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as the “anchor” into the carbon supports is 
usually applied to stabilize the molecular 
metal species by bonding with N atoms, 
thus forming highly stable and well-dis-
persed metal-N-C molecular moieties.[11,12] 
Such molecular moieties dispersed carbon-
based catalysts are usually evolved from 
the pyrolysis of ideal metal complexes with 
rigorous macrocyclic N4 ligands, which 
surely limits the selectivity of precursors 
and structural maneuverability of the 
designed catalysts.[9,13] On the other hand, 
these molecular moieties are extensively 
demonstrated as the catalytically active 
sites for a series of catalytic reactions, such 
as hydrogen evolution,[14,15] CO2 reduc-
tion,[16,17] oxygen reduction,[9,18] and so 
on. Thus, the realization of the structural 
identifications with atomic-level precision 
toward these molecular moieties is highly 
desirable to unravel the intrinsic mecha-
nism, but still keeping as a great challenge.

We here demonstrated, for the first time, one general space-
confinement strategy to achieve highly dispersed transition 
metal single atoms within typical graphene and carbon nano-
tubes supports (see the Supporting Information for details). As 
illustrated in Figure 1, homogeneous ZnM (M = Co, Fe, or Cu) 
dual-metal hydroxides layers were first in situ synthesized onto 
graphene oxide (GO) or acid-treated multiwalled carbon nano-
tubes (MWCNTs) using a simple hydrolysis method (Figure S1, 
Supporting Information) with low hydrolysis rate (denoted as 
ZnM(OH)x@GO and ZnM(OH)x@MWCNTs, respectively). 
Then the obtained composites were further coated with poly-
dopamine (PDA) as N-rich carbon precursors (denoted as 
PDA@ZnM(OH)x@GO and PDA@ZnM(OH)x@MWCNTs, 
respectively). The final products were obtained through thermal 
treatment of the above precursors to pyrolyze PDA and remove 
the metal zinc (noted as M1@N-doped graphene and M1@N-
doped MWCNTs). Systematic characterizations, especially X-ray 
absorption fine structure spectroscopy and aberration-corrected 
scanning transmission electron microscopy (AC-STEM), were 
performed to characterize the fine structures of as-prepared 
samples. As demonstrated, these samples were applied as cata-
lysts for oxygen reduction reaction (ORR), and the catalytic 
activities and stabilities were elaborately evaluated. Our work 
provides new opportunities to synthesize single atoms sup-
ported catalysts, and it is believed that this general method can 
be extensively used to synthesize other related catalysts.

Developing facile preparation routes and atomic-level characterization 
methods for single-atom catalysts is highly desirable but still challenging. 
Herein, a general strategy is proposed to construct transition metal single 
atoms within 1D and 2D carbon supports. The carbon supports, typically 
graphene and carbon nanotubes, are coated with various transition metal-
containing bimetal hydroxides, followed by polydopamine coating and 
high-temperature pyrolysis. X-ray absorption fine structure spectroscopy 
measurements and simulations efficiently indicate that single atoms (Co, Fe, 
or Cu) are captured within the applied carbon supports, distinctively forming 
exclusive molecule-type sites. As a proof-of-concept application, the obtained 
catalysts exhibit remarkable performance for electrochemical oxygen reduc-
tion reaction, even surpassing commercial Pt/C catalyst. The developed ver-
satile route opens up new avenues for the design of carbon-based catalysts 
with definite molecular active sites. The atomic-level structural identifications 
provide significant guidance for mechanistic studies toward single-atom 
catalysts.
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Molecule-Type Sites

Recently, transition metal species supported onto carbon sup-
ports are being one of the research frontiers due to their distinc-
tive catalytic properties in various catalytic reactions.[1–3] The size 
of the metal species is a key factor to determine the activities 
and efficiencies of these catalysts,[4,5] based on the fact that only 
the surface active-site atoms with unique low-coordination fea-
ture can be used in catalytic processes.[6,7] Therefore, downsizing 
the metal particles or clusters to single atoms is considered as 
valid methods to increase the efficiencies.[8,9] However, the high 
surface energy of small-size transition metals usually causes the 
aggregation.[10] In this regard, the introduction of the N atoms 
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Taking Co1@N-doped graphene as an example, a series of 
characterizations were conducted. The GO as the substrate was 
synthesized by a modified Hummers’ method.[19] The X-ray 
diffraction (XRD) patterns and scanning electron microscopy 
image indicate the characteristic interlayer stacking structure of 
GO with an interlayer spacing of ≈0.8 nm and a typical sheet-
like morphology (Figure S2, Supporting Information). After 
loading dose-setting ZnCo(OH)x coating layers (Figure S3a, 
Supporting Information) onto the GO substrate via a propylene 
oxide-mediated alkalization method,[20] GO-like morphology 
without separate components and homogeneous distribution 
of Zn and Co element are observed (Figure S3b,c, Supporting 
Information), confirming the uniform ZnCo bimetal hydrox-
ides coating onto the GO according to previous reports about 
ZnCo hydroxides.[21,22] The uniform coating is the key to realize 
subsequent efficient PDA coating and prevent the structural 
changes. As expected, negligible morphology changes and no 
sign of free PDA suggest the perfect PDA coating (Figure S3d, 
Supporting Information). The ideal bimetal hydroxides and 
PDA coating layers are supposed to synthesize designed struc-
tures with monodispersed metal species under high tempera-
ture pyrolysis. The consistent results are also observed in the 
preparation processes of Fe and Cu-containing composites 
as well as the MWCNTs-based samples (Figures S4–S8, Sup-
porting Information), indicating that both the employed 
methods for the bimetal hydroxides and PDA coating are ver-
satile and could be extended to other transition metals and 1D 
carbon supports. Notably, the effects of the Zn species and PDA 
layers on the formation of single metal atoms within carbon 
supports would be deeply discussed in the following section.

These above samples with coating layers were pyrolyzed 
under flowing N2 at 800 °C. The high-temperature treatment led 
to the PDA decomposition and conversion to N-doped carbon 
layers, thus providing anchor sites for metal species.[23] Besides, 
the bimetal hydroxides would be reduced to form M-Nx sites, in 
which zinc would be evaporated out due to its low boiling point 
(mp 420  °C, bp 907  °C).[12] The XRD patterns of the Co1@N-
doped graphene show that no Co-related diffraction peaks can 
be observed, similar with that of N-doped graphene without 
adding metal precursors. Similar XRD results are also observed 
for Fe1@N-doped graphene, Cu1@N-doped graphene, and 
Co1@N-doped MWCNTs (Figure S9, Supporting Information). 

These results imply that the metal species 
in the M1@N-doped graphene and M1@N-
doped MWCNTs probably are highly dis-
persed or sufficiently small. In contrast, as 
for PDA-free (ZnCo(OH)x@GO) or Zn-free 
precursors (PDA@Co(OH)x@GO) derived 
samples, obvious metal Co components are 
generated (marked as Co NPs@graphene and 
Co NPs@N-doped graphene, respectively), 
as revealed by XRD patterns (Figure S10,  
Supporting Information and Figure 2a). The 
above results were further proved by the 
direct observations from transmission elec-
tron microscopy (TEM). Figure 2b shows the 
TEM image of Co1@N-doped graphene, in 
which no obvious Co nanoparticles can be 
observed. The corresponding selected area 

electron diffraction (SAED) pattern suggests its poor crystal-
linity (the inset of Figure 2b). The consistent observations are 
also exhibited for Fe1@N-doped graphene, Cu1@N-doped gra-
phene, and Co1@N-doped MWCNTs (Figure S11, Supporting 
Information). These images are similar with that of the metal-
free sample (N-doped graphene, Figure S12, Supporting Infor-
mation). However, obvious nanoparticles can be seen in the 
TEM images of Co NPs@graphene and Co NPs@N-doped 
graphene (Figure S13, Supporting Information), demonstrating 
the important roles of PDA coating layers and metal zinc in 
inhibiting aggregation and crystal growth. The effects of PDA 
and Zn species are similar with that of organic ligands and Zn 
atoms in bimetallic Zn/Co metal–organic frameworks for the 
preparation of Co single atoms.[10] To further state the existed 
form of Co, the aberration-corrected atomic-resolution high-
angle annular dark-field (HAADF) STEM was carried out. The 
obviously bright dots could be attributed to the Co atoms due to 
its relatively large Z-value,[24] demonstrating the monodispersed 
property of Co atoms on the substrate (Figure 2c). The corre-
sponding energy-dispersive X-ray (EDX) mapping analysis indi-
cates the homogeneous distribution of N and Co into the gra-
phene substrate (Figure 2d). The monodispersed Co atoms and 
elemental mapping measurement for Co1@N-doped MWCNTs 
by HAADF-STEM are similar with Co1@N-doped graphene 
(Figure S14, Supporting Information). The inductively coupled 
plasma mass spectroscopy analysis reveals the Co content of 
≈2.1 wt% and complete removal of the Zn species in the Co1@N-
doped graphene. X-ray photoelectron spectroscopy measurement 
indicates that the N content is ≈3.62  at% (Figure S15a, Sup-
porting Information). The high-resolution N 1s spectrum (Figure 
S15b, Supporting Information) suggests that the N species 
mainly form into pyridinic-N and graphitic-N which could serve 
as active sites of some electrochemical reactions and the anchor 
sites of metal species. Additionally, the Raman result (Figure 
S16, Supporting Information) implies the existence of structural 
defects probably due to the introduction of the metal-N moieties.

Although the above results have suggested that these metal 
species forming single atoms exist within the graphene and 
MWCNTS supports, the precise coordination environments are 
needed to further be dissected due to great significance for unrave-
ling the catalytic mechanism.[16–18] We performed X-ray absorp-
tion near-edge structure (XANES) and extended X-ray absorption 
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Figure 1.  Schematic illustration of the synthesis processes for molecule-type metal-N-C mate-
rials supported on graphene and MWCNTs.
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fine structure (EXAFS) measurements. The XANES curve of 
Co1@N-doped graphene shows that the near-edge adsorption 
energy locates among those of Co foil, CoPc, and CoO, implying 
that Co atoms are positively charged (Figure 3a). Similar results 
are also observed in the XANES curves of Fe1@N-doped gra-
phene, Cu1@N-doped graphene, and related control samples 
(Figure S17, Supporting Information). Further structural infor-
mation about Co atoms can be obtained from the EXAFS. As 
exhibited, the Co1@N-doped graphene shows a similar oscillation 
curve with CoPc in k-space (Figure 3b), suggesting that the main 
structure of Co atoms in Co1@N-doped graphene is Co-N4 coor-
dination. Similar results are also observed in the k-space curves 
of Fe1@N-doped graphene, Cu1@N-doped graphene (Figure S18, 
Supporting Information), indicating the consistent M-N4 coor-
dination structures of these metal species.[23] The Fourier-trans-
formed k3-weighted EXAFS R-space spectrum of Co1@N-doped 
graphene only shows one noticeable peak in the region 1–2  Å  
with similar bond length of CoPc (Figure 3c). This result strongly 
suggests that CoN coordination is separately formed without 
the metal–metal bonds.[12] The similar FeN and CuN coordi-
nation are also observed from Fe and Cu K-edge EXAFS results 
(Figure S19, Supporting Information). Furthermore, the wavelet 
transformation (WT) was analyzed to show the Co K-edge EXAFS 
oscillations. As displayed in Figure 3d, the maximum center at 
≈5.3  Å−1 for Co1@N-doped graphene could be assigned to the 
CoN bonds,[25] and no CoCo maximum center is observed, as 
revealed by the comparison with the WT plots of CoO and Co foil in 
Figure 3e,f. Notably, the WT plots of Co1@N-doped graphene and 
CoPc possess some difference (Figure 3d,g). Therefore, it inspires 
us to dissect the Co-related structures in Co1@N-doped graphene. 
Consequently, based on typical Co-N4 coordination, possible 

structure of Co species in Co1@N-doped graphene is rationally 
established. The detailed structure models and corresponding 
calculated theoretical XANES spectra are displayed in Figure 3h 
and Figure S20 in the Supporting Information. Interestingly, the 
structure with two oxygen molecules weakly adsorbed on the Co 
atoms of Co-N4 coordination could match well with the main fea-
tures of the experimental spectrum for Co1@N-doped graphene 
(Figure 3h). The WT plots and theoretical spectra of Fe and Cu-
containing materials are also calculated and show similar results 
with that of Co-containing ones (Figures S21–S24, Supporting 
Information). Based on the above results, exclusive molecule-type 
sites (the inset of Figure 3h, denoted as MN4C8O2-2, M = Co, Fe, 
Cu) are efficiently captured within the applied carbon supports.

As evidenced by recent reports, such structure with mono-
dispersed transition metal atoms could serve as highly active 
sites for electrocatalysis.[8,25] The N species and metal-N sites 
could favor the rate-limiting O2 activation for ORR.[9,12] Thus, 
as a proof-of-concept application, the ORR performance of the 
obtained materials was evaluated in O2-saturated 0.1 m KOH 
electrolyte. The ORR activities of Co1@N-doped graphene 
were first investigated. The cyclic voltammetry (CV) curve of 
Co1@N-doped graphene shows no obvious featured peaks in 
the N2-saturated KOH solution, while a well-defined cathodic 
peak toward ORR is observed in O2-saturated KOH solution, 
indicating distinct ORR activity of the catalyst (Figure 4a).[26,27] 
Similar cathodic peaks are also observed in the CVs of other 
single metal atoms-containing catalysts (Figure S25, Supporting 
Information). The linear sweep voltammetry (LSV) curves  
(Figure 4b) indicate that Co1@N-doped graphene shows the 
impressing activities in terms of the positive onset (Eonset) and 
half-wave potential (E1/2). As shown in Figure 4b, the E1/2 of 
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Figure 2.  a) XRD patterns of N-doped graphene, Co1@N-doped graphene, and Co NPs@N-doped graphene. b) TEM image of Co1@N-doped gra-
phene (inset: SAED image). c) Aberration-corrected magnified HAADF-STEM image of Co1@N-doped graphene. d) ADF image and corresponding 
EDX mapping of Co1@N-doped graphene.
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Co1@N-doped graphene is 0.865 V versus reversible hydrogen 
electrode (RHE), which is 15  mV more positive than that of 
Pt/C catalyst and 105  mV larger than that of the metal-free 
sample. The E1/2 is comparable to that of most nonprecious 
metal ORR electrocatalysts (Table S1, Supporting Information). 
LSV measurements were also recorded at different rotation 
rates (Figure S26, Supporting Information). The value of elec-
tron transfer number (n) was calculated by the rotating ring disk 
electrode (RRDE) test (Figure S27, Supporting Information). 
The calculated electron transfer number surpasses 3.8 in the 
range of 0.2–0.8 V versus RHE, demonstrating a near four-elec-
tron ORR pathway for the Co1@N-doped graphene (Figure 4c).  
The corresponding H2O2 yield calculated from RRDE over 
Co1@N-doped graphene remains below 4% at the wide poten-
tial range. These results strongly prove that the Co1@N-doped 
graphene electrode exhibits high ORR catalytic efficiency. As 

for other M1@N-doped MWCNTs and M1@N-doped graphene 
catalysts, the impressing ORR performance is also obtained  
(Figures S28–S30, Supporting Information). Furthermore, The 
ORR performance of the Co1@N-doped graphene catalyst in 
acidic media was evaluated. From the Eonset and E1/2 of the polar-
ization curves (Figure S31, Supporting Information), it could 
be concluded that the Co1@N-doped graphene catalyst shows 
promising potentials in the proton exchange membrane fuel cell.

The electrocatalytic durability of these catalysts is also evaluated. 
The high stability of Co1@N-doped graphene is proved by the 
long-term CVs and chronoamperometry measurements, in which 
very low negative E1/2 shift or current decline are achieved, supe-
rior to Pt/C (Figure 4d and Figures S32 and S33, Supporting Infor-
mation). To examine the fuel crossover effect,[28,29] the Co1@N-
doped graphene as well as Pt/C was tested in both O2-saturated 
0.1 m KOH and O2-saturated 0.1 m KOH with 1.0 m methanol 
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Figure 3.  a) Co K-edge XANES curves and b) EXAFS curves at k-space and c) R-space of Co1@N-doped graphene, CoPc, CoO, and Co foil. d) WT of 
Co1@N-doped graphene, e) Co foil, f) CoO, and g) CoPc. h) The comparison between the normalized Co K-edge XANES experimental spectrum and 
the theoretical spectrum calculated based on the inset structure.
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solutions. There is no obvious change in the current density for 
Co1@N-doped graphene after adding 1.0 m methanol into the solu-
tion (inset in Figure S32, Supporting Information); however, the 
current density apparently vanished for Pt/C (inset in Figure S33, 
Supporting Information). The above results reveal that Co1@N-
doped graphene has promising tolerance to methanol crossover. 
The excellent durability and methanol tolerance of other catalysts 
are also proved (Figures S34–S36, Supporting Information).

In summary, we have successfully proposed a versatile space-
confinement route for the synthesis of single transition metal 
atoms within graphene and carbon nanotubes supports. More 
importantly, the elaborate X-ray absorption spectra analysis effi-
ciently demonstrated that these single atoms form exclusive 
molecule-type sites (MN4C8O2-2, M = Co, Fe, Cu). The excellent 
ORR performance of these molecular metal-N-C catalysts high-
lights the importance of the developed strategy on the design of 
molecule-type catalysts for the mechanistic insights and prac-
tical applications in electrocatalytic field.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 4.  a) CVs of Co1@N-doped graphene in O2 and N2-saturated 0.1 m KOH solution. b) ORR polarization curves of Co1@N-doped graphene, Pt/C 
and N-doped graphene. c) Electron transfer number (n) and H2O2 yield versus potential (%) calculated from RRDE measurements. d) LSV curves of 
Co1@N-doped graphene before and after 10000 potential cycles in O2-saturated 0.1 m KOH.
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