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ABSTRACT: Electrosynthesis of hydrogen peroxide (H2O2)
through oxygen reduction reaction (ORR) is an environment-
friendly and sustainable route for obtaining a fundamental product
in the chemical industry. Co−N4 single-atom catalysts (SAC) have
sparkled attention for being highly active in both 2e− ORR, leading
to H2O2 and 4e− ORR, in which H2O is the main product.
However, there is still a lack of fundamental insights into the
structure−function relationship between CoN4 and the ORR
mechanism over this family of catalysts. Here, by combining
theoretical simulation and experiments, we unveil that pyrrole-type
CoN4 (Co−N SACDp) is mainly responsible for the 2e− ORR,
while pyridine-type CoN4 catalyzes the 4e− ORR. Indeed, Co−N
SACDp exhibits a remarkable H2O2 selectivity of 94% and a superb H2O2 yield of 2032 mg for 90 h in a flow cell, outperforming most
reported catalysts in acid media. Theoretical analysis and experimental investigations confirm that Co−N SACDp�with weakening
O2/HOO* interaction�boosts the H2O2 production.

■ INTRODUCTION
Hydrogen peroxide (H2O2) is one of the most important
chemicals, playing an essential role in chemical production,
environmental treatment, paper and textile industry, and
medical disinfection.1−4 The demand for H2O2 is growing
year by year, especially resulting from global public health
safety troubles. The traditional industrial anthraquinone
process for H2O2 production suffers from more and more
serious challenges such as intensive energy consumption, large
amounts of organic waste generation, and safety issues from
the instability of H2O2 in transport and storage.

5−7 Recently,
electroreduction of O2 to H2O2 through a two-electron (2e−)
oxygen reduction reaction (ORR) has emerged as a promising
alternative to the traditional anthraquinone process because of
the environment-friendly merits and on-site production
ability.8−13 The key to realizing the electrosynthesis of H2O2
from 2e− ORR is to develop low-cost and high-performance
catalysts. Currently, the development of high-performance 2e−

ORR catalysts in alkaline systems has advanced satisfacto-
rily.14−20 However, the H2O2 production in acidic media
possesses prominent advantages relative to the alkaline
condition such as higher H2O2 stability (H2O2 in alkaline
conditions is prone to self-decomposition). Most recently, the
solid-state electrolytes were used to produce pure water−H2O2
solutions, which has gained special attention.1,21,22 Never-
theless, the acidic H2O2 production is suitable for most actual

application scenarios,23,24 but state-of-the-art electrocatalysts
for 2e− ORR in acid are presently lacking.
In recent years, there has been an incremental interest in

searching for highly efficient and stable 2e− ORR catalysts in
acid environments, including noble-based materials,23,25−28

transitional metal compounds,29−33 single-atom catalysts
(SACs),24,34−38 and carbon materials.39−41 Among these, the
carbon-based transition metal SAC has received special
attention due to its high atom unitization, high electrical
conductivity, and adjustable coordination environment.37 For
instance, both Liu et al.42 and Strasser et al.43 have screened
different carbon-based transition metal SACs (such as Fe, Co,
Ni, Cu, and Mn). They found that the Co SAC had the most
2e− ORR activity and the CoN4 coordination structure was
identified as the most active site. Recently, the Co SAC has
emerged as the starred catalyst for 2e− ORR.4,6,11,24,34 On the
other hand, it is worth noting that the CoN4 coordination
structure has been demonstrated as the highly active site for
4e− ORR in quite a few previous studies.44−49 For instance, Li
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et al.45 have prepared the single-atom CoN4 in carbon matrix
and demonstrated it as the outstanding 4e− ORR catalyst with
the high half potential of 0.773 V versus reversible hydrogen
electrode (RHE) and low H2O2 selectivity of 0.76% at 0.8 V
versus RHE in 0.5 M H2SO4. Summarizing present studies, the
structure−function relationship between CoN4 coordination
structure and ORR pathway (2e− or 4e− ORR) is highly
controversial. The limited understanding is unfavorable for the
development of high-performance catalysts for 2e− ORR in the
oxygen reduction community. Therefore, identification of the
most active CoN4 coordination structure for 2e− ORR is
greatly desirable, especially for the development of highly
active and selective catalysts in acidic media.
Herein, we focus on the identification of the highly active

CoN4 coordination structure for 2e− ORR among a series of
prepared Co−N SAC to develop the high-performance catalyst
for H2O2 production in acidic media. Theoretically, screened
from a series of Co−N motifs, the pyrrole-type CoN4 is found
to show the optimal HOO* adsorption strength and highest
2e− ORR activity. Experimentally, the three types of Co−N
SACs (Co−N SACDp, Co−N SACPc, and Co−N SACMm) are
prepared using the pyrolysis strategy. Here, the Co−N SACDp
and Co−N SACMm are obtained by using the nitrogen
precursor of 4-dimethylaminopyridine and 2-methylimidazole,
respectively, and the Co−N SACPc involves in the pyrolysis of

cobalt phthalocyanine (CoPc) during the synthesis process.
The results of catalyst characterization and performance
evaluation confirm that Co−N SACDp (pyrrole-type CoN4)
formation occurs in the dominant 2e− ORR pathway, while the
Co−N SACMm formation with pyridine-type CoN4 occurs in
the 4e− ORR. Impressively, the Co−N SACDp shows a
remarkable mass activity of 14.4 A gcat−1 (0.5 V vs RHE) and
H2O2 selectivity of 94% in 0.1 M HClO4. Furthermore, the
Co−N SACDp has been demonstrated to have a prominent
H2O2 production rate of 26.7 mg cm−2 h−1 and H2O2 yield of
up to 2032 mg for 90 h in the flow cell, leading to, for example,
a practical electro-Fenton degradation of carbamazepine
(CBZ). This work affords essential insights into the ORR
mechanism based on SAC catalysts and the development of
efficient catalysts for H2O2 production.

■ RESULTS AND DISCUSSION
Theoretical Calculation and ORR Mechanism. Among

the most reported CoN4 active sites,
3,42−45 the unsaturated

pyridinic-N and pyrrolic-N are considered to be coordinated
with the Co atom. Herein, we focus on varying the type of
coordination nitrogen species in CoN4 sites, which has less
been investigated previously. A series of Co−N coordination
structures with different amounts of pyridinic-N or pyrrolic-N
are constructed (Figure 1a). Also, most models show a

Figure 1. (a) Simulated different CoN4 coordination structures. (b) Volcano plot depicting the Gibbs free energy of reaction intermediates (ΔHO*
and ΔHOO*) on different Co−N coordination structures. The Pt and PtHg4 were obtained from ref 25. (c) Free energy diagram of ORR on the
pyridine-type and pyrrole-type CoN4. (d) Differential charge distribution on pyridine-type CoN4 with adsorption of HOO*. (e) Differential charge
distribution on pyrrole-type CoN4 with adsorption of HOO*. (f) 3d electron configuration of pyridine-type and pyrrole-type CoN4 with adsorption
of HOO*.
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thermodynamically favorable formation energy (Table S1).
The pyridinic-N and pyrrolic-N are abbreviated as N(Pd) and
N(Po), respectively. The HOO* and HO* are the crucial
intermediates to determine if the reaction occurs through the
2e− or 4e− ORR pathway, and the Gibbs free energy of them
(ΔHO* and ΔHOO*) for different Co−N coordination structures
are computed. As shown in Figure 1b, ΔHO* is related to 4e−

ORR, while ΔHOO* governs H2O2 production through 2e−

ORR. According to the previous reports,25,50 there is an
approximately linear relationship between the ΔHO* and
ΔHOO* with a constant value of 3.2 ± 0.2 eV. Besides, the
strong adsorption of HOO* or HO* is located in the left
region, and the weak adsorption corresponds to the right
downhill in the volcano plot. The pyridine-type CoN4,
CoN(Pd)1(Po)3, and CoN(Pd)2(Po)2 with strong adsorption of
HOO* prefer to break O−O bond, proceeding the 4e− ORR
pathway. More interestingly, the pyridine-type CoN4 ap-
proaches the Pt implying the excellent 4e− ORR activity. In
sharp contrast, the pyrrole-type CoN4 shows ΔHOO* of 4.28 eV,
which is close to the optimal HOO* adsorption energy of 4.22

eV (corresponding to limiting the potential of 0.7 V), meaning
the main 2e− ORR process. Impressively, the pyrrole-type
CoN4 exhibits better 2e− ORR performances than other Co−
N coordination structures, considering the small overpotential,
which is comparable to the prominent PtHg4 catalyst25

(Figures 1b and S1). These results indicate that the
coordination nitrogen type may govern the ORR pathway for
CoN4, and pyrrole-type CoN4 is identified as the most active
motif for H2O2 production. These results also can address the
contradictory phenomenon that the CoN4 sites are highly
active for both 2e− ORR and 4e− ORR reported in previous
reports.42−49

Next, we focus on the investigation of distinctly different
ORR processes on the pyrrole-type CoN4 and pyridine-type
CoN4. The general 2e− and 4e− ORR pathway can be depicted
as follow (* indicates the catalytically-active site):

U

2e ORR pathway: O 2(H e ) H O

0.70 V
2 2 2

0

+ +
=

+

(1)

Figure 2. (a) Schematic diagram of the synthesis route for the three SAC catalysts. (b,c) TEM images, and (d) element mapping images of the
Co−N SACDp. AC-HAADF-STEM image of (e) Co−N SACDp, (f) Co−N SACPc, and (g) Co−N SACMm.
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O H e OOH2* + + + *+ (1a)

OOH H e H O2 2* + + + *+ (1b)

U

4e ORR pathway: O 4(H e ) 2H O

1.23 V
2 2

0

+ +
=

+

(2)

O H e OOH2* + + + *+ (2a)

OOH H e H O O2* + + + *+ (2b)

O H e OH* + + *+ (2c)

OH H e H O2* + + + *+ (2d)

For O2 reduction to H2O2 through 2e− ORR, the pyrrole-
type CoN4 shows a lower thermodynamic overpotential (η) of
0.06 eV (Figure 1c) relative to the pyridine-type CoN4 (ηHd2Od2

= 0.32 eV). For 4e− ORR to produce H2O, the pyridine-type
CoN4 (ηHd2O = 0.21 eV) exhibits a smaller thermodynamic
overpotential than that of pyrrole-type CoN4 (ηHd2O = 0.59 eV).
These results reveal that pyrrole-type CoN4 prefers the 2e−

ORR (Figure S2), while the pyridine-type CoN4 tends to

proceed via 4e− ORR (Figure S3), in accordance with the
results from the volcano plot (Figure 1b). Importantly, the
kinetic analyses also confirm the kinetic favorable HOO*
protonation process rather than HOO* dissociation on
pyrrole-type CoN4 (Figure S4-5). Furthermore, we investigate
the interplay between the CoN4 sites and the important
HOO* intermediate, which largely determines the ORR
pathway. As shown in Figure 1d,e, the pyridine-type CoN4
shows a more prominent electron transfer (0.39 e) from the
CoN4 site to HOO* intermediate as compared to the pyrrole-
type CoN4 (0.29 e) determined by Bader charge analysis. This
result indicates the strong electron interaction between the
pyridine-type CoN4 and HOO*. Moreover, the density of
states (DOS) of Co in pyrrole-type and pyridine-type CoN4
with adsorption of HOO* were calculated (Figure S6), and the
Co orbital occupation of electrons are shown in Figure 1f.
After adsorption of HOO*, there are two single electrons in
the dyzdxz and dz2 orbits for Co of pyrrole-type CoN4, while the
electrons are paired in Co of pyridine-type CoN4. It is reported
that the high spin state is associated to the weaker adsorption
of the HOO* intermediate relative to the low spin state.51,52
Therefore, after adsorption of HOO*, the pyrrole-type CoN4
showing a high spin state facilitate the HOO* desorption to
generate H2O2. However, the pyridine-type CoN4 with the low

Figure 3. (a) N 1s XPS spectra, (b) proportion of different N species, and (c) Raman spectra of the three samples. (d) Co K-edge XANES spectra
and (e) FT k2-weighted and fitting extended XAFS (EXAFS) spectra of the Co−N SACDp, Co−N SACMm, and reference samples, inset: actual or
fitting model. (f) Wavelet transform (WT) k2-weighted EXAFS contour plots of the Co−N SACDp, Co−N SACMm, and the reference samples.
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spin state tends to dissociate the O−O bond in HOO* and,
lastly, form H2O. These results elucidate that the different
ORR pathways for pyrrole-type and pyridine-type CoN4 may
come from the electron interaction with the important reaction
intermediate (such as HOO*) and the accompanying spin
state difference.

Synthesis and Characterization of Co−N SAC. Inspired
by the density functional theory (DFT) results, we prepared
three different Co−N SACs through a pyrolysis strategy
(synthesis details see the Experimental Section in Supporting
Information). To exclude the effect of the carbon support, the
Ketjen Black (ECP600JD) is used as the support for the three
Co−N SACs (Figure 2a). Thereinto, the Co−N SACDp
represents the sample derived from the 4-dimethylaminopyr-
idine and cobaltous nitrate hexahydrate. The Co−N SACPc
comes from pyrolysis of CoPc and dicyandiamide. For Co−N
SACMm, the 2-methylimidazole and cobaltous nitrate hexahy-
drate are employed as the nitrogen and Co sources,
respectively. Herein, considering the different transformation
processes of the nitrogen precursor and coordination strength
with the Co53,54 (Figure S7), altering the nitrogen precursor
may result in a different coordination structure for Co−N SAC
samples.
The structure and morphology of the catalysts are

characterized by scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), and aberration-corrected
high-angle annular dark-field scanning TEM (AC-HAADF-
STEM). As shown in Figure S8, the three Co−N SAC samples
show a similar nanoparticle morphology for the initial carbon
black. As shown in TEM images (Figures 2b,c, S9a,b, and
S10a,b), there are only wrinkled carbon nanoparticles without
obvious metal particles. The X-ray diffraction (XRD) patterns
(Figure S11) show the only (002) peak for graphite carbon at
about 26° and the absence of metal nanoparticles. The
HAADF-TEM and element mapping images (Figures 2d, S9c−
f, and S10c−f) reveal that the Co and nitrogen are
homogeneously dispersed in the carbon matrix, indicating
the atomical dispersion of Co for the three Co−N SAC
samples. The AC-HAADF-STEM measurements are carried
out to investigate the Co single-atom in the three samples. As
displayed in Figure 2e−g, the bright and isolated metal atoms
can be observed, confirming the successful preparation of the
three Co−N SAC samples.
To ascertain the chemical state and coordination structure,

the X-ray photoelectron spectroscopy (XPS) and X-ray
absorption fine structure (XAFS) were performed. Deconvo-
lution of N 1s XPS spectra (Figure 3a) confirms that all the
three Co−N SAC samples contain the pyridinic-N (398.0 eV),
pyrrolic-N (399.6 eV), and graphitic-N (400.9 eV) spe-
cies.55−57 However, the proportion of the three N species has a
great difference (Figure 3b and Table S2), suggesting the
different coordination environments. Previous studies demon-
strated that the transition metals tended to coordinate with the
N species to form the MN4 structure, in which the pyridinic-N
and pyrrolic-N species were generally considered.3,43−45 In our
prepared three Co−N SAC samples, the Co−N SACDp shows
the highest content of pyrrolic-N species (50.9%) while the
Co−N SACMm exhibits the highest content of pyridinic-N
species (50.0%, Figure 3b, and Table S2). That is to say, the
Co−N SACDp may dominate the pyrrole-type CoN4 sites while
the Co−N SACMm mainly contains the pyridine-type CoN4
sites. The Fourier transform infrared (FT-IR) spectra (Figure
S12) show that all the three Co−N SAC samples exhibit a peak

at 803 cm−1 which is related to the Co−N bonds.57 Especially,
the Co−N SACDp emerges the characteristic stretch peak of
pyrrole-type metal−N at 853 cm−1, which has been identified
in Fe phthalocyanine and pyrrole-type FeN4 in the previous
reports.57,58 According to the N K-edge X-ray absorption near
edge structure (XANES) spectra (Figure S13), the more
distinct pyrrolic-N species can be identified for the Co−N
SACDp relative to the Co−N SACMm. Moreover, the splitting
pyrrolic-N peak (pyrrolic-N′) for the Co−N SACDp may be
related to the metal−pyrrolic N site.57 Although no oxygen-
containing chemicals have been used in the preparation
process, the oxygen signals have been detected in XPS for the
three Co−N SACs and a similar phenomenon also has
occurred in previously reported SAC materials.42,43,46,48 All the
three Co−N SAC samples show similar oxygen functional
groups and contents (Figure S14 and Table S3), which is
expected to have less impact on ORR performances.
It is shown in Co K-edge XANES spectra (Figure 3d) that

the Co−N SACDp and Co−N SACMm exhibit higher pre-edge
absorption energy than the Co foil but is comparable to the
CoPc, indicating the positive valency of Co. The Fourier-
transformed EXAFS spectra (Figure 3e) prove the absence of
Co−Co bonds (2.17 Å) in the Co−N SACDp and Co−N
SACMm further verifying the single-atom dispersion of Co,
which agrees well with the AC-HAADF-STEM results.
Moreover, the main peaks in 1.35 Å for the Co−N SACMm
and 1.44 Å for the Co−N SACDp are ascribed to the Co−N
coordination structure referring to the CoPc and the reported
SACs.35,42,45,48 Noting that the slightly shifted Co−N peak
between the Co−N SACMm and Co−N SACDp may come from
the different Co−N coordination structures. Interestingly, the
position of the Co−N peak in the Co−N SACDp is equivalent
to that in CoPc, suggesting the Co−pyrrolic-N (Co−NPo)
coordination structure in the Co−N SACDp.
Furthermore, the quantitative least-squares fitting of EXAFS

spectra confirms (Figures 3e and S15, S16) that the Co atom is
coordinated with four pyrrolic-N in the Co−N SACDp, while
the four coordinated nitrogen species are pyridinic-N for the
Co−N SACMm screened from different theoretical models
(Figures S17, S18, Tables S4, and S5). Besides, the Co−N
SACPc matches well with the CoN(Pd)3(Po)1 model where the
Co atom is coordinated with three pyridinic-N and one
pyrrolic-N (Figure S19). The coordination number for the
Co−N SACDp and Co−N SACMm is 3.86 and 3.88 (Table S6),
respectively. The bond length of Co−NPo (2.02 Å) in the
Co−N SACDp is longer than that of Co−NPd (1.90 Å) in the
Co−N SACMm, which is also corroborated by the proposed
DFT model (Figure S20). As shown in the WT-EXAFS
contour plots (Figure 3f), the three samples (Co−N SACDp,
Co−N SACMm, and CoPc) with the Co−N coordination
structure exhibit an intensity maximum of about 4 Å−1, which
is different from the 6.8 Å−1 of Co−Co bond in Co foil.
Summarizing the abovementioned results, we have exper-
imentally confirmed the pyridine-type CoN4 (Co−N SACDp)
and pyrrole-type CoN4 (Co−N SACMm) as illustrated in DFT
simulation.
The physicochemical property has been further studied by

Brunauer−Emmett−Teller (BET) specific surface area and
Raman spectroscopy. The three Co−N SAC samples show the
typical mesopore structure (Figure S21) and a comparable
BET-specific surface area (Table S7). The characteristic D
band and G band can be observed (Figure 3c) for carbon-
based materials. Also, the intensity ratio of ID/IG for the Co−N
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SACDp, Co−N SACPc, and Co−N SACMm is comparable,
indicating a similar defect degree after N-doping. Thus, the
three Co−N SAC samples can be used to study the structure−
function relationship between the Co−N coordination
structure and the ORR pathway, due to the similar
physicochemical parameters and similar element contents
(Table S8) but different local coordination structures.

ORR Performances and Experimental Investigation.
Now, we turn to the investigation of ORR performances. The
ORR measurement is performed on the three-electrode system
with the rotating ring-disk electrode (RRDE) used as the
working electrode. Prior to the ORR performance evaluation,
the collection efficiency (N) of the RRDE has been determined
(Figure S22). Also, the ORR polarization curves are collected
on RRDE at 1600 rpm in O2-saturated 0.1 M HClO4. As
shown in Figure 4a, the ORR activity follows the order: Co−N
SACMm > Co−N SACPc > Co−N SACDp in terms of the E−0.2
(The potential corresponds to the current density of −0.2 mA
cm−2) and limiting current density (JL). Thereinto, the Co−N
SACMm exhibits a high E−0.2 of 0.767 V versus RHE (Table S9)
and large JL of 5.47 mA cm−2, in correspondence with the
reported typical 4e− ORR polarization curves.45,46,48 Besides,
the calculated electrochemical surface area (ECSA) based on
the CV curves at different sweep rates accords well with the
order of ORR activity (Figure S23 and Table S10). Using
Koutecky−Levich (K−L) diffusion equation, the Tafel slopes
of the Co−N SACMm, Co−N SACPc, and Co−N SACDp are
calculated to be 87, 120, and 124 mV dec−1 (Figure 4b),
respectively, implying the different reaction kinetics and rate-
determining step (RDS).59,60 Thereinto, the RDS of Co−N
SACMm may relate to the HOO* dissociation,20 while the first
electron transfer process (* + O2 + e− → *O2

−) is ascribed to
the RDS for the Co−N SACPc and Co−N SACDp.

37,42 The

Co−N SACMm and Co−N SACDp show the transfer electron
number (n) of 3.6−3.5 and 2.3−2.2 in the potential range of
0.6−0.2 V versus RHE, respectively, indicating the dominant
4e− ORR and 2e− ORR, respectively (Figure S24).
Furthermore, according to the ORR polarization curves at
different rotate rates and K−L diffusion equation, the n of the
Co−N SACMm and Co−N SACDp is determined to be 3.7 and
2.2 (Figures S25 and S26), respectively. This result is
consistent with the RRDE results. To investigate the
relationship between the coordination structure and ORR
pathway, the correlation between the content of nitrogen
species and IHd2O and IHd2Od2

(0.2 V vs RHE) is concluded in
Figure 4f. The IHd2Od2

increases with the incremental content of
pyrrolic-N (NPo), while the IHd2O decreases with the reduced
content of pyridinic-N (NPd). Also, this result implies that
pyrrole-type CoN4 (Co−N SACDp) contributes to 2e− ORR
for H2O2 generation, while the pyridine-type CoN4 (Co−N
SACMm) accounts for the 4e− ORR to form H2O through an
associative mechanism.37 These analyses from catalytic
performances agree well with the DFT calculation results.
Considering the dominant 2e− ORR pathway on the Co−N

SACDp, we focus on its performance for H2O2 production.
Screened from the pyrolysis temperature of 700 to 900 °C
(Figure S27), the Co−N SACDp pyrolyzed at 800 °C is found
to show the highest 2e− ORR performance. The optimal Co−
N SACDp exhibits a remarkable H2O2 selectivity of 94% at 0.3
V versus RHE (Figure 4c), outperforming that of the Co−N
SACPc (62%) and Co−N SACMm (23%). Impressively, the
Co−N SACDp reveals a superior mass activity of 14.4 A gcat.−1
(0.5 V vs RHE), prominent Co mass activity (Figure S28), and
a wide potential range (0.65−0.1 V vs RHE) of >90%
selectivity for H2O2 production. The 2e− ORR of the Co−N

Figure 4. (a) ORR polarization curves of RRDE at 1600 rpm in 0.1 M HClO4. (b) Calculated Tafel plots. (c) H2O2 selectivity. (d) Mass activity of
the Co−N SACDp and recently reported catalysts (the detailed information about these reference catalysts can see in Table S11). (e)
Chronoamperometry measurement of the Co−N SACDp for 20,000 s at 0.25 V (vs RHE). (f) Correlation between IHd2O and IHd2Od2

current at 0.2 V
(vs RHE) and the proportion of nitrogen species for the three Co−N SACs.
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SACDp excels most reported non-noble metal catalysts and is
even comparable to advanced noble metal catalysts in acidic
media (Figure 4d). These outstanding 2e− ORR performances
make the Co−N SACDp rank as one of the top catalysts for
H2O2 production in acidic media (Table S11). It is shown in
Figure 4e that the chronoamperometry measurement is
performed to assess the catalytic stability of the Co−N
SACDp on RRDE. The Co−N SACDp shows almost unchanged
current signals and maintained H2O2 selectivity of >90% for
20,000 s, verifying its robust catalytic durability for 2e− ORR in
acidic media. The ORR performances of the three Co−N
SACs also have been evaluated in the different electrolytes. As
displayed in Figures S29 and S30, the ORR activity shows a
similar trend to that in acidic media, that is, Co−N SACMm >
Co−N SACPc > Co−N SACDp. Also, the Co−N SACDp
exhibits a higher H2O2 selectivity than that of the Co−N
SACPc and Co−N SACMm both in 0.1 M KOH and 0.1 M
phosphate-buffered saline (PBS). Especially, the Co−N SACDp
possesses the maximal H2O2 selectivity of 86.1% in 0.1 M
KOH (pH = 13) and 88.5% in 0.1 M PBS (pH = 7.2),
respectively, demonstrating its greatly promising potential for
H2O2 production in different environments.
Next, we perform further experimental investigations on the

typical 4e− ORR catalyst of the Co−N SACMm and 2e− ORR
catalyst of the Co−N SACDp to probe the origin of different
ORR pathways. The SCN− poisoning experiments (Figure 5a)
verify that the Co metal center is the actual active site in the
two Co−N SAC. Furthermore, the prepared nitrogen-doped
carbon (CN) catalyst without adding Co exhibits much
inferior 2e− ORR activity to the Co−N SACDp (Figure S31),
further confirming the substantial ORR contribution of the Co
center. In the N2-saturated 0.1 M HClO4 containing 10 mM

H2O2, Co−N SACDp shows negligible H2O2 reduction reaction
(H2O2RR) activity while the Co−N SACMm exhibits apparent
H2O2RR current (Figure 5b). That is to say, when the 2e−

ORR proceeds, the generated H2O2 will be maintained on
Co−N SACDp resulting in high H2O2 selectivity. However, the
generated H2O2 on Co−N SACMm will be reduced to H2O
leading to the dominated 4e− ORR. The O2 temperature-
programed desorption (O2-TPD) curves show that the Co−N
SACMm exhibits stronger O2 adsorption than that of Co−N
SACDp (Figure 5c), which is in line with the facile O2
adsorption and activation for pyridine-type CoN4 (Co−N
SACMm) in DFT calculation. However, the strong O2
adsorption for the Co−N SACMm will hamper the desorption
of HOO* intermediates resulting in 4e− ORR and lowered
H2O2 selectivity. However, the weak O2 adsorption may favor
the facile HOO* desorption and ensure the high H2O2
selectivity for the Co−N SACDp. Furthermore, the in situ
attenuated total reflectance surface−enhanced infrared absorp-
tion spectroscopy (ATR−SEIRAS) measurements are per-
formed to detect the reaction intermediate (Figure S32). As
shown in Figure 5d, there emerge two absorbance peaks at
1482 and 1231 cm−1 which can be attributed to the adsorption
of O2 (O2,ad) and HOO* (OOHad), respectively, according to
previous reports.34,61 A similar OOHad peak with increasing
strength can be observed for Co−N SACMm (Figure S33)
relative to Co−N SACDp. The relatively strong OOHad peak on
the Co−N SACMm may be related to the higher coverage of
HOO* considering the similar measurement procedure of in
situ ATR−SEIRAS.62−64 Summarizing the abovementioned
results, we use the experimental evidence to verify the DFT
calculation results that the Co−N SACDp with pyrrole-type

Figure 5. (a) ORR polarization curves in 0.1 M HClO4 before and after the addition of 1 mM SCN−. (b) ORR polarization curves in 0.1 M HClO4
and H2O2RR polarization curves in 0.1 M HClO4 containing 10 mM H2O2. (c) O2-TPD curves for the Co−N SACDp and Co−N SACMm. (d) In
situ ATR−SEIRAS spectra for the Co−N SACDp at potential range of 0.9−0.1 V.
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CoN4 favors the H2O2 production as compared to the Co−N
SACMm (pyridine-type CoN4).
Furthermore, based on the control experiment and DFT

calculation results (Figures S34−S36), we deduce that the
oxygen functional groups cannot account for the totally
different ORR selectivity for the three Co−N SAC samples
and have negligible influence on the H2O2 selectivity in the
present pyrrole-type CoN4 system. Noting that the previously
reported Co SAC4,24,34 usually used pyridine-type CoN4 as the
theoretical model and the introduction of the C−O−C group
in pyridine-type CoN4 could enhance the H2O2 selectivity.
However, according to the theoretical results (Figure S34), the
pyrrole-type CoN4 initially shows high H2O2 selectivity, and
introducing C−O−C results in lower H2O2 selectivity.

H2O2 Production Ability and Electro-Fenton Applica-
tion. Inspired by the outstanding 2e− ORR performances, the
H2O2 production ability in the amplifying device of the flow
cell has been assessed in 0.1 M HClO4. As shown in Figures 6a
and S37, the Co−N SAC catalysts have been assembled into
the cathode for ORR. Moreover, the IrO2 coating on the
titanium sheet is used as the anode for oxygen evolution
reaction, which is separated by the Nafion membrane. The
Co−N SACDp in the flow cell can reach a large ORR current of
−75 mA (Figure S38). As shown in Figure 6b, the Co−N
SACDp shows a superior H2O2 production rate (26.7 mg cm−2

h−1) to the Co−N SACPc (8.1 mg cm−2 h−1) and Co−N
SACMm (5.0 mg cm−2 h−1), consistent with the 2e− ORR
activity order on RRDE. Impressively, the H2O2 production
rate of Co−N SACDp surpasses most previously reported
catalysts (Figure 6b and Table S11). Furthermore, the
longstanding and stable H2O2 production has been performed
at a fixed current of −50 mA, and the generated H2O2 is
determined by the Ce4+ titration method (Figure S39). It is

shown in Figure 6d that the Co−N SACDp shows a high FEHd2Od2

of 84% in the initial 1 h and maintains the FEHd2Od2
of >70% in

the continuous H2O2 production operation up to 90 h (the
electrolyte is periodically refreshed every 30 h). Importantly,
the produced H2O2 amount linearly increases with the
operating time and the cumulative H2O2 yield reaches up to
2032 mg for 90 h (Figure 6c), which is one of the highest
H2O2 production yields in acidic media, to the best of our
knowledge (Table S11). Moreover, the Co−N SACDp after the
stability test shows no aggregated Co nanoparticles and
maintains the atomical dispersion of Co species according to
the XRD analysis (Figure S40), TEM, and AC-HAADF-STEM
results (Figure S41), confirming its robust stability.
In a preliminary application, the collected electrolyte after 30

h is used to decompose 200 ppm of methylene blue (MB, pH
= 1, containing 10 mmol Fe2+). After adding the electrolyte to
the MB solution, the MB can be totally removed (Figure S42),
indicative of the promising potential for pollutant degradation.
Furthermore, we also have compared the electro-Fenton
activity of the Co−N SACDp and Co−N SACMm, and the
recalcitrant CBZ is selected as the targeted organic pollutant65

(Figures S43 and S44). As shown in Figure 6e, the Co−N
SACDp shows a superior degradation ability to the Co−N
SACMm in which the 10 ppm CBZ can be completely removed
within 12 min (Figure S45). Therefore, the remarkable H2O2
productivity and outstanding degradation ability make the
Co−N SACDp a promising and ready catalyst for the actual
application.

■ CONCLUSIONS
In summary, by combining DFT calculations and experiments,
we addressed key issues about the structure−function

Figure 6. (a) Schematic diagram of the flow cell for H2O2 production. (b) H2O2 production rate for different catalysts (the catalysts in this work
are highlighted in red color and the other catalysts referred to the previous reports in Table S11). (c) Accumulatively produced H2O2 for Co−N
SACDp and previously reported catalysts (detailed information in Table S11). (d) Chronopotentiometry curve at the fixed current of −50 mA and
the corresponding FEHd2Od2

in the flow cell for Co−N SACDp. (e) Residual CBZ concentration at a different time in the electro-Fenton process.
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relationship for a series of Co−N4 catalysts with different
coordination structures and the ORR pathway over this family
of SACs. We disclose that the pyrrole-type CoN4 mainly
accounts for the 2e− ORR for producing H2O2, while the
pyridine-motif promotes the 4e− ORR. This striking difference
may originate from the electron interaction with the important
HOO* intermediate and the accompanying spin state
difference between the different coordinations of the active
center. Experimentally, a series of Co−N SAC catalysts with
different coordination structures were prepared. The Co−N
SACDp with pyrrole-type of CoN4 and the Co−N SACMm with
pyridine-type of CoN4 showed selectivity toward 2e− ORR and
4e− ORR, respectively. Impressively, the Co−N SACDp
exhibits superior 2e− ORR performances than most previously
reported catalysts in acidic media, with a mass activity of 14.4
A gcat.−1 at 0.5 V versus RHE and H2O2 selectivity of 94% at 0.3
V versus RHE. Our experimental results indicate that the Co−
N SACDp (pyrrole-type CoN4) with weaker intermediate
interaction favors the H2O2 production compared to the Co−
N SACMm (pyridine-type CoN4). This is also in agreement
with our DFT calculation results over these intermediates.
Importantly, the Co−N SACDp has been tested in a flow cell,
accumulating a H2O2 yield of 2032 mg for 90 h. As such, this
work identifies the pyrrole-type CoN4 as the highly active Co−
N coordination motif for electrosynthesis of H2O2, and
provides fundamental insights into the ORR mechanism on
SAC catalysts and beyond.
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