials have attracted extensive interest as
electrocatalysts due to their high conductivity, chemical stability and
cost-effectiveness [15—18]. Nevertheless, the pristine carbon struc-
tures typically show unsatisfied activity towards ORR and OER be-
cause of the electroneutral carbon atoms [19]. Hence, doping
heteroatoms (e.g., N, P, and S) with different electronegativities into
the carbon matrix has been widely designed to adjust the electronic
structure [20—23]. Specifically, the strong electron affinity of N in-
hibits the electron density of adjacent C-atoms, leading to positive
charge distribution on C-atoms (C"), thereby modifying the adsorp-
tions of O-involved reactants/intermediates and improving the ORR
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and OER activities [24,25]. Further incorporation of transition metals
(Fe, Co, Ni, etc.) for constructing transition metals and nitrogen co-
doped carbonaceous catalysts (M-N-C) has then been demonstrated
to exhibit more significant enhancement in the performance of the
oxygen electrocatalysis [26,27]. Among them, Co-N-C based elec-
trocatalysts have been extensively studied since Raymond firstly
reported the ability of cobalt phthalocyanine with a Co-N4 center to
catalyze ORR in 1964 [28]. Although various Co-N-C materials have
been constructed to improve the oxygen electrocatalysis perfor-
mance, the coupling between Co and N-doped carbon, and Co-N (or
Co-N-C) sites are consistently believed to play a crucial role in en-
hancing the ORR/OER activity. For example, for typical Co embedded
and N-doped Co-N-C materials, the electronic interactions between
the N-C shell and encapsulated Co-N/O moieties could optimize
oxygen adsorption behaviors and therefore enhance the ORR and
OER kinetics [29—31]. Besides, the coordination types of Co-N sites
are reported to have a great influence on the oxygen electrocatalysis.
Pyridinic-N-Co bond is demonstrated to be able to optimize the
adsorption of oxygen-containing intermediates (0*, OH*, 00*, OOH*)
to promote the reversible ORR/OER process [32]. Another example is
that the precise Co-N, coordination in a Co-C3N4/CNT electrocatalyst
is confirmed to be the intrinsic active center based on experimental
and DFT results [33]. However, tremendous efforts are already being
made, and more will need to further develop highly efficient Co-N-C
electrocatalysts for practical applications in the future.

The synthetic strategies for M-N-C materials generally involve the
pyrolysis from multiple precursors [34], metal-organic frameworks
derived route [35—38], hard/soft-template method [39,40] and direct
compositing transition metals with carbon nanotubes/graphene
[41,42]. Among them, using multiple precursors as the sources of
metal, N and carbon support is a simple, inexpensive, and versatile
approach. Nowadays, many studies continue to optimize the com-
positions of the precursors and pyrolysis conditions for constructing
highly effective M-N-C materials as oxygen electrocatalysts [43,44].
Herein, we combine a sol-gel method for multiple precursors pre-
treating with following pyrolysis to synthesize a Co-embedded and
N-doped porous carbonaceous material as the bifunctional electro-
catalyst for ORR and OER. The composition of the precursors including
cobalt acetate, citric acid and urea for preparing ORR-OER bifunctional
electrocatalyst has not been reported before. The citric acid with
abundant carbon atoms and powerful combining capacity to form
complexes is selected as the carbon source. The urea is used for in-situ
introducing N source through the reaction with citric acid. Besides,
the introduced N could chelate with Co ions and thus facilitate the
uniform dispersion of Co species. Therefore, the involved sol-gel
pretreatment benefits the high dispersion of all precursors, which
garners the advance in constructing catalysts with highly uniform and
dense active Co-N-C sites. After pyrolysis, an acid-washing step is
employed to remove unencapsulated Co nanoparticles to form porous
structure and increase the mass activity. Benefiting from the synthetic
strategy, the porous Co@NC-850 with large surface area, high density
of active sites (graphitic N, pyridinic N and Co-Ny) exhibits compar-
able ORR activity (Eq» = 0.85 V vs. reversible hydrogen electrode
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(RHE)) to that of commercial Pt/C and better OER activity (with an
overpotential of 350 mV at 10 mA cm™2) with respect to RuO,. In
addition, the Co@NC-850 delivers a small metric AE of only 0.73 V in
the evaluation of the ORR-OER bifunctionality, which is also com-
parable to that of the recently developed state-of-the-art bifunctional
oxygen electrocatalysts. This work provides a facile and effective way
to construct transition metals modified and heteroatom co-doped
catalysts, shedding lights on designing high-efficient electrocatalysts
for energy storage and related devices.

2. Experimental section
2.1. Chemicals

Cobalt acetate tetrahydrate (Co(CH3C00),.4H,0, 99.5%), citric
acid (HOOCCH2C(OH)(COOH)CH=COOH), urea (CO(NH,),), ethanol
(CH50H) and hydrochloric acid (HCl) were obtained from Shanghai
Chemical Reagents, China. Nafion was acquired from Sigma-Aldrich.
The commercial Pt/C catalyst is 20% by wt. of ~3 nm Pt nanoparticles
loading on Vulcan XC-72 carbon support. RuO, was supplied from
Aladdin Chemical Reagent Company (Shanghai, China). All of the
chemicals involved in the experiments were analytical grade and
used without further purification. Deionized water (18 MQ-cm) was
used throughout all the experiments.

2.2. Synthesis of CO@NC-T

The Co@NC-T (T = 650, 750, 850 and 950, notes the pyrolysis
temperature) materials were prepared through a simple sol-gel
pretreatment followed by pyrolysis approach. Firstly, citric acid
(5 mmol), urea (167 mmol) and cobalt acetate tetrahydrate (3 mmol)
were dissolved in a mixed solvent of distilled water and ethanol
(200 mL, v/v (HoO/ethanol) = 1:3). Secondly, the mixture was placed
in a water bath under continuous agitation at 80 °C until the for-
mation of a gel. Then the gel was dried at 110 °C for 8 h.
Subsequently, the resultant precursors were calcined at 350 °C for
4 h and then 650/750/850/950 °C for 5 h under Ar atmosphere with a
heating rate of 5 °C min™". Thirdly, the obtained black powders were
treated with HCl solution (6 M) for 24 h at 60 °C to remove the
redundant Co nanoparticles. Finally, the Co@NC-T materials were
obtained after washing with distilled water and drying at 60 °C for
10 h. In addition, reference samples synthesized by simply mixing
the raw materials in ethanol without the sol-gel pretreatment, and
then calcining the precursor under the same pyrolysis step were also
prepared and referred to as CoNC-850.

3. Results and discussion
3.1. Synthesis and structure of CoO@NC-T
The fabrication process of cobalt embedded and nitrogen-doped

carbon nanosheets (Co@NC-T, T = 650, 750, 850 and 950, notes the
pyrolysis temperature) is illustrated in Fig. 1. Typically, a sol-gel

Fig. 1. The schematic illustration for the preparation of the CoO@NC-T.
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precursor was first prepared by mixing citric acid, urea and cobalt
acetate in water and ethanol and keeping the mixture stirred at
80 °C. In this sol-gel pretreatment step, urea is firstly hydrolyzed into
NH3 and CO, upon the heating. Then, the NH; reacts with —COOH of
citric acid to form —COONH,4 which spontaneously transforms to
—CONHS,, in-situ introducing N into the carbon source (citric acid).
The formed —NH, could chelate with Co?* ions, facilitating the
uniform distribution of Co species in the precursor. As a result, based
on the citric acid molecules, C, N and Co elements are highly dis-
persed after the sol-gel pretreatment [45—47]. With abundant
functional groups containing polar (O and N) and H atoms, hydrogen
bonds like N—H—0, N—H—N and O—H—O probably form and the re-
actant molecules could cross into a 3D network structure which
becomes gel-like state (as shown by the photos in Fig. S1). The hy-
drogen bonds are responsibility for providing the certain mechanical
strength to the sol-gel precursor. After dried at 110 °C for 8 h, the
obtained pink powder was pyrolyzed at 350 °C for 4 h and T°C for 5 h
under Ar atmosphere. During the pyrolysis process, the organic
molecules further combine through the dehydration-condensation
reactions between —H and —OH/—NH, groups and then thermally
decompose and carbonize to carbon matrix. The pre-formed 3D
network can act as the template for the carbonized framework and
confine the Co nanoparticles in the Co@NC-T. The coordination be-
tween Co and N ensures the in-situ formation of high-density Co-Ny
sites in the pyrolysis step. Subsequently, the black powder was
treated with HCI to dissolve the surface unencapsulated Co particles,
remaining Co nanoparticles embedded in nitrogen-doped porous
carbon nanosheets. Reference samples (denoted as CONC-850) were
also prepared through the similar synthetic procedure without the
sol-gel pretreatment step.

The morphology and structure of Co@NC-T were observed by
scanning electron microscopy (SEM) and transmission electron mi-
croscopy (TEM). As shown in Figs. 2a, b and S2a—c, the SEM images
of Co@NC-T present similar 2D sheet structures with numerous
crumples and pores, which are beneficial for exposing more active
sites [48]. The TEM images in Figs. 2¢, d and S2d—f clearly exhibit the
difference in the structures of the CO@NC-T. The TEM images of Co@
NC-650, 750 and 850 (Figs. 2d and S2d, e) show that as the pyrolysis
temperature increases, the size of the cobalt nanoparticles also in-
creases gradually from about 32—38 nm (Fig. S3a—c). Especially
when the temperature was set up to 950 °C, the size of cobalt na-
noparticles obviously increased to ~57.8 nm (Figs. S2f and S3d). This
is mainly due to the fact that Co atoms are more likely to migrate to
the surface at high temperatures and aggregate into large cobalt
particles, then rendering the metallic particles easier to be exposed
and removed by acid washing [49,50]. Thus, for the distribution
density of the metal nanoparticles, higher pyrolysis temperature
leads to lower density, which is consistent with the Co contents from
the results of inductively coupled plasma mass spectrometry (ICP-
MS, Table S1). When the calcination temperature increases from
650° to 950°C, the cobalt content decreases from 23.01 to 3.15 wt%.
To further determine the structural information of the Co@NC-T,
high-resolution TEM (HRTEM) characterization of Co@NC-850 as a
typical sample was further performed. As shown in Fig. 2e, crystal-
line nanoparticles with dark contract are embedded in the low-
contract background. The inner lattice fringes with a d-spacing of
0.203 nm belong to the (111) plane of face-centered cubic (fcc) phase
Co, and the surrounding wavy lattice fringes with a d-spacing of
0.34nm correspond to the (002) plane of graphitic carbon [51,52].
The HRTEM results clearly confirm that the Co nanoparticles are
tightly encapsulated by carbon layers due to the catalytic action of
Co towards carbon graphitization. The carbon layers are expected to
protect the Co nanoparticles from etching during oxygen electro-
catalysis, contributing to the stability of catalysts in ORR and OER
[51,53,54]. Furthermore, Fig. 2f shows the high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM)
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image and the energy dispersive X-ray spectroscopy (EDS) mapping
image of the Co@NC-850. The presence of bright particles in Fig. 2f
indicates that tiny Co nanoparticles are evenly distributed on the
graphitized porous carbon. At the same time, N element is observed
to disperse homogeneously throughout the Co@NC-850.

XRD measurement was conducted to explore the crystal struc-
tures of CO@NC-T. In Fig. 3a, the diffraction peaks at 26 = 44.2°, 51.6°,
and 75.8° are assigned to the (111), (200) and (220) planes of fcc Co
in the Co@NC-T, respectively, which is in good agreement with JCPDS
card 15-0806. There is a broad diffraction peak at 20~ 26.1°, corre-
sponding to the (002) plane of graphite carbon. It is clearly observed
that the peak intensity of graphite carbon (002) becomes stronger
and narrower as the pyrolysis temperature increasing from 650 °C to
950 °C. This indicates that higher pyrolysis temperature leads to
more ordered graphite structure, which contributes to improving the
conductivity of the catalysts. The graphitization degree of the carbon
matrixes was further verified by Raman spectra (Fig. 3b). The D-band
at 1354cm™! is ascribed to the introduced defects in the graphene
framework, and the G-band at 1591 cm™ represents the sp? graphite
carbon. The ratios of their band intensities (Ip/Ig) decrease from 1.05
to 0.60 as the pyrolysis temperature increasing from 650°C to
950 °C, which reveals a higher graphitization degree at higher pyr-
olysis temperature. This is consistent with the XRD patterns. In
general, a high graphitization degree is beneficial to increase the
conductivity and enhance electron transfer of an electrocatalyst,
while defect sites can tune the electronic and surface properties of
carbonaceous materials and optimize the free energies of different
electrochemical catalysis steps [52,54]. However, the graphitization
degree generally trades off the number of defect sites. A balance
between these two factors is highly desirable for optimizing the
catalytic activity. The specific surface areas and pore structures of
the catalysts were characterized by N, adsorption/desorption mea-
surements. Fig. 3c shows the type IV isotherm curves and distinct
type-H4 hysteresis loops (P/Pp> 0.45), indicating the existence of
mesopores generated by crumple structure. The pore-size distribu-
tion plot (Fig. 3d) confirms that the pore sizes are located at 3—6,
10—12, 12—14 and 16—18 nm, showing a hierarchical mesoporous
structure [55]. Notably, according to Brunauer-Emmett-Teller (BET)
calculation, Co@NC-850 exhibits the highest specific surface area
(363.7m?/g) and pore volume (0.608 cm?/g) as shown in Table S2.
The hierarchical mesoporous structure along with a large specific
surface area is in favor of exposing active sites and facilitating the
mass transport during the catalytic process. The thermal stability of
the synthesized catalysts is important for practical applications.
Thermogravimetric analysis (TGA) of the CoO@NC-850 was measured
in Ar from room temperature to 900 °C with a heating rate of 5°C
min~l. As depicted in Fig. S4, the residual Mass% of Co@NC-850 is
~93.36 when the temperature reaches around 900 °C, demonstrating
the robust stability under high temperature.

The surface compositions and chemical states of the Co@NC-T
were explored through X-ray photoelectron spectroscopy (XPS)
measurement. The survey XPS spectra (Fig. 4a) confirm the coex-
istence of C, N, Co, and O elements in the CO@NC-T. The appearance
of O signals is probably due to the physical adsorption of oxygen
species and partial oxidation of the surface materials exposed to the
air [24,25,56]. The high-resolution C 1s spectra in Fig. 4b can be
devided into four peaks located at about 284.7, 285.2, 286.7 and
289.1eV, corresponding to C—C, C—N, (=0 and O=C—O species
(Table S3), respectively [9,44,53,57|. The presence of C—N part in-
dicates that N is successfully doped into the carbon skeleton. As for
the high-resolution Co 2p XPS spectra, Fig. 4c and Table S3 reveals
the presence of Co® (~779.1eV), Co®* (Co 2ps3; ~781.4 eV, Co 2p;p,
~796.8 eV), Co>* (Co 2ps; ~780.2 eV, Co 2p;;; ~795.0eV) and sha-
keup satellite [9,43,58—61]. The presence of Co?* and Co>* is mostly
attributed to the formation of Co-Ny species, since Co interacts
strongly with N at high temperatures [24,25,56]. The Co-N bond has
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Fig. 2. (a and b) SEM, (c and d) TEM and (e) HRTEM images of the as-prepared Co@NC-850. (f) HAADF-STEM image and the corresponding elemental mapping of Co@NC-850.

been reported to be a highly effective active site for catalyzing the
OER and ORR [43,52,58]. Partial surface oxidation of Co nano-
particles probably also makes a contribution to the Co?* and Co>*
signals, because Co can be easily oxidized in the air [24,25]. As dis-
played in Fig. 4d, the N 1s of CoO@NC-T samples can be classified into
five types of N (Table S3), including pyridinic N (~398.5 eV), Co-Ny
(~399.2 eV), pyrrolic N (~400.2 eV), graphitic N (~401.3 eV) and oxi-
dized N (~404.4 eV), respectively [25,44,62,63]. Up to now, the au-
thentic role of different types of N is still a controversial debate,
which is ponderable but difficult to achieve. One of the conclusive
consequences to be accepted is that Co-Ny, pyridinic N and graphite
N play key roles in promoting ORR and OER [44,58,64]. As shown in
Fig. S5a and Table S4, the relative content of potential nitrogen active
species (Co-Ny, pyridinic N and graphitic N) for Co@NC-850 is about
92.80%, which is much higher than those of Co@NC-650 (66.20%),
Co@NC-750 (84.22%) and Co@NC-950 (86.66%). Moreover, according
to the elemental analysis (Table S1), Co@NC-850 possesses the
highest absolute content of Co-Ny (0.93 wt%) among the Co@NC-T
(Fig. S5b and Table S4). Obviously, it is found that Co-Ny, pyridinic N
and graphite N occupy the dominant proportion in Co@NC-850,
which is expected to make the main contribution to the excellent
performance.

All the above results reveal the advantages of the sol-gel pre-
treatment in forming Co and N co-incorporated carbon matrix with
2D sheet-like structure, uniform distribution of Co nanoparticles,
large specific surface area and high-density active sites. To further
confirm the advantages, the structural change of CoNC-850 which
was prepared without of the sol-gel pretreatment step is also
identified. Fig. S6a, b shows the SEM and TEM images of the CoNC-
850. Compared with the Co@NC-850, the carbon matrix in CONC-850
displays irregular shapes and agglomeration. Besides, the distribu-
tion of Co nanoparticles in CoNC-850 is less uniform than that in
Co@NC-850. According to the histogram in Figs. S6¢ and S3c, the size
of Co nanoparticles in CoO@NC-850 varies from 33 to 38 nm (with an
average value of 35.9 nm), while the size distribution of Co nano-
particles in the CoNC-850 (from 10 to 150 nm with an average value
of 48.1 nm) is much wider. N, adsorption/desorption measurement
on the CoNC-850 was also conducted. As shown in Fig. S6d, the
CoNC-850 also exhibits the type IV isotherm curve and distinct type-
H4 hysteresis loop. However, the specific surface area of the CoNC-
850 according to BET calculation (194.2m?/g, Table S2) is much
lower than that of Co@NC-850 (363.7 m?/g). As for the XPS, the
CoNC-850 displays similar Co and N species with those of the Co@
NC-850 as shown in Fig. S6e, f and Table S3. But the CoNC-850
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Fig. 3. (a) XRD patterns, (b) Raman spectra, (c) N, adsorption-desorption isotherm curves, and (d) pore size distribution of Co@NC-T (T =650, 750, 850 and 950).

presents a lower ratio of the electrocatalytically active N species
(Table S4), i.e. the sum of Pyri-N, Grap-N and Co-N (72.32%), than
that of Co@NC-850 (92.80%). Therefore, the sol-gel pretreatment
step plays a crucial role in constructing the Co@NC-850 with desir-
able structural features.

3.2. ORR performance of CoO@NC-T

The electrocatalytic performance of the Co@NC-T (T=650, 750,
850 and 950) towards ORR was first investigated through cyclic
voltammetry (CV) measurement conducted in O,/N, saturated 0.1 M
KOH electrolyte. An Ag/AgCl electrode was used as the reference
electrode, and all the measured potentials are converted to RHE
based on calibration shown in the Supporting Information [65,66].
The CV curves (Fig. 5a) show that each Co@NC-T exhibits a pro-
nounced reduction peak in O,-saturated KOH but no redox feature
was observed in Ny-saturated electrolyte, implying the intrinsic ORR
activity of the Co@NC-T. Specifically, the Co@NC-850 shows a re-
duction peak located at about 0.80V (vs. RHE, the following poten-
tials are all referred to RHE without specific notes), which is more
positive than 0.76, 0.79 and 0.77 V of Co@NC-650, 750 and 950, re-
spectively. Note that the 0.80V of Co@NC-850 is comparable to
0.80V of commercial benchmark Pt/C. The result implies the su-
perior ORR activity of the Co@NC-850. As shown in Fig. 5b, the su-
perior ORR activity of the Co@NC-850 is further confirmed by the
linear sweep voltammetry (LSV) polarization curves. The Co@NC-
850 exhibits the most positive onset and half-wave potentials
(0.95V, Eip =0.85V) with respect to the CoNC-850 (0.87V,
E1/2=0.75V), Co@NC-650 (0.91V, E12 =0.82 V), CO@NC-750 (0.94 V,

E;/2=0.83V), CoO@NC-950 (0.94V, E;/=0.82V) and even Pt/C (0.94V,
E12=0.83V), which is also better than most reported Co-based car-
bonaceous ORR electrocatalysts (Table S5). Additionally, the diffusion-
limited current density (Jg, at 0.2 V) of CoO@NC-850 is determined to be
5.31 mA cm ™2, which is higher than the 4.53 mA cm™ for CO@NC-650,
4.65 mA cm™ for Co@NC-750 and 4.70 mA cm™ for Co@NC-950. The
result suggests that Co@NC-850 delivers an improved mass transport
during the ORR process [9]. Tafel slopes (Fig. S7) of the plots derived
from polarization curves were calculated to analyze the ORR kinetics.
Co@NC-850 exhibits the smallest Tafel slope of 57 mVdec™, in-
dicating a preferable ORR kinetics with the first electron transfer re-
action as the rate-determining step [67]. The turnover frequencies
(TOF) were calculated to compare the intrinsic activity of CoO@NC-T
electrodes for ORR [66,68]. As shown in Fig. S8, the CoO@NC-850 ex-
hibits a high TOF of 0.011 s™! (0.8 V vs. RHE) for ORR, which is higher
than that of CoO@NC-650 (0.002s™"), Co@NC-950 (0.004s™!) and Co@
NC-950 (0.010s™"), suggesting a faster ORR kinetics.

The electron transfer number per oxygen molecule (n) and ki-
netic limiting current density (Jk) of the ORR process for the Co@NC-
T were studied. The polarization curves (Fig. 5¢) were recorded at
400—2500 rpm according to Koutechy-Levich (K-L) equation. The K-L
plots (the inset in Fig. 5¢) exhibit good linearity between the current
density and the rotation speed, indicating a first-order reaction Kki-
netics relative to the concentration of dissolved oxygen. Meanwhile,
the consistent slopes indicate the similar electron transfer me-
chanisms for ORR at the various redox potentials [24,69]. In the
potential range of 0.3—0.6 V, the electron transfer number of CO@NC-
850 is determined to be n=3.96 and much higher than those of Co@
NC-650 (3.64, Fig. S9a, b), Co@NC-750 (3.52, Fig. S9¢, d) and Co@NC-
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Fig. 4. (a) XPS survey spectra and high resolution XPS of (b) C 1s (c) Co 2p and (d) N 1s of Co@NC-T (T =650, 750, 850 and 950).

950 (3.43, Fig. S9e, f). The results confirm that the surface of CoO@NC-
850 goes through a four-electron transfer ORR process with OH™ as
the final product in alkaline electrolyte. In contrast, other Co@NC
counterparts proceed with mixed two- and four-electron reactions
pathway. This conclusion is further confirmed by the results of the
rotating ring-disk electrode (RRDE) test. Based on RRDE data
(Fig. 5d), the electron transfer number of CO@NC-850 is calculated to
be 3.99 with an extremely low H,0, yield of around 0.65%. The Co@
NC-650, 750 and 950 again give lower electron transfer numbers and
higher H,0, yields as summarized in Figs. S10 and S1la. With a
desirable four-electron transfer pathway, the Co@NC-850 shows a
high Jx (at 0.80V, based on geometric area) of 39.28 mA cm™2, cor-
responding to 1.5, 1.55 and 3.22 times higher than the values of Co@
NC-650, 750 and 950, respectively, and even 3.17-fold of the com-
mercial Pt/C (Fig. S11b). The comparison of the half-wave potential
(E1)2) and Jx among Co@NC-T and Pt/C in Fig. S11b confirms the
superior ORR performance of CoO@NC-850.

The superior electrocatalytic activity of Co@NC-850 should be
ascribed to its special chemical composition and structural feature.
For metal/nitrogen co-incorporated carbonaceous (M-N-C) electro-
catalysts, although the discussion on the role of N-related species
has not been unanimous, graphitic N, pyridinic N and M-Ny sites
have been intensively considered as the active centers for ORR
[44,58,64]. In our case, the highest sum of the relative contents of
graphitic N, pyridinic N and Co-N, for the Co@NC-850 (Fig. S5b and
Table S4) is primarily believed to be reasonable to the observed
improved ORR activity. In addition, M-Ny has been reported to be a
crucial active site for facilitating both the adsorption of O, molecule
and the subsequent breaking of O=0 bond [62,70]. According to the
elemental analysis and N 1s XPS spectra (Tables S1, 4), the Co@NC-
850 also possesses the highest Co-Ny content of 0.93 wt% with re-
spect to 0.42, 0.69 and 0.11 wt% for Co@NC-650, 750 and 950,

respectively. With a high content of active sites, the largest surface
area (as shown in Table S2) of Co@NC-850 further ensures the ex-
posure of reactive centers, which is verified by the comparison on
the electrochemically active surface area (ECSA) of the Co@NC-T. The
ECSA is typically represented by the electrochemical double-layer
capacitance (Cq;) by testing CV curves at different scan rates (Fig.
S12). As shown in Fig. S13, the Cyq of Co@NC-850 is 10 mF cm2,
higher than those of Co@NC-650 (8.5mFcm™), Co@NC-750
(9.3mFcm™) and Co@NC-950 (8.45 mF cm™2), suggesting the effi-
cient exposure of active sites on the Co@NC-850 catalyst for ORR.
The Nyquist plots and equivalent circuit models of the samples for
ORR are shown in Fig. S14a. The charge-transfer resistances (R.;) and
solution resistances (R;) of the samples for ORR and OER are calcu-
lated according to the models and compared in Table S6. The Co@
NC-850 shows the lowest R value for the ORR (33.26 Q), revealing
the fast electron transfer and kinetic behavior on Co@NC-850. The
corresponding Bode plots of the electrodes are displayed in Fig. S14b,
c. The low peak phase angle (Fig. S14b) and drastic drop in the im-
pedance magnitude (Fig. S14c) of the Co@NC-850 further confirm
the favorable ORR on the surface of Co@NC-850.

The durability of Co@NC-850 and Pt/C catalysts was evaluated by
current-time (i—t) chronoamperometric method at 0.6V in O,-sa-
turated 0.1 M KOH solution. As depicted in Fig. 5e, the Co@NC-850
maintains 94.6% of its initial current after a continuous operation
with 25 h, while the commercial Pt/C can only retain 67.2% of its
initial current value, indicating the considerable stability of the Co@
NC-850. This is most likely attributed to the protection effect of the
graphitic carbon layer surrounding the Co nanoparticles on in-
hibiting the corrosion of active sites. Meanwhile, the stability of Co@
NC-850 is further indicated by the LSV curves before and after CV
scan for 5000 cycles at 1600 rpm. A negligible catalytic degradation
(6 mV) can be observed for Co@NC-850 (Fig. S15a). In contrast, an
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Fig. 5. (a) CV curves of Co@NC-T (T =650, 750, 850 and 950) and Pt/C catalysts in Np-saturated (dotted lines) and O,-saturated (solid lines) 0.1 M KOH. (b) LSV curves of CONC-850,
Co@NC-T (T =650, 750, 850 and 950) and Pt/C in O,-saturated 0.1 M KOH with electrode rotating rate of 1600 rpm. (c) LSV curves at various electrode rotating rates (inset shows
the corresponding Koutecky-Levich (K-L) plots at different electrode potentials, N = 3.96). (d) RRDE measurements of Co@NC-850 (inset shows the corresponding H,0; yield and
electron transfer number N). (e) Long-term ORR operation stability of CoO@NC-850% and 20% Pt/C at 0.6 V (vs. RHE) in O,-saturated 0.1 M KOH solution. (f) Current-time (i-t) curves

for Co@NC-850% and 20% Pt/C without and with 0.5 M methanol.

apparent shift of 15 mV is observed for Pt/C (Fig. S15b). Furthermore,
the structural stability of Co@NC-850 after ORR stability test was
also investigated through SEM and TEM measurements. As shown in
Fig. S16, the morphology of Co@NC-850 is maintained after the
stability test, and the Co nanoparticles are still firmly anchored on
the carbon matrix. It is well known that as for practical ORR appli-
cation, the resistance ability of a catalyst to methanol cross-effect is
very important. By analyzing the chronoamperometric curves with/
without the addition of methanol, we carefully detected the me-
thanol resistance of CoO@NC-850. When 0.5 M methanol was injected
into the KOH electrolyte, CO@NC-850 possesses an excellent me-
thanol tolerance as confirmed by the negligible change in the

chronoamperometric curve (Fig. 5f). In contrast, the commercial Pt/C
shows a sharply decayed current density in the chronoamperometric
curve. Meanwhile, the CV curve of Co@NC-850 after dropping 0.5 M
methanol into the electrolyte is basically consistent with the initial
CV curve (Fig. S17).

3.3. OER performance of CoO@NC-T

The OER activities of the Co@NC-T were also evaluated in O,-
saturated 1 M KOH solution. As depicted in Fig. 6a, the CoO@NC-850
reaches a current density of 10mAcm™ at a potential (Ej-10) of
1.55V, which is much lower than those of CoNC-850 (1.69 V), Co@
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Fig. 6. (a) LSV polarization curves and (b) the corresponding Tafel plots of CONC-850, Co@NC-T (T =650, 750, 850 and 950) and RuO,. (c) Long-term OER operation stability of Co@
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NC-650 (1.67 V), Co@NC-750 (1.58 V), Co@NC-950 (1.64 V) and even
the benchmark RuO, (1.56V). Meanwhile, the Co@NC-850 also
shows the smallest Tafel slope (46 mV dec™!) as compared to those of
CoNC-850 (55mVdec™!), Co®NC-650 (59mVdec'), Co@NC-750
(55 mVdec™), CO@NC-950 (52mV dec!) and RuO, (51 mVdec™)
(Fig. 6b), suggesting the favorable OER kinetics of the Co@NC-850.
The OER measurement on a glass carbon electrode (GCE) was also
conducted and shown in Fig. S18. The overpotential of Co@NC-850 at
the current density of 10mA cm™ on the GCE in 1M KOH is 1.56 V,
and the corresponding Tafel slope is 48 mV dec™!. The slightly in-
ferior performance on GCE with respect to that on carbon paper is
probably due to the limited loading amount of catalysts and mass
transport on GCE. The TOF values of Co@NC-650, 750, 850 and 950
for OER are determined to be ~0.0004, 0.0036, 0.0084 and 0.0070s™!
at 1.55V (vs. RHE), respectively (Fig. S19). Based on the turnover
frequencies calculation, the Co@NC-850 is confirmed to possess
superior bifunctional activity towards oxygen electrocatalysis. As
shown in Fig. S20a and Table S7, compared with all the investigated
samples (including commercial RuO,), the Co@NC-850 shows the
lowest charge-transfer resistance (R, 2.41 Q). The low peak phase
angle (Fig. S20b) and drastic drop in the impedance magnitude (Fig.
S20c) of the Co@NC-850 further indicate that the Co@NC-850 pre-
sents the fastest charge transfer and requires the lowest activation
energy for the OER. The OER stability of CoO@NC-850 was evaluated
by current-time (i—t) chronoamperometric method in 1M KOH
aqueous solution at 1.55 V. Fig. 6¢ displays that the current density of
Co@NC-850 can still maintain 98% after continuous operation for
48 h. These results clearly demonstrate that the Co@NC-850 pos-
sesses outstanding OER activity and stability. The XRD and XPS of

Co@NC-850 after the chronoamperometric test were examined to
confirm the stability. Fig. S21a shows the XRD pattern of the Co@NC-
850 corresponding to metallic Co (JCPDS No. 15-0806) after the
chronoamperometric test of OER, which indicates that N-doped
carbon shell can protect the presence of the embedded cobalt na-
noparticles. After the chronoamperometric test of OER, XPS analysis
was conducted to check the Co valence state in Co@NC-850. As
shown in Fig. S21b, the relative content of Co® decreases, while the
contents of Co?* and Co" in the Co 2ps; region increase. Notably,
the ratio of Co>" is more than that of Co?*, revealing that partial Co is
oxidized to high-valence Co species at a higher potential during the
OER process, probably Co (hydroxyl)oxides according to previous
reports [25,71]. The oxidized high-valence Co species have been
demonstrated to play an important role in promoting the OER per-
formance.

Typically, the bifunctional activity of an oxygen electrocatalyst is
evaluated by the potential gap (AE) between OER and ORR metrics
(AE =Ej_10-E1)2). Normally, the higher activity of bifunctional elec-
trocatalyst is consistent with the smaller potential gap. Fig. 6d shows
the overall polarization curves of the Co@NC-T, Pt/C and RuO, for
both OER and ORR in the potential window from 0.3 to 1.8V in O,-
saturated 0.1 M KOH. For Co@NC-850, the AE is determined to be
0.73V, obviously smaller than those of other Co@NC-T (0.90, 0.82,
and 0.85V for Co@NC-650, 750 and 950). Besides, the potential gap
of Co@NC-850 is also smaller compared with the AE (~0.92 and >
0.98 V) of commercial RuO, and Pt/C, and most bifunctional non-
precious-metal based carbonaceous oxygen electrocatalysts devel-
oped so far (Table S5). The comparison of the potential gap verifies
the superior bifunctional activity of Co@NC-850.
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4. Conclusions

In summary, we have developed an effective bifunctional oxygen
electrocatalyst by constructing Co nanoparticles embedded ni-
trogen-doped porous carbon materials via a sol-gel route combined
with pyrolysis method. Benefiting from the high content of active
sites (graphitic N, pyridinic N and Co-Ny), large specific surface area
and carbon-coating layer, the CoO@NC-850 exhibits excellent activity
and stability toward both ORR and OER. In 0.1 M KOH, the Co@NC-
850 shows comparable ORR activity (E;, =0.85V vs. RHE) to that of
commercial Pt/C and better OER activity (with an overpotential of
350mV at 10 mA cm™2) with respect to RuO,. Besides, the Co@NC-
850 delivers a small metric AE of only 0.73 V in the evaluation of the
ORR-OER bifunctionality. The proposed synthetic strategy and su-
perior ORR and OER activity promise the potential application in the
oxygen reaction related energy systems.
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