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nitrogen and metal-containing precursors 
at high temperature, which does not allow 
much control over the form of these active 
sites.[20,21] Therefore, developing novel 
synthesis methods for preparing catalysts 
with definite structures is highly desirable 
to overcome the obscuring from complex 
species and achieve precise evaluations for 
active sites.

In the synthesis of defective carbon-
based catalysts, confinement pyrolysis is 
proved as an efficient method to prevent 
the aggregation of metal species under 
high-temperature pyrolysis processes, 
forming well-defined structures.[22] Fur-
thermore, to achieve the controllable regu-
lation of active sites, the precursors for the 
formation of uniform and stable coating 

layers in pyrolysis process are important to obtain stable active 
sites. Graphitic carbon nitride (g-C3N4), as one of typical carbon 
and nitrogen-containing materials, would undergo thermal 
decomposition under high temperature, thereby providing 
defective N-doped carbon layers and anchoring sites of metal 
species.[23] Therefore, g-C3N4 would be a suitable platform to 
support the formation of specific structures, such as carbon-
coating metal nanoparticles and defective carbon-anchored 
metal atoms.[23,24] On the other hand, dopamine (DA), as one 
of nontoxic, sustainable, and N-containing biomolecules, is also 
used as a starting carbon precursor recently due to the readily 
spontaneous self-polymerization onto various substrates.[25,26] 
This particular property endows it with potential to produce 
conformal coating on corresponding targets, thereby forming 
N-doped carbon coating layers and limiting the size of com-
pounds under coating layers.[6]

In this work, we developed a novel sandwich-like confine-
ment pyrolysis route to synthesize defective carbon-based elec-
trocatalysts for ORR, in which g-C3N4 and polydopamine (PDA) 
were used as inner sacrificial substrate and outer confine-
ment layers, respectively. By tuning the dosages of Co source, 
three catalysts with different active sites, including metal-free 
N-doped carbon (NC), single Co atom dispersed NC (Co–N–C) 
and Co nanoparticles-contained Co–N–C (Co/Co–N–C), were 
elaborately constructed. The catalytic ORR performances of 
these materials were evaluated by systematic electrochemical 
measurements, establishing the correlation between structures 
and catalytic activities.

The main catalysts with three kinds of typical structure fea-
tures were prepared with consecutive coating and pyrolysis 

Developing efficient and low-cost defective carbon-based catalysts for the oxygen 
reduction reaction (ORR) is essential to metal–air batteries and fuel cells. Active 
sites engineering toward these catalysts is highly desirable but challenging to 
realize boosted catalytic performance. Herein, a sandwich-like confinement route 
to achieve the controllable regulation of active sites for carbon-based catalysts 
is reported. In particular, three distinct catalysts including metal-free N-doped 
carbon (NC), single Co atoms dispersed NC (Co–N–C), and Co nanoparticles-
contained Co–N–C (Co/Co–N–C) are controllably realized and clearly identified 
by synchrotron radiation-based X-ray spectroscopy. Electrochemical measure-
ments suggest that the Co/Co–N–C catalyst delivers optimized ORR perfor-
mance due to the rich Co–Nx active sites and their synergistic effect with metallic 
Co nanoparticles. This work provides deep insight for rationally designing 
efficient ORR catalyst based on active sites engineering.

Oxygen Reduction Catalysts

Sluggish reaction kinetics of electrochemical oxygen reduction 
reaction (ORR) hinders the development of related energy 
storage and conversion techniques, especially metal–air batteries 
and fuel cells.[1–4] To accelerate the reaction kinetics, developing 
efficient catalysts with well-designed structure characteristics is 
of great importance. Among these catalysts, defective carbon-
based catalysts, typically transition metal and nitrogen codoped 
carbon (M–N–C) based materials, are extensively demonstrated 
as promising candidates due to earth-abundant and maneuver-
able properties.[5–10] In these catalysts, investigation and iden-
tification of active sites have achieved considerable research 
and development attention due to its vital roles on the under-
standing of catalytic mechanisms. For the active sites of ORR, 
pyridinic and transition metal-coordinated N species are consid-
ered as the key to faciliate the ORR.[11–17] Meahwhile, the tran-
sition metal nanoparticles also could boost the activities of the 
above active sites.[18,19] Unfortunately, the defective carbon-based 
catalysts are usually obtained via a pyrolysis process of various 
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steps using g-C3N4 as the sacrificial substrate, as schemati-
cally illustrated in Figure 1. The g-C3N4 was synthesized by 
pyrolysis of urea at a high temperature of 550 °C (see more 
details in the Experimental Methods of the Supporting Infor-
mation). The X-ray diffraction (XRD) and transmission electron  
microscopy (TEM) image indicate the characteristic interlayer 
stacking structure of aromatic systems with an interlayer 
spacing of 0.324 nm and a winkled sheet-like morphology 
(Figure S1, Supporting Information).[27] Then, the propylene 
oxide-mediated alkalization method was used to in situ syn-
thesize α-Co(OH)2 coating layers onto the g-C3N4 substrate 
(marked as α-Co(OH)2@g-C3N4, see more details in the Experi-
mental Methods of the Supporting Information).[28] The content 
of α-Co(OH)2 was controlled by usage amount of salt precursor. 
Both α-Co(OH)2 and g-C3N4 show corresponding diffraction 
peaks in XRD patterns, suggesting the successful preparation 
of α-Co(OH)2@g-C3N4 compounds (Figure S2a, Supporting 
Information). No separate α-Co(OH)2 nanosheets are observed 
in the TEM image, demonstrating the uniform α-Co(OH)2 
coating on the g-C3N4 substrate (Figure S2b, Supporting 
Information). This ideal coating effect is supposed to synthe-
size expected structures with conformal active species distri-
bution. Subsequently, the PDA was used as the outer coating 
layers via the self-polymerization of DA under weakly alkaline 
condition (recorded as PDA@α-Co(OH)2@g-C3N4, see more 
details in the Experimental Methods of the Supporting Infor-
mation). Negligible morphology change and no signs of free 
PDA suggest the perfect PDA coating (Figure S3, Supporting 
Information). As comparison, the PDA@g-C3N4 and PDA@α-
Co(OH)2@GO (graphene oxide) were also prepared in similar 
conditions (Figures S4 and S5, Supporting Information).

These PDA-coating samples and α-Co(OH)2@g-C3N4 were 
finally pyrolyzed under high temperature of 900 °C for 2 h 
(recorded as NC, Co/Co–N–C, Co–N–C, Co/NG, and Co/NC, 

respectively, see more details in the Experimental Methods of 
the Supporting Information). The pyrolysis process resulted in 
the decomposition of g-C3N4 and PDA to form highly defec-
tive carbon layers with abundant N doping which readily reacts 
with Co and affords abundant Co, N-codoped carbon active 
sites.[25,29] The detailed structures of the-obtained samples were 
first explored by XRD measurements. Figure 2a showed the 
XRD patterns of NC, Co–N–C, and Co/Co–N–C. As illustrated, 
the broad peak of metal-free NC from 23° to 28° reveals its 
typical defective structure probably due to the N-doping.[30] As 
for Co–N–C, the only diffraction peak at 26.4° assigned to (002) 
plane of graphitic carbon can be observed. High angle annular 
dark field-scanning transmission electron microscopy was intro-
duced to further investigate the detailed existence form of Co in 
Co–N–C. The bright points with atomic size confirm that Co 
is atomically dispersed without obvious aggregation (Figure S6,  
Supporting Information). However, the Co/Co–N–C shows 
graphitic C (002) peak and other two diffraction peaks at 44.2° 
and 51.5° which are consistent with the corresponding (111) 
and (200) planes of metallic Co nanoparticles. It is believed that 
the carbon graphitization can benefit the enhancement of the 
electronic conductivity and corrosion resistance of catalysts in 
electrocatalytic process.[31] These results are also revealed by 
the corresponding TEM images (Figure 2b–d; Figure S7, Sup-
porting Information). Obviously, the NC and Co–N–C show 
no signs of nanoparticles, while obvious nanoparticles can be 
observed in the Co/Co–N–C. In the PDA-free Co/NC and gra-
phene-based Co/NG samples (see more details in the Experi-
mental Methods of the Supporting Information), two metallic 
Co diffraction peaks are also displayed in the XRD patterns 
(Figure S8, Supporting Information). Notably, the Co/NC 
exhibits peaks of CoO, which probably stems from the surface 
oxidation of exposed Co nanoparticles due to the absence of 
PDA coating layers (Figure S8a, Supporting Information). It 
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Figure 1. Schematic illustrations for the preparation of NC, Co–N–C, Co/Co–N–C, and corresponding structure models. Notes: 1) In situ preparation 
of α-Co(OH)2 onto g-C3N4, 2) self-polymerization of DA under weakly alkaline solution, and 3) high-temperature pyrolysis under designed processes.
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demonstrates the important role of PDA coating layers in inhib-
iting oxidation. The exposed nanoparticles are also revealed 
from TEM images (Figures S9 and S10, Supporting Informa-
tion). Furthermore, the Co/NG sample shows sole and large Co 
nanoparticles without carbon coating layers (Figure S9, Sup-
porting Information), which is significantly different from the 
homogeneously encapsulated Co nanoparticles with a small 
size of ≈25 nm in the Co/Co–N–C (Figure 2d). The obvious 
difference reveals the vital roles of g-C3N4 sacrificial substrate 
during pyrolysis process on reducing particle size and realizing 
complete carbon coating layers. Furthermore, the severe aggre-
gation and large size of particles in Co/NC could be observed, 
which explains another positive role of PDA in preventing the 
aggregation and growth of the nanoparticles during the pyrol-
ysis process. To realize close observation of the encapsulation 
structure, high-resolution TEM (HRTEM) measurement was 
also carried out. As can be seen in Figure 2e, the measured 

plane spacing of 0.205 nm could be assigned to the (111) crystal 
plane of metallic Co, which was consistent with the aforemen-
tioned XRD result. Meanwhile, a ≈5 nm carbon layer with char-
acteristic interlayer spacing of 0.34 nm uniformly coats onto 
Co nanoparticles. The elemental mapping for Co/Co–N–C was 
performed, as exhibited in Figure 2f. The high spatial correla-
tion between C and N demonstrates that the carbon support is 
homogeneously doped with N inherited from PDA and g-C3N4 
precursors. The individual and dramatic Co signal suggests the 
formation of dispersed Co nanoparticles. These results indicate 
that combining the merits of the C3N4 and PDA could promote 
the formation of highly defective N-doped carbon, and inhibit 
the growth of the metal nanoparticles to realize abundant Co–N 
species, which would be confirmed in the following section.

To determine the near-surface elemental compositions and 
the chemical states of the obtained samples, X-ray photoelec-
tron spectroscopy (XPS) was applied. The XPS survey spectra 
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Figure 2. a) XRD patterns of the prepared NC, Co–N–C, Co/Co–N–C. Typical TEM images of b) NC, c) Co–N–C, and d) Co/Co–N–C. e) HRTEM image 
of the Co/Co–N–C sample. f) EDS elemental mapping for the Co/Co–N–C.
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of Co/Co–N–C and Co/NG show the coexistence of C, N, O, 
Co elements (Figure S11, Supporting Information). The larger 
content of N in Co/Co–N–C reveals the positive role of the 
g-C3N4 precursor on providing N atoms. Besides, the presence 
of O in these composites could be attributed to the residual 
oxygen-containing species from these precursors and adsorbed 
oxygen on the surface.[6] The C 1s spectrum of Co/Co–N–C 
was deconvoluted into several carbon bonding environments: 
284.8 eV (CC), 285.7 eV (CN), 287.0 eV (CN), and 291.3 eV 
(OCO), which suggests the successful doping of N atoms in 
the final carbon support layers (Figure S11b, Supporting Infor-
mation). This N doping could be further evidenced by the fitted 
N 1s XPS spectrum. As shown in Figure S11c of the Supporting 
Information, three types of N species, namely, pyridinic or Co-
coordinated N (398.7 eV), pyrrolic N (401.2 eV), and graphitic 
N (402.5 eV) suggest the existence of N-doped carbon sup-
port.[32,33] In general, pyridinic and Co-coordinated N species 
are considered as active sites to achieve ORR.[34–36] It is obvious 
that the overall fraction of pyridinic N in Co/Co–N–C is higher 
than that in Co/NG (Figure S12a, Supporting Information), 
while the ratio of pyrrolic N is low. This further verifies the 
positive role of g-C3N4 in improving active N species. To explore 
the formation of Co species, the Co 2p XPS spectrum was also 
fitted, as shown in Figure S11d of the Supporting Informa-
tion. The Co 2p spectrum of Co/Co–N–C shows two pairs of 
main peaks corresponding to CoCxNy (780.5 and 795.3 eV), Co–
Nx (782.6 and 797.8 eV), together with Co2+ shakeup satellite 
peaks (788.1 and 805.5 eV), verifying the formation of CoN 

bonds, one of the most active sites for the ORR.[6] Notably, no 
XPS sign of metallic Co was detected, further confirming the 
whole encapsulation of Co nanoparticles into carbon coating 
layers. Furthermore, a similar fitting result of Co 2p in Co/NG 
was obtained, suggesting that the CoN species are formed in 
carbon supports (Figure S12b, Supporting Information).

To deeply prove the structures of different samples, the X-ray 
absorption spectroscopy (XAS), one of the powerful tools to 
identify the coordination environment of center atoms, was 
carried out under the transmission mode.[37] As shown in 
Figure 3a, the position of white line peak for Co/Co–N–C exists 
between those of Co foil and cobalt phthalocyanine (CoPc), indi-
cating that the valence state of Co is situated between Co0 and 
Co2+. Meanwhile, the great similarity between Co/Co–N–C and 
Co foil demonstrates that the main state of Co was Co0, which is 
coincided well with the k2-weighted curves (Figure 3b).[38] Sim-
ilar result is also observed for Co/NG (Figure S13, Supporting 
Information) and consistent with the aforementioned XRD 
results. However, an obvious position difference of white line 
peak for Co–N–C is close to that of CoPc, suggesting the chem-
ical state of main Co species in Co–N–C is Co2+ (Figure S14a, 
Supporting Information). This result is further confirmed by 
the corresponding k2-weighted curves (Figure S14b, Supporting 
Information), demonstrating the similar Co-related coordina-
tion environment between Co–N–C and CoPc with single Co 
atoms dispersion. The detailed structures of different samples 
are further corroborated with the Fourier transformed (FT) k2-
weighted curves at the Co K-edge. In contrast to the Co foil and 
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Figure 3. a) The normalized Co K-edge XANES spectra of Co/Co–N–C, Co foil, and CoPc. b) The XAFS spectra of Co/Co–N–C, Co foil, and CoPc in 
k-space and c) corresponding Fourier transformed XAFS spectra in r-space. d) Work functions for Co/Co–N–C, Co–N–C, and NC.
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CoPc, the Co/Co–N–C presents a dominated peak at the posi-
tion of ≈2.1 Å (Co–Co), suggesting the existence of metallic Co 
nanoparticles; meanwhile, a peak at ≈1.5 Å could be assigned 
to the CoN bonds, supporting the simultaneous formation of 
Co–Nx species (Figure 3c).[39] For the Co/NG, the lower back-
scattering intensity than Co/Co–N–C is observed, indicating 
main presence of Co particles in Co/NG (Figure S15, Sup-
porting Information). Notably, there were significant differ-
ences in atomic bonds between the FT k2-weighted curves for 
Co/Co–N–C and Co–N–C. The Co–N–C just exhibits one peak 
that can be only assigned to the CoN bonds (Figure S16, Sup-
porting Information). The above XAS analyses combining with 
aforementioned other spectroscopy and electron microscopy 
observations, we can identify three main samples with dis-
tinct structures: the high doping content N in NC, the single 
Co atoms in the Co–N–C without Co nanoparticles, and the Co 
nanoparticles in the Co/Co–N–C with abundant CoN species.

As known, the work function (WF) is the minimum energy 
for an electron to leave the surface of a material. Therefore, it 
would be one vital factor to evaluate the charge transfer process 

in electrocatalysis. An ORR electrocatalyst with relatively low 
WF could provide low energy barrier for donating electrons 
from the surface of the catalyst to the adsorbed oxygen, thus 
promote the generation of the OOH* species, which is consid-
ered to be the rate-determining path in the ORR.[40,41] Here, 
the ultraviolet photoelectron spectroscopy test is carried out to 
explore the WF difference for the obtained samples. The meas-
ured WF values are 4.95, 4.68, and 4.33 eV for the NC, Co–N–C, 
and Co/Co–N–C, respectively. Compared to that of the Co–N–C, 
the lower WF of the Co/Co–N–C is ascribed to the interfacial 
electrons transfer from the metal Co to the surrounding defec-
tive carbon layers.[19] Considering of the lowest energy barrier, 
the Co/Co–N–C is expected easily to donate electrons from 
its surface to the absorbed species, thus enabling the boosted 
catalytic reduction process.[42]

To further confirm the proposed correlation between struc-
ture and catalytic properties, the ORR performances of the 
three samples were investigated in O2-saturated 0.1 m KOH 
electrolyte. Figure 4a shows the well-defined cathodic peak 
for Co/Co–N–C in O2-saturated electrolyte, indicating its 
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Figure 4. a) CV curves of Co/Co–N–C in N2 and O2-saturated 0.1 mol L−1 KOH solution at a scan rate of 0.1 V s−1. b) LSV curves of NC, Co–N–C, Co/
Co–N–C, and Pt/C (20 wt%) at the rotation rate of 1600 rpm. c) Electron-transfer number (n) and peroxide yield (%) of Co/Co–N–C. d) LSV curves for 
Co/Co–N–C before and after 10 000 CV cycles. e) ORR scheme for Co/Co–N–C catalyst.
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electrocatalytic activity toward ORR. In the linear sweep vol-
tammetry (LSV) curves obtained from the rotating disk elec-
trode experiments at the rotation rate of 1600 rpm, the Co/
Co–N–C catalyst displays more positive onset (Eonset = 0.97 V 
vs reversible hydrogen electrode (RHE)) and half-wave poten-
tials (E1/2 = 0.85 V vs RHE) than the NC (Figure 4b), which 
is probably attributed to the introduction of Co for forming 
Co-involved active sites. The LSV curves at different rotating 
speeds show the constant Eonset and increased current den-
sity (J) (Figure S17, Supporting Information). Moreover, upon 
introducing tiny Co dosage, the obtained Co–N–C also exhibits 
reduced ORR activity that the Co/Co–N–C, but is superior to 
the NC (Figure 4b). These results suggest that the Co nanopar-
ticles existing in the defective carbon layers play the important 
role on boosting ORR performance. This conclusion could also 
be further proved by the significantly low ORR activity of Co/
NG (Figure S18, Supporting Information) without the pres-
ence of carbon coating layers (Figure S9, Supporting Infor-
mation). Besides the carbon coating layers, we also studied 
the role of metallic Co nanoparticles from another sight. 
After the acid treatment, the metallic Co nanoparticles in the 
Co/Co–N–C sample were mostly removed (Figure S19, Sup-
porting Information), which can act as a control experiment 
for deep comparison. Subsequently, the LSV measurements 
suggest that the half-wave of the acid-treated Co/Co–N–C 
dropped to 0.823 V (vs RHE), strongly indicating the signifi-
cance of metallic Co nanoparticles for enhanced ORR activity. 
Based on the above work function results, it is concluded 
that this existed Co nanoparticles could realize interfacial 
electron transfer from the Co to the surrounding Co–Nx spe-
cies and thereby obtain the decreased activation energy of O2 
(Figure S20, Supporting Information).[32,42,43] The Tafel slope of 
Co/Co–N–C (58.9 mV decade−1) was apparently smaller than 
that of Co–N–C (73.3 mV decade−1) and NC (68.9 mV decade−1) 
(Figure S21, Supporting Information), which demonstrates the 
more favorable kinetics of Co/Co–N–C than Co–N–C and NC 
samples. This can be further confirmed by the mass activity 
(Figure S22, Supporting Information) and rotating ring-disk 
electrode measurements (Figures S23–S25, Supporting Infor-
mation). Obviously, the higher mass activity (12.1 A g−1) and 
near four-electron transfer numbers (>3.88) in potential region 
of 0.2–0.8 V (vs RHE) of the optimal Co/Co–N–C compared to 
that of Co–N–C and NC samples were achieved, further indi-
cating the favorable kinetics of Co/Co–N–C (Figure 4c; Figures 
S26 and S27, Supporting Information). The electrochemical 
stability, another key factor for practical applications, was 
also studied. Strikingly, there was only 6 mV decline in E1/2 
even after 10 000 continuous CV cycling, clearly confirming 
that the Co/Co–N–C catalyst also exhibits excellent long-term 
durability superior to commercial Pt/C (Figure 4d; Figures 
S28 and S29, Supporting Information). The retained structure 
after durability test was also confirmed by careful TEM and 
HRTEM observations (Figure S30, Supporting Information). 
Furthermore, the ORR current density of Co/Co–N–C after 
2 m methanol addition also remained very steady, suggesting 
its excellent methanol tolerance in alkaline solution (the inset 
in Figure S28, Supporting Information). Therefore, compared 
to the metal-free doped carbon and single Co atom dispersed 
NC catalysts, the Co nanoparticles-contained Co–N–C realized  

through rational structure design displays much higher cata-
lytic performance. The reason for the superior ORR perfor-
mance in Co/Co–N–C can be illustrated in Figure 4e: the 
rich Co–Nx species in Co/Co–N–C act as active sites for ORR; 
meanwhile, the interfacial electrons transfer boosts the ORR 
activity of the Co–Nx sites around the Co nanoparticles.

In summary, we have successfully designed a sandwich-like 
confinement pyrolysis strategy for the controllable synthesis of 
defective carbon-based electrocatalysts for boosted ORR electro-
catalysis. Meticulous characterizations have revealed that this 
strategy allowed efficient regulation over the active sites. The 
detailed electrochemical measurements have suggested that the 
Co/Co–N–C comprising metallic Co nanoparticles and defec-
tive carbon coating layers showed optimized performance for 
ORR with good selectivity (near four-electron process), stability, 
and tremendous immunity to methanol in alkaline medium. 
Considering these outstanding performance, it is believed 
that this work would open up new opportunities in designing 
efficient ORR catalysts for further development of metal–air 
batteries and fuel cells.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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