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The oxygen reduction reaction (ORR) is a core reaction in energy conversion and storage devices. Herein,

nitrogen-doped hierarchical micro/mesoporous carbon ORR catalysts derived from covalent triazine

frameworks (CTFs) were prepared based on a rational bottom-up strategy. Benefiting from its high specific

surface area (1925 m2 g−1), hierarchical micro/mesoporous structure (0–12 nm), three-dimensional conduc-

tive network and high pyridinic N and graphitic N content, the optimal CTF-Super P-10 composite catalyst

exhibits an onset potential of 0.981 V and a half-wave potential of 0.883 V, with a high limiting current

density of around 5.31 mA cm−2 under alkaline conditions. It shows a dominant four-electron pathway,

strong stability, and better methanol tolerance than commercial Pt/C in both alkaline conditions and acidic

conditions, highlighting a promising strategy for designing high performance metal-free ORR catalysts.

Introduction

The oxygen reduction reaction (ORR) plays a key role in many
sustainable energy storage and conversion systems, such as
fuel cells and metal–air batteries.1 However, the ORR process
is subject to sluggish kinetics due to its complex multi-
electron transfer steps.2 Another major challenge is the high
cost and scarcity of precious Pt metal, which has been
regarded as the most efficient and common catalyst for the
ORR.3 Therefore, it is urgent to design low cost and earth-
abundant catalysts with comparable electrocatalytic activity
towards the ORR. Compared with metal-based catalysts,
which usually suffer from dissolution and agglomeration dur-
ing the ORR process,4,5 the accessible and eco-friendly metal-
free catalysts, especially carbon-based catalysts, have caught
increasing attention.6,7 Previous studies have shown that
metal-free carbon-based catalysts that meet the following con-
ditions tend to show excellent ORR performance: three-

dimensional pore structure, good electrical conductivity and
abundant active sites.8–15

Among lots of carbon-based candidates, the layered cova-
lent triazine frameworks (CTFs), a new kind of N-rich cova-
lent organic frameworks (COFs) linked together with 1,3,5-
triazine units, have attracted particular interest.16 CTFs show
permanent porosity, strong thermal stability and precisely
controllable structures like other COFs.17 In particular, CTFs
feature tunable nitrogen doping by selecting appropriate aro-
matic nitriles as monomers. The high N/C ratio of the build-
ing blocks is beneficial to the formation of C–N active sites,
and it has been demonstrated that both pyridinic N and gra-
phitic N species are effective in promoting the ORR.18–22 Be-
sides, attributed to the mixing of zinc chloride and nitrile
monomers at the molecular scale, the CTFs generally show a
highly developed microporous structure.23,24 Despite the re-
ports of some CTF-based ORR catalysts,5,25–34 the electrical
conductivity of CTF-based metal-free carbon materials is
commonly unsatisfactory, which limits their electrochemical
application. Developing a well-defined hierarchical micro/
mesoporous structure derived from CTFs with excellent con-
ductivity and small mass transport resistance remains a great
challenge.

Herein, N-doped hierarchical porous carbon materials
derived from CTFs were prepared by ionothermal synthesis
and pyrolysis based on the bottom-up strategy.9,26 To adjust
the porous structure and form a three-dimensional conduc-
tive network, different ratios of spherical conductive carbon
black (Super P) in the precursors were evaluated, and a high
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synthesis temperature (900 °C) was used to increase the
mesoporosity and conductivity.25 The results show that the
addition of appropriate amounts of Super P can significantly
increase the mesoporous part of the catalysts, enlarge the
specific surface area and raise the content of pyridinic N and
graphitic N. Specifically, CTF-Super P-10, synthesized from
1,4-dicyanobenzene, Super P, and zinc chloride at a molar ra-
tio of 1 : 10 : 10, shows a hierarchical micro/mesoporous struc-
ture and excellent conductivity. Compared with most metal-
free catalysts and commercial Pt/C, it exhibits superior ORR
performance under both alkaline conditions and acidic
conditions.

Experimental
Materials

1,4-Dicyanobenzene (C8H4N2, 98%, Heowns), Super P, anhy-
drous zinc chloride (ZnCl2, 98%, Tokyo Chemical Industry),
Pt/C (Pt 20% mass loading on carbon black, Johnson
Matthey), hydrochloric acid (HCl, 36.5%, Guangfu), THF
[(CH2)4O, 99.9%, Yuanli], isopropyl alcohol (C3H8O, 99.9%,
Yuanli) and Nafion (5%, Sigma Aldrich). All materials were
used without further purification.

Synthesis of CTF-Super P catalysts

The CTF-Super P catalysts were synthesized by ionothermal
synthesis and pyrolysis, partly according to the previous liter-
ature.16,26 The 1,4-dicyanobenzene monomer, ZnCl2, and
Super P (molar ratio of 1 : 10 : 0 for CTF, 1 : 10 : 5 for CTF-
Super P-5, 1 : 10 : 10 for CTF-Super P-10, 1 : 10 : 15 for CTF-
Super P-15 and 0 : 10 : 10 for Super P) were transferred into a
glass ampoule (3 × 15 cm) under an Ar atmosphere in a glove
box. The ampoules were evacuated, sealed and heated (3 °C
min−1 ramping) to 400 °C for 20 h. The ampoules were then
cooled down to room temperature and opened. The products
were subsequently ground into fine powders and heated (3
°C min−1 ramping) in an Ar atmosphere to 900 °C for 2 h,
and then leached in 0.5 M HCl at 60 °C for 6 h. Afterwards,
the samples were filtered and washed with deionized water
and THF. Finally, the black powders were dried in a vacuum
overnight at 60 °C.

Characterization

The catalysts were investigated by XRD (Bruker D8 FOCUS,
CuKα radiation) and Raman spectroscopy (NT-MDT with 633
nm laser excitation). The morphologies and distribution of
elements were characterized by SEM (Hitachi, S-4800), TEM
and EDS mapping (JEOL, JEM-2100F). N2 adsorption/desorp-
tion measurements (BJBulider SSA-7000) were carried out for
analyzing the specific surface area and pore volume. The
mesoporous size distribution is determined by the Barrett–
Joyner–Halenda (BJH) method from the desorption iso-
therms. Further composition and valence state information
was obtained by XPS (Thermo Scientific, ESCALAB 250 XI).

Electrochemical measurements

Electrochemical characterization was carried out on a
CHI760E electrochemical workstation using a three-electrode
configuration, where the working electrode was a glassy car-
bon RDE or a RRDE (Pine Research Instrumentation) coated
with catalysts, the reference electrode was an Ag/AgCl
electrode (in 3.5 M KCl solution), and the counter electrode
was a gauze Pt electrode. To rule out the possibility of the in-
fluence of the counter electrode on the electrochemical mea-
surements, related ORR data were also investigated with a
graphite rod electrode (a carbon counter electrode). The
electrolyte was a 0.1 M KOH aqueous solution or a 0.1 M
HClO4 aqueous solution. The ink was prepared by ultrasoni-
cally dispersing 5.0 mg of each catalyst powder in 0.5 mL so-
lution of a mixture of Nafion (5 wt%, 20 μL), isopropyl alco-
hol (290 μL), and distilled water (190 μL). Then, 15 μL of the
prepared catalyst ink was pipetted onto a polished glassy car-
bon electrode surface (0.196 cm2) and dried at room tempera-
ture. The loading amount of catalyst was determined to be
0.70 mg cm−2. For comparison, commercial 20% Pt/C was
prepared on the electrode using a similar procedure as de-
scribed above with a Pt/C loading of 1.27 mg cm−2 (Pt loading
is 0.25 mg cm−2).

All potentials reported in this article were converted to the
reversible hydrogen electrode (RHE) scale. ORR linear sweep
voltammetry (LSV) measurements were performed on a rotat-
ing disc electrode (RDE) in O2-saturated 0.1 M KOH solution
or 0.1 M HClO4 solution and carried out from 1.0 to 0.2 V vs.
RHE with background subtraction at a scan rate of 10 mV s−1

and rotating speed of 1600 rpm. All background curves mea-
sured in N2-saturated electrolytes were subtracted to elimi-
nate capacitive currents. Based on the Koutecky–Levich (K–L)
equations, the electron transfer number and kinetic current
density were obtained: 1/J = 1/Jk + 1/Jd = 1/Jk + 1/(Bω1/2), B =
0.2nFC0ĲD0)

2/3ν−1/6, where Jk is the kinetic current density (mA
cm−2), Jd is the limiting diffusion current density (mA cm−2),
J is the measured current density (mA cm−2), n is the overall
number of electrons transferred in oxygen reduction, F is the
Faraday constant, C0 is the bulk concentration of O2, D0 is
the diffusion coefficient of O2, and ν is the kinetic viscosity
of the electrolyte. For the RRDE measurement, the disk po-
tential was scanned from 0.8 to 0.2 V vs. RHE at 10 mV s−1,
and the ring potential was set as 1.4 V vs. RHE. The H2O2

yield and electron transfer number (n) were calculated by:
H2O2 = 200 × (Ir/N)/(Id + Ir/N); n = 4 × Id/(Id + Ir/N), where Id is
the disk current (mA), Ir is the ring current (mA), and N is
the current collection efficiency of the Pt ring (0.37).

Results and discussion

As shown in Scheme 1, a series of CTF-Super P catalysts were
synthesized via a bottom-up technology. The aromatic nitriles
were first polymerized into CTFs at 400 °C for 20 h. Molten
ZnCl2 was used as the solvent and catalyst, and mixed with
CTF at the molecular level.16 The polymerization of nitriles at
400 °C produces microporous polymers, and then heating at
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900 °C for 2 h produces the N-doped carbon catalysts,25

followed by acid-leaching to remove the unreacted zinc salt.
To increase the mesoporous portion and improve electrical
conductivity, spherical conductive carbon black (Super P) was
added to the precursors. Different ratios of the aromatic ni-
triles to Super P were chosen to tune the compositions and
pore structures, and the ORR performance of the obtained
catalysts was systematically evaluated (1,4-dicyanobenzene,
zinc chloride, and Super P at a molar ratio of 1 : 10 : 0 for
CTF, 1 : 10 : 5 for CTF-Super P-5, 1 : 10 : 10 for CTF-Super P-10
and 1 : 10 : 15 for CTF-Super P-15).

The X-ray diffraction (XRD) patterns of all the obtained
samples have a broad peak at 2θ = 22–26° (Fig. 1a), which
corresponds to amorphous carbon.16 With the proportion of
Super P increased, the width of the main peak at half max-
ima becomes smaller, and the peak shifts from 22.3° to
25.2°. This result can be explained by the increased contribu-
tion of Super P particles, which are carbon spheres with
higher crystallinity. As shown in the Raman spectra (Fig. 1b),
all samples display two prominent peaks at 1320 cm−1 and
1582 cm−1, which correspond to the characteristic D band
and G band, respectively. Note that the D-band intensity (ID)
is stronger than the G-band intensity (IG), indicating the
abundant defects and edges in the CTF-Super P catalysts.

The morphology and microstructure of the CTF-Super P
catalysts are investigated by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). As
shown in Fig. 2a, the CTF itself shows a layered bulk struc-
ture with a size of dozens of microns, and Super P comprises

plenty of relatively regular spherical particles with a size of
40–50 nm (Fig. S1a, b, e and f†). When Super P was added to
the CTF precursors, however, the morphology changes obvi-
ously. Many sheet-like structures can be readily observed,
and the aggregation of spherical particles (Super P) was
found on the surface of the nanosheets (Fig. 2b). In concert
with the SEM results, the typical TEM images of CTF and
CTF-Super P-10 (a systematically studied sample with the best
performance in the ORR) are shown in Fig. 2c and d and S1.†
Intimate contact between the nanoparticles and nanosheets
is revealed by high-resolution TEM (Fig. 2c), and abundant
holes and potholes can be clearly seen by STEM (Fig. 2d).

To further explore the influence of Super P on the struc-
ture, the specific surface areas (SSAs) and pore size distribu-
tions of CTF, Super P and CTF-Super P composites had been
examined by N2 adsorption/desorption measurements. As
shown in Fig. 3a, the CTF control displays the features of
type I isotherms, owing to the presence of micropores, and
Super P exhibits a type II isotherm. Note that CTF-Super P-5,
CTF-Super P-10 and CTF-Super P-15 show type IV isotherms

Scheme 1 The bottom-up construction of hierarchical micro/meso-
porous CTF-Super P as metal-free ORR catalysts.

Fig. 1 (a) XRD patterns and (b) Raman spectra of CTF, CTF-Super P-5,
CTF-Super P-10, and CTF-Super P-15.

Fig. 2 SEM images of (a) CTF and (b) CTF-Super P-10; (c) TEM and (d)
STEM images of CTF-Super P-10.

Fig. 3 (a) Nitrogen adsorption/desorption isotherms and (b) pore size
distributions obtained by the BJH method of CTF, CTF-Super P-5,
CTF-Super P-10, CTF-Super P-15 and Super P.
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with H2(b) type hysteresis loops. The pore size distribution
curves obtained by the Barrett–Joyner–Halenda (BJH) method
confirm the presence of abundant mesopores with a pore size
of 2–12 nm (Fig. 3b). Compared with the pure CTF, the SSAs
of the CTF-Super P composites can be increased from 1680 to
1925 m2 g−1 (Table S1†), attributed to the abundant holes
and potholes observed by STEM above. The addition of Super
P effectively avoids the aggregation of CTF blocks, and the in-
creased exposed surface area and porosity result from the
staking pores of nanoparticles and nanosheets. However, a
further increase of the Super P content will also result in a
sudden decrease of SSA, as the SSA of Super P here is only 49
m2 g−1, which is far lower than the SSA of its CTF counter-
part. In general, hierarchical micro/mesoporous structures
and high BET surface areas could provide more edges and
defects,10 which not only expose more catalytic active sites
for the ORR, but also enhance the electron transfer and oxy-
gen diffusion.35,36

The compositions and the surface chemical states of CTF
and CTF-Super P-10 are evaluated by X-ray photoelectron
spectroscopy (XPS) (Fig. 4 and Table S2†). The high resolu-
tion N1s spectra reveal the presence of four nitrogen species:
pyridinic N (∼398.3 eV), pyrrolic N (∼399.5 eV), graphitic N
(∼401.0 eV) and oxidized N (∼404.1 eV).37 Quantitative analy-
sis shows that CTF-Super P-10 has much more pyridinic N
and graphitic N and less pyrrolic N, when compared with the
CTF. In particular, the content of pyridinic N on the material
surface increases significantly. Based on this result, it is pro-
posed that the addition of Super P affects the transformation
process of various nitrogen species in CTF building blocks,
although the mechanism involved remains unclear. Previous
studies have confirmed that pyridinic N and graphitic N are
active towards the ORR, which can improve the onset poten-
tial and the limiting current density.9,37–41 Given the high
content of pyridinic N and graphitic N in CTF-Super P-10, ex-
cellent ORR activity was expected.

This assumption was confirmed by the rotating disk
electrode (RDE) experiments that were carried out with a
standard three-electrode system. As shown in Fig. 5a, the LSV
curves of the samples were obtained in an O2-saturated 0.1 M
KOH electrolyte at a rotating speed of 1600 rpm with a Pt
counter electrode. The onset potential (Eo, measured at a cur-
rent density of 0.1 mA cm−2), half-wave potential (E1/2) and
limiting current density (Jm, measured at a potential of 0.2 V

vs. RHE) are summarized in Table S3.† It can be seen that the
addition of Super P to the CTF precursors could significantly
affect the ORR performance. With the increase of Super P
content, the ORR activity increases at first and then de-
creases. Specifically, CTF-Super P-10 exhibits the best ORR ac-
tivity, with an onset potential of 0.981 V, a half-wave potential
of 0.883 V, and the highest limiting current density of 5.31
mA cm−2, compared to pure CTF (Eo = 1.01 V, E1/2 = 0.881 V,
Jm = 4.76 mA cm−2). However, a further increase of the Super
P content will result in inferior ORR activity. A negative onset
potential of 0.949 V, a half-wave potential of 0.838 V, and a
low limiting current density of 4.55 mA cm−2 were obtained
for CTF-Super P-15.

The poisoning experiments were performed by adding 1
mM KSCN to identify the active species in CTF-Super P-10
(Fig. S2†). The LSV curves showed little change before and af-
ter the addition of the toxicant, suggesting that the excellent
ORR activities of CTF-Super P-10 should come from the non-
metallic active sites. The electrical impedance spectroscopy
(EIS) tests were also conducted to evaluate the electron trans-
fer resistance (Fig. S3†). The Nyquist plots demonstrate that
CTF-Super P-10 exhibits a smaller semicircle diameter than
CTF. The Rct of CTF-Super P-10 is calculated to be 12.4 Ω, ob-
viously smaller than that of CTF (17.5 Ω), indicating its lower
charge transfer resistance and better electrical conductivity.

Combined with the results above, the excellent electro-
chemical performance of CTF-Super P-10 should be explained
by its improved conductivity, large specific surface area (1925
m2 g−1), desirable hierarchical micro/mesoporous structure
and abundant pyridinic N and graphitic N content. In partic-
ular, the hierarchical structure not only increases the number
of catalytic active sites and exposes more active sites, but also
facilitates the mass transfer process of electrolyte during the
ORR. Note that the performance of the CTF-Super P-10 here
is comparable to the commercial Pt/C electrodes, as well as
state-of-the-art N-doped carbon-based ORR catalysts (Tables
S3 and S4†).

To determine the selectivity of CTF-Super P-10 during the
ORR process, LSV curves at different rotating rates (Fig. 5b)
and the corresponding Koutecky–Levich (K–L) plots (Fig. 5c)
were collected. The calculated electron transfer number is
3.67, indicating that a four-electron pathway dominates the
ORR process in the alkaline electrolyte. The results were fur-
ther evaluated by rotating ring-disk electrode (RRDE) mea-
surements (Fig. 5d). The HO2

− yield in 0.1 M KOH solution
remains below 6% over the potential range of 0.20 V to 0.80
V, corresponding to a high electron transfer number ranging
from 4.01 to 4.13, which is close to the K–L plots.

Besides their excellent catalytic activity, the stability and
poison tolerance of the catalysts were also tested. As shown
in Fig. 5e, after the addition of 3 M methanol, no response
was observed for CTF-Super P-10, while the current density
dropped quickly when using Pt/C as the ORR catalyst. Note
that CTF-Super P-10 also displays strong stability under alka-
line conditions (Fig. 5f), which overcomes another disadvan-
tage faced by the Pt/C catalyst. After 5000 potential cycles ofFig. 4 XPS N1s deconvolution results of (a) CTF and (b) CTF-Super P-10.
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the accelerated durability test, the E1/2 of CTF-Super P-10 only
dropped by 8 mA. The comparison results clearly demon-
strate the better poison tolerance and strong stability of the
CTF-Super P-10 catalyst under alkaline conditions. The activ-

ity and stability of the samples were also investigated with a
carbon counter electrode to rule out the possibility of the in-
fluence of the counter electrode (Fig. S4 and Table S5†).1 The
results showed that the performance using carbon as the

Fig. 5 (a) LSV curves of CTF, CTF-Super P-5, CTF-Super P-10, CTF-Super P-15, and Pt/C at a rotation rate of 1600 rpm with a scan rate of 10 mV
s−1 in O2-saturated 0.1 M KOH solution. (b) LSV curves of CTF-Super P-10 at different RDE rotation rates and (c) K–L plots at various potentials. (d)
HO2

− yields and electron transfer numbers of CTF-Super P-10 and Pt/C. (e) Methanol tolerance curves of CTF-Super P-10 and Pt/C. (f) LSV results
of CTF-Super P-10 before and after 5000 potential cycles. The above data were tested with a Pt counter electrode.

Fig. 6 (a) LSV curves of CTF-Super P-10 and Pt/C at a rotation rate of 1600 rpm with a scan rate of 10 mV s−1 in O2-saturated 0.1 M HClO4 solu-
tion. (b) LSV curves of CTF-Super P-10 at different RDE rotation rates and (c) K–L plots at various potentials. (d) H2O2 yields and electron transfer
numbers of CTF-Super P-10 and Pt/C. (e) Methanol tolerance curves of CTF-Super P-10 and Pt/C. (f) LSV results of CTF-Super P-10 before and af-
ter 5000 potential cycles. The above data were tested with a Pt counter electrode.
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counter electrode is almost identical with that using Pt as the
counter electrode.

The excellent ORR activity of CTF-Super P-10 under alka-
line conditions prompted us to investigate its performance
in acidic media. The LSV curves in Fig. 6 and S4c and d†
were obtained in an O2-saturated 0.1 M HClO4 electrolyte.
CTF-Super P-10 displays an onset potential of 0.840 V and a
half-wave potential of 0.717 V, with a limiting current den-
sity of 5.40 mA cm−2 with a Pt counter electrode (Eo = 0.847
V, E1/2 = 0.734 V, Jm = 5.45 mA cm−2 with a carbon counter
electrode). Although the behavior of CTF-Super P-10 is infe-
rior to that of Pt/C in acidic medium, it is better than those
of most reported metal-free catalysts (Table S4†). Its unideal
activity may be due to the protonation of the surface
N-groups under acidic conditions, which is consistent with
most reports on N-doped carbon materials.5 Similar to the
results under alkaline conditions, CTF-Super P-10 shows low
H2O2 yield and a four-electron pathway in the ORR process
based on the K–L plots and RRDE technique. In Fig. S3b,†
the lower electron transfer impedance of CTF-Super P-10
suggests its superior electron transfer ability during the
ORR, and the LSV curves completely coincide before and af-
ter the addition of the toxicant. Furthermore, CTF-Super
P-10 is highly durable and has better methanol tolerance
than Pt/C.

Conclusions

In summary, following an ionothermal synthesis and pyroly-
sis process, N-doped hierarchical porous carbon materials
were prepared by regulating the proportion of Super P in the
aromatic nitrile precursors. Owing to its hierarchical micro/
mesoporous structure, high specific surface area, enhanced
conductivity and high content of pyridine N and graphitic N,
CTF-Super P-10 shows excellent ORR performance in both al-
kaline solution and acidic solution. It was found that the
overall catalytic performance of CTF-Super P-10 surpassed
those of most reported metal-free catalysts and even that of
commercial Pt/C. The strategy here may be also applicable in
preparing other hierarchical heteroatom-doped carbon based
catalysts for energy storage and conversion.
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