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Non-noble metal electrocatalysts toward oxygen reduction
reaction (ORR) are highly required to substitute expensive Pt/C in
the cathode of proton exchange membrane fuel cells. However, the
relatively low ORR activity of these Pt-free catalysts under acidic
conditions is the major issue. Herein, we engineered a three-
dimensional structure consisting of atomically dispersed Fe, N-
doped hollow carbon nanospheres linked by carbon nanotubes as
electrocatalyst for the ORR. Benefiting from the unique structure
and high-density atomic Fe-Nj sites, this new type of electrocatalyst
showed an impressively ORR half-wave potential of 0.84 V and
kinetic current density of 13.1 mA cm2 at the potential of 0.8 V in
acidic media, which was even better that commercial Pt/C.

Proton exchange membrane fuel cells (PEMFCs) have attracted great
interest owing to their high energy density and zero emission.13
However, their wide applications are restricted by their high cost.
About 50% of the total cost of a PEMFC stack is attributed to noble-
metal catalysts, most of which are employed to improve the oxygen
reduction reaction (ORR) kinetics at the cathode.*® Thus,
considerable efforts and resources have been devoted to exploring
inexpensive noble-metal-free ORR catalysts in recent years.”-?

As a type of noble-metal-free electrocatalysts, Fe-N-C materials
have attracted great attention.%!4 Such materials are usually
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prepared by pyrolyzing organic precursors containing Fe, N and C
sources at high temperatures. Single Fe atoms coordinated by N
doping (Fe-Ny) sites in the surface have been suggested to be as
active as Pt.1> 16 However, the ORR performance of current Fe-N-C
materials is still inferior to Pt, especially in acidic conditions.
Increasing the density of Fe-Ny sites is an effective strategy to further
improve the ORR performance. Since Fe atoms are mobile and tend
to agglomeration to form inactive nanosized compounds during the
high-temperature treatment, simply increasing Fe content in the
precursors is ineffective.l”” 18 Recently, some more effective
strategies including silica layer protecting?®, template assisting2o,
ionothermal stabilizing?!, and spatially confining??2 were applied to
synthesize Fe-N-C materials enriched with atomic Fe-Ny sites
(denoted as single-atom Fe catalysts). These single-atom Fe catalysts
hold excellent ORR activities in alkaline conditions, but their ORR
activities in acidic media are still less than satisfactory.

Conducting polymers such as polyaniline and polypyrrole have
been widely employed as precursors for the preparation of Fe-N-C
materials because of their low cost, high N content, and uniform N
distribution.?3-25 Such N groups in conducting polymers are able to
adsorb and anchor Fe ions, leading to well dispersive Fe atoms in the
precursors and beneficial to the formation of atomic Fe-N sites.
However, the Fe-N-C materials prepared by directly pyrolyzing
conducting polymer-based precursors are suffered from poor
electrical conductivity and undesirable architecture, which are
prejudicial to electron transfer and mass transport processes
involved in the ORR.2> Furthermore, the number of accessible active
sites is also limited.

Here, we designed and synthesized three-dimensional Fe, N-
doped hollow carbon nanospheres linked by carbon nanotubes (CNT-
Fe/NHCNS). CNT-linked hollow polymer nanospheres composite was
synthesized by self-assembly polymerization of aniline and pyrrole in
the presence of CNTs. In combination with atom isolating technique
involving Fe3*/Na* adsorption and pyrolysis, high-density of single Fe
atoms anchored in N-doped hollow carbon nanospheres were
achieved, which was confirmed by atomically scaled annular dark-
field scanning transmission electron microscopy (ADF-STEM) imaging
and extended X-ray absorption fine structure (EXAFS). Benefiting
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from the characteristic of highly electrical conductivity of CNTs,
three-dimensional porous architecture and high-density of atomic
Fe-Ny sites, the CNT-Fe/NHCNS showed excellent ORR performance
in acidic media.

Figure 1a shows the scheme of the preparation process of CNT-
Fe/N-HCNS, which involves three steps including chemical self-
assembly, metal cation adsorption, and high-temperature pyrolysis.
Before the synthesis, CNTs were subjected to the mixed
nitric/sulfuric acid treatment to improve the dispersity in aqueous
solution and remove nanosized Fe species left during the CNT
growth. The CNTs experienced the above treatment still remain their
structure intact (Figure S1). After a high-temperature treatment at
900°C, the surface oxygenic functional groups were removed
resulting in a high electrical conductivity.2628 To carry out the
chemical self-assembly, the obtained functionalized CNTs were
dispersed into a polyvinyl pyrrolidone solution. Aniline and pyrrole
monomers were added into the above mixture under continuous
stirring in an ice bath. Ammonium peroxydisulfate was then added
to induce self-assembly polymerization of aniline and pyrrole,
leading to formation of CNT-linked hollow polymer nanospheres.
Subsequently, the above product was dispersed in a mixture of iron
nitrate and sodium chloride to adsorb metal cations. Finally, the
precursor with adsorbates was undergone a typical three-step
process of pyrolysis under Ny, acid leaching and NHj; activation, to
obtain CNT-Fe/N-HCNS.2* According to previous report, the
introduced isolating agents could effectively suppress Fe
agglomeration and conduce to achieve active atomic Fe-Ny sites.?®
Herein, sodium chloride was employed as an isolating agent to obtain
a high density of atomic Fe-Ny active sites, which is significant for
acquiring highly efficient ORR performance.

Previous reports have verified that pyrolysis temperature plays an
essential role in achieving highly active Fe-N-C catalysts. A low
temperature can result in low graphitization and poor electrical
conductivity, while a high temperature can lead to high electrical
conductivity as well as formation of inactive nanosized Fe species
rather than enrichment of atomic Fe-N sites.3% 31 Accordingly, we
first evaluated the ORR activities of the CNT-Fe/NHCNS materials in
an acidic solution as a function of heat-treatment temperature in the
range of 800-1000°C. As show in Figure S2, the rotating ring-disk
electrode (RRDE) measurements shows that CNT-Fe/NHCNS material
prepared at 900 °C exhibits the best ORR activity, which was
disclosed by the important performance evaluation parameters of
half-wave potential, limiting current density, H,0, yield, and electron
transfer number. Thus, this sample was chosen for further
characterization and discussion.

The morphology and structure of CNT-Fe/NHCNS were
characterized by microscopy (SEM) and
transmission electron microscopy (TEM). Figure 1lb-c show typical
SEM and TEM images of CNT-Fe/NHCNS. There are abundant carbon
nanospheres with a diameter around 130 nm. Interestingly, carbon
nanospheres are linked through the CNTs, like tomatoes on sticks.
Such structure can shorten the electron transport pathway between
the carbon nanospheres and accelerate the electron transfer. The
carbon nanospheres have a hollow structure, which increases the
surface area and number of active sites exposed to electrolyte. The
hollow carbon nanospheres hold a porous structure consisting of
crooked few-layer graphene (Figure 1d and Figure S3a). The CNT

scanning electron
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surface is coated with a thin carbon layer (Figure S3b). No
nanoparticle was detected in hollow carbon nanospheres, suggesting
that Fe might be hosted in an isolated atomic form. Nevertheless,
there are still a small amount of nanosized Fe species buried in the
CNT inner chamber (Figure S4a). These particles survived from the
acidic treatment of CNTs seem to have no effect on the formation of
atomic Fe-Nyx moieties in outer carbon layers (Figure S4b). Figure S5
shows CNT-Fe/NHCNS has a hierarchically porous structure. The
Brunauer-Emmett-Teller (BET) surface area and electrochemically
accessible surface area (Sa) were as large as 897 m2 g1 and 565 m? g-
1, respectively. Such structural features are favorable to the ORR.
Raman spectroscopy was performed to further characterize the
crystallinity of CNT-Fe/NHCNS. As shown in Figure S6, the line shapes
of the G-band and D-band peak of CNT-Fe/NHCNS are similar to
those of CNTs. Furthermore, the intensity ratio of G-band to D-band
of CNT-Fe/NHCNS is 0.78, close to that of CNTs (0.82). These results
further confirm that CNT-Fe/NHCNS has a high crystallinity, which
endows it with fast electron transfer capacity.

D O &
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Flgure 1. Schematlc |Ilustrat|on of the synthe5|s process of CNT-
Fe/NHCNS for the ORR. (b) SEM image, (c) low-magnification TEM,
and (d) high-magnification TEM image of CNT-Fe/NHCNS.

Figure 2a shows the X-ray diffraction pattern of CNT-Fe/NHCNS.
There are two characteristic peaks of graphitic carbon at 25.4° for the
(002) plane and 43.4° for the (101) plane, which further
demonstrates that CNT-Fe/NHCNS has a good crystallinity.
Furthermore, no diffraction peak from Fe species was detected. We
carried out aberration-corrected scanning TEM to identify single Fe
atoms CNT-Fe/NHCNS. Owing to a large atomic number difference
between Fe and C, the Z-contrast imaging can effectively identify Fe
distribution at the atomic level. As illustrated in Figure 2b, dense
isolated Fe atoms (bright dots) exist in CNT-Fe/NHCNS. To further
confirm the Fe configurations in CNT-Fe/NHCNS at the atomic level,
X-ray absorption near-edge structure (XANES) and EXAFS were
performed. Figure 2c shows the Fe K-edge XANES spectra of CNT-
Fe/NHCNS and reference samples of Fe foil, FeO and Fe,0s. Clearly,
the near-edge absorption energy of CNT-Fe/NHCNS is between those
of bi- (FeO) and trivalent (Fe,0s) iron, indicating the Fe oxidation
state of Fe-Ny in CNT-Fe/NHCNS is between 2+ and 3+, consistent
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with X-ray photoelectron spectroscopy (XPS) results (Figure S7) and
well in line with previous reported single-atom Fe catalysts.32
Fourier-transform EXAFS curve of CNT-Fe/NHCNS presents a main
Fe-N peak at 1.4 A (Figure 2d), further revealing that majority of Fe
atoms are atomically isolated in hollow carbon nanospheres and
carbon layer on CNTs. A weak shoulder at 2.1 A was also detected,
which may originate from nanosized Fe species buried in the inner
chamber of CNTs, in agreement with TEM results (Figure S4).
According to the fitting parameters given in Table S1, the
coordination number is 4.45+1.23. All the above characterization
results demonstrate that CNT-Fe/NHCNS has a unique structure and
high-density atomic Fe-Ny active sites.
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Figure 2. (a) XRD pattern of CNT-Fe/NHCNS. (b) ADF-STEM image of
CNT-Fe/NHCNS. (c) Fe K-edge XANES spectra of Fe foil, FeO, Fe,03,
and CNT-Fe/NHCNS. (d) Fourier-transform EXAFS spectra of Fe foil
and CNT-Fe/NHCNS.

To evaluate the ORR catalytic activity of CNT-Fe/NHCNS, RRDE and
rotating disk electrode (RDE) evaluation were carried out in an O»-
saturated 0.1 M HCIO4 solution. Figure 3a shows the disk electrode
polarization curves of CNT-Fe/NHCNS (loading: 0.2 mg cm2) and Pt/C
(20 wt% Pt, loading: 0.1 mg cm-2). Clearly, both CNT-Fe/NHCNS and
Pt/C have a stable diffusion-limiting current density platform, while
CNT-Fe/NHCNS holds a limiting current density of ~6.0 mA cm?,
larger than that of Pt/C (~5.4 mA cm-2). More importantly, the half-
wave potential of CNT-Fe/NHCNS reaches 0.84 V, identical to that of
Pt/C and much better than those of recently reported representative
single-atom Fe catalysts (0.78-0.82 V).1%:29,33,34 The H,0; yield at the
whole potentials is below 4% and the mean value is ~2%, bearing
comparison with those of Pt/C (Figure 3b). Such a low H,0, yield
reveals that CNT-Fe/NHCNS has a high ORR catalytic efficiency in
acidic media. The electron transfer number of CNT-Fe/NHCNS
derived from disk/ring currents is in the range of 3.93 to 3.98 in the
whole potential range, suggesting a highly efficient four-electron-
transfer pathway. Furthermore, RDE measurements in combination
with Koutecky-Levich (K-L) equation calculations exhibit the electron
transfer number of CNT-Fe/NHCNS is ~4.0 (Figure S8), which further
reveals its ORR catalytic mechanism following a highly efficient four-

This journal is © The Royal Society of Chemistry 20xx
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electron-transfer pathway. Figure 3c shows the Tafel curves deduced
from the polarization curves in Figure 3a on the basis of the mass
transport correction. CNT-Fe/NHCNS holds a smaller Tafel slope
compared to Pt/C (67 mV/decade versus 76 mV/decade), which
reveals that CNT-Fe/NHCNS holds a better ORR kinetics.3®
Furthermore, CNT-Fe/NHCNS has an impressive kinetic current
density of 13.1 mA cm2 at 0.8 V, larger than that of Pt/C (10.2 mA
cm2). Based on the above results, the acidic activity of CNT-
Fe/NHCNS for the ORR is demonstrated to be superior to Pt/C.
Furthermore, to preliminarily evaluate the intrinsic activity of Fe-Ny
in CNT-Fe/NHCNS, turn-over frequency (TOF, number of electrons
reduced per Fe-Ny active site and per second at 0.8 V) was deduced
from kinetic current density and Fe content (2.18 wt.% from ICP-MS).
The average TOF was as large as 1.74 (e site'1 s'1), which is larger than
typically reported Fe-N-C catalysts (Table S2). Except for the catalytic
activity, the stability is also a key factor in assessing a practical ORR
electrocatalyst. Figure 3d shows the ORR polarization curves of CNT-
Fe/NHCNS before and after potential cycles between 0.7 and 1.1V at
50 mV s1. After 5000 continuous cycles, the half-wave potential of
CNT-Fe/NHCNS showed a small negative shift of ~15 mV, which was
comparable to that of Pt/C (13 mV, Figure S9).
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Figure 3. (a) ORR polarization curves, (b) H,O; yield and electron
transfer number, and (c) Tafel plots of CNT-Fe/NHCNS with a loading
of 0.2 mg cm2 and Pt/C with a loading of 0.1 mg cm2. (d) ORR
polarization curves of CNT-Fe/NHCNS before and after 5000
potential cycles.

The highly efficient ORR performance of CNT-Fe/NHCNS can be
attributed to the three-dimensional nanostructure of CNT-linked
carbon nanospheres and high-density atomic Fe-Ny active sites. To
better understand the role of the structure and Fe on the ORR
activities, control experiments were conducted: (1) single Fe atoms
were anchored on isolated N-doped hollow carbon nanospheres
(Fe/NHCNS) only without introduction of CNTs; (2) three-
dimensional nanostructure of CNT linked N-doped hollow carbon
nanospheres (CNT-NHCNS) only without introduction of Fe. Figure 4a
compares the ORR polarization curves of CNT-Fe/NHCNS, CNT-
NHCNS, and Fe/NHCNS. Compared to CNT-NHCNS, CNT-Fe/NHCNS
has a substantial improvement for the ORR, which is revealed by its
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remarkably more positive half-wave potential (0.84 V versus 0.69 V),
a much lower H;0; yield (Figure S10), and a considerably larger
kinetic current density (Figure S11). XPS was applied to detect
chemical compositions of these carbon materials and the results are
shown in Figure 4b. As expected, no Fe signal was detected in CNT-
NHCNS. By contrast, the Fe contents in CNT-Fe/NHCNS and
Fe/NHCNS are both ~0.3 at.%. Furthermore, although N content in
CNT-NHCNS is slightly higher than that in CNT-Fe/NHCNS (Figure 4b),
the percentage of defective N configurations (pyridinic and pyrrolic
N), acknowledged as coordination sites for single Fe atoms, is
obviously lower (Figure 4c). Consequently, atomic Fe-Ny sites are
demonstrated as the critical factor for achieving high ORR activity. In
the sample without introducing CNTs (Fe/NHCNS), the N content and
configuration are almost identical to those of CNT-Fe/NHCNS (Figure
4c, d). This result suggests that like CNT-Fe/NHCNS, Fe/NHCNS is also
enriched with atomic Fe-Ny active sites. Interestingly, Fe/NHCNS has
a distinct negative shift of the half-wave potential (Figure 4a) and the
kinetic current density of Fe/NHCNS at 0.8 V is only half of that of
CNT-Fe/NHCNS (Figure S11), although the onset potentials of CNT-
Fe/NHCNS and Fe/NHCNS are almost the same. That is, the ORR
onset potential is mainly determined by the nature of active sites.
Nevertheless, the ORR involves multi-step electron transfer.36-38 The
addition of CNTs in CNT-Fe/NHCNS can couple with isolated carbon
nanospheres with Fe-Ny active sites and accelerate the electron
transfer, which is revealed by larger current densities. To reveal the
role of conductivity improvement contributed by CNTs,
electrochemical impedance spectra measurements were carried out
to directly measure the electrical conductivity of Fe/NHCNS and CNT-
Fe/NHCNS. As shown in Figure S12a, the CNT-Fe/NHCNS sample
possesses a resistance of 3.8 Q, much lower than that of Fe/NHCNS
without CNTs (14.7 Q). This result demonstrates that atomically
dispersed Fe, N-doped hollow carbon nanospheres linked by CNTs
can indeed improve the electrical conductivity. In addition,
thermogravimetry was performed to evaluate the crystallinity of
Fe/NHCNS and CNT-Fe/NHCNS. Figure S12b shows CNT-Fe/NHCNS
has much higher oxidation resistance temperature than that of
Fe/NHCNS, CNT-Fe/NHCNS  possesses  higher
graphitization and better electrical conductivity, in good agreement
with electrochemical impedance spectra result.
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Figure 4. (a) ORR polarization curves of CNT-Fe/NHCNS, CNT-NHCNS,
and Fe/NHCNS with the same loading of 0.2 mg cm=2. (b) Chart
showing N, O, and Fe contents in CNT-Fe/NHCNS, CNT-NHCNS, and
Fe/NHCNS measured by XPS technique. (c) High-resolution N 1s
spectra of CNT-Fe/NHCNS, CNT-NHCNS, and Fe/NHCNS.

Conclusions

In summary, we engineered and synthesized a three-dimensional
architecture of Fe, N-doped hollow carbon nanospheres linked by
CNTs. Aberration-corrected TEM and EXAFS characterization results
demonstrated that the nanocomposite was enriched with atomic Fe-
Ny active sites. Benefiting from its unique structure and high-density
of atomic Fe-Nx active sites, the catalyst showed excellent ORR
activity with a half-wave potential of 0.84 V and kinetic current
density of 13.1 mA cm2 at the potential of 0.8 V in acidic media,
which is even better than those of the commercial Pt/C catalyst.
Furthermore, control experiments demonstrated that CNTs can
couple with isolated Fe-Nx modified carbon nanospheres and
accelerate the electron transfer, leading to better ORR performance.
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