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In this work, highly nitrogen doped carbon nanosheets
(HNCNSs) have been successfully prepared by annealing
EDTA calcium disodium salt, which exhibited a direct four-
electron reaction pathway and high stability as efficient
metal-free catalysts for oxygen reduction reaction.

Fuel cells are considered as the power plants with non-
pollution, high efficiency, wide application, no noise, which
play an important role in many areas of power, automotive,
communications, and so on.t However, practical
application of fuel cells has been hindered largely by the slow
kinetic of oxygen reduction reactions.>® Although regarded
as the best catalyst for the oxygen reduction reaction (ORR),
Platinum (Pt) and Pt-based electrodes were still confined to
its high cost, rarity of materials, diffusion of fuel molecules
into theelectrodes andpoisoning.® Thence, the crucial issue
in the development of fuel cells is the search for lower cost
and more-stable electrocatalysts to replace Pt-based
electrodes for ORR.

Recently, much research has indicated that the
heteroatoms in carbon materials, such as N, S, and P, play a
critical role in their electrocatalytic performance.”* Thus,
many efforts have focused on the introduction of
heteroatoms into the carbon materials for achieving a high
electrocatalytic activity. Especially, N-doped carbon materials
had attracted much attention because of its high efficiency
as metal-free electrocatalysts for ORR. Nitrogen doping
methods have been well developed, such as chemical-
vapour deposition (CVD) in the presence of N-containing
precursors, > the thermal annealing with NH; and solvent-
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based preparation.’® ” Nevertheless, the low output and

high cost of these synthetic methods limit their application
only to basic research. Therefore, developing a low-cost and
eco-friendly method is still of great interest.

In this work, we have successfully synthesized HNCNS
(N: 18.96 wt %) by annealing low-cost, nitrogen-rich EDTA
calcium disodium salt at 700 °C in Ar atmosphere. During
increasing the temperature, EDTA calcium disodium
salt decomposed into calcium carbonate and calcium
oxide with gas evolution. The SEM of unpickled
products was shown in Fig. S1. These intermediate
products play an important role in the formation of
sheet structure, as hard and soft support. Then, the
remaining samples were immersed in a certain
concentration of hydrochloric acid to obtaining HNCNSs
finally. The FTIR spectra of the commercial EDTA
calcium disodium salt and HNCNSs illustrated the
complete decomposition of the precursor, as shown in
Fig. S2. Also, SEM images of the samples synthesized at
600 and 800 °C were shown in Fig. S3, which had no
uniform morphology. When tested as catalysts for ORR,
the as-synthesized HNCNS electrodes had excellent
electrocatalyticperformance in the alkaline electrolyte,
thanks to high content of pyridinic N and pyrrolic N in
HNCNSs.
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Fig. 1 (a) XRD pattern, (b) SEM image, (c) TEM image and (d) HR-TEM image of HNCNSs.

The XRD pattern of HNCNSs in Fig. 1a presents two
broad peaks at 260f about 26° and 43° corresponding to the
(002) and (100) planes of carbon, respectively. Raman
spectrum in Fig. S4 presents two distinct peaks at ca.1322.5
cm® (D band) andca.1590.5 cm™ (G band) of carbon,
respectively. The D/G intensity ratio (lp/ls, 1.19) could
indicates that there exists a lot of structural defects,lg'20
which are associated with a series of edges, other defects
and disordered carbon. Scanning electron microscopy (SEM)
and transmission electronmicroscopy (TEM) images were in
Fig. 1b and c showed that the sample is composed of
nanosheets. High magnification TEM (HR-TEM) image (Fig.
1d) that the nanosheet is amorphous carbon material. The
EDX element maps of HNCNSs (Fig. S5) for the distribution
of C, N, and O revealed that the C, N, and O elements
were well-distributed in HNCNSs and exhibited no
apparent element separation or aggregation.
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Fig. 2 The XPS spectra of HNC: (a) survey specrum; (b) high resolution XPS spectra of
C1s; (c) high resolution XPS spectra of N1s; (d) the content rate of nitrogen functional
groups.

X-ray photoelectron spectroscopy (XPS) was carried out
to analyze the elemental compositions and nitrogen bonding
forms of HNCNSs. Fig. 2 shows three characteristic peaks at
ca. 285, 400 and 532 eV, which corresponds to Cls, N1s and
O1s, respectively. The content of C, N and O elements is
72.72 %, 18.96 % and 8.32 %, respectively. TheCls spectrum
will change when nitrogen atoms are doped into carbon.”” %
In the Clsspectrum of HNCNSs (Fig. 2b), the spectrum was
deconvoluted to four individual peaks. The sharp peak at
around 284.5 eV corresponds to C=C bonds, called sp
carbon, while the other peaks at higher energy accords to
different C-O bonding configurations, C-O bonds and C=N
bonds, C=0 and C-N bonds, O-C=0 bonds. Fig. 2c shows that
the N1s XPS spectrum of HNCNSs. Generally, nitrogen
functionalgroups in carbon catalysts are composed of four
components: pyridinic N (398.7 eV), pyrrolic N (400.3 eV),
quaternary N (graphitic N, 401.2 eV), and N-oxides
ofpyridinic N (oxidized N, 402.8 eV).”*’ Pyridinic N refers to
N atoms at the edges of graphene planes. Pyrrolic N atoms
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are incorporated into five-membered heterocyclic rings.
Quaternary N atoms are incorporated into the graphene
layer and substitute carbon atoms within the graphene plane.
N-oxides of pyridinic N are N atoms bonded to two carbon
atoms and one oxygen atom.”**° The content of pyridinic N,
pyrrolic N, graphitic N and oxidized N in HNCNSs is 26.45 %,
34.44 %, 19.58 %, 19.54 %, respectively, as shown inFig.2d. It
is reported that the pyridinic N and pyrrolic N are active
nitrogen atoms, which contribute to the ORR.*333 4NCNSs
with 11.55 % active nitrogen atoms are expected to display
an effective electrocatalytic behavior.

Fourier transform IR (FTIR) spectroscopy was also
measured to the chemical structure of HNCNSs. According to
the FTIR spectra in Fig. S2, the HNCNSs contained -OH (at
ac.3440 cm™), C-N (at ac.1340 cm™), C=N (at ac.1630 cm™)
bonds, without -COOR bond (ester groups, at ac.3410 cm™)
that appeared in the EDTA calcium disodium salt. The result
illustrated the complete decomposition of ester groups
and it was in accordance with XPS. The Brunauer-Emmett-
Teller (BET) surface area of the HNCNSs was measured,
as shown in Fig. S6. From the BET analysis and the
porous size distributions, the specific surface area of
HNCNSs was 85 ng'l and the HNCNSs existed
microporous. The formation of small pores resulted in
the subsequent decomposition of EDTA calcium

disodium salt along with gas release.
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Fig. 3 (a and b)CV curves of HNCNSs and Pt/C at a scan rate of 50 mV s-1 in N,-
saturated and O,-saturated aqueous solution of 0.1 M KOH, respectively; (c) LSV of
HNCNSs in an O,-saturated 0.1 M aqueous KOH solution with a scan rate of 10 mV's™ at
rotation rates from 400 to 1600 rpm; and (d) Koutecky—Levich plots of HNCNSs at
different electrode potentials.

The catalytic activities of the as-synthesized HNCNSs for
ORR were reflected by the following measurement, the cyclic
voltammetry (CV), linear-sweep voltammetry (LSV) and
rotating ring/disk electrode (RRDE). Cyclic voltammogram(CV)
curves of HNC electrode were examined in N,-
saturatedandO,-saturatedaqueoussolution of 0.1 M KOH at
50 mV s™. The CV curves of HNCNSs for ORR obtained in 0,-
saturatedKOHsolution, which has an apparent reduction
process,is quite different from the graph in Ny-
saturatedaqueoussolution, as shown in Fig. 3a. There is no
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obvious peak position for the CV curves in N,-
saturatedaqueoussolution. The reduction peak of HNC

electrode is at -0.33V in the O,-saturated electrolyte solution.

The peak current density of HNCNSs electrode is superior to
that of commercial Pt/C electrode (Fig. 3b)indicating a

pronounced electrocatalytic activity of HNCNSs towards ORR.

Fig. 3c presents the LSV curves of HNC in an O,-saturated 0.1
M aqueous KOH solution with a scan rate of 10 mV s” at
rotation rates from 400 to 1600 rpm. In addition, the LSV
curves of HNCNSs and Pt/C in an O,-saturated 0.1 M
aqueous KOH solution with a scan rate of 10 mV s™ at 1600
rom are exhibited in Fig. S7. The polarization curves
measured at a rotation rate of 1600 rpm indicated that
the ORR onset potential on HNCNSs was more positive
than that of the samples annealed at 600, 800°C, while
the limiting diffusion current at -1.0 V of HNCNSs was
stronger than others, which demonstrated that HNCNSs
electrode had better catalytic performance. According to
the Koutecky-Levich equation, * we calculated electron
number (n) per O, for HNCNSs electrode is 3.2, 3.4, 3.5 and
3.8 at the potential 0f-0.4V, -0.6V, -0.8V, -1.0V, respectively,
as shown in Fig. 3d.The ring and disc currents of HNCNSs and
the commercial Pt/C electrodes obtained by RRDE
measurement in an O,-saturated 0.1 M aqueous KOH
solution with a scan rate of 10 mV s* at 1600 rom were
shown in Fig. S8. The n value of HNCNSs calculated by RRDE
technique was consistent with that of K-L equation. The
results prove the oxygen reduction of HNCNSs follows the
one step direct four electrons transfer pathway, which
contributes highly efficient fuel cell 3%

The stabilities and possible crossover effects of catalytic
materials are also very important for practical applications,
because fuel molecules (e.g., methanol) may pass through
the membrane from anode to cathode and poison the
cathode catalyst.38"40 The cyclic voltammogram tests were
measured in 0.1 M KOH containing 1.0 M of methanol for
the HNCNSs and the commercial Pt/C (20%) electrocatalyst.
The CV curves of HNCNSs and Pt/C at 100 mV s” in 0,-
saturated 0.1 M KOH solution as well as O,-saturated 0.1 M
KOH solution with addition of 1.0 M methanol, as shown in
Fig. 4a and b, respectively. The curves of HNCNSs show no
obvious diversification with the addition of 1.0 M methanol.
In contrast, the typical methanol oxidation behavior was
observed on Pt/C in the presence of methanol in the
electrolyte solution. At the same time, CV scanning was
conducted in 0. 1 M KOH for 1000 cycles at a scan rate of 100
mV s 'between -1.0V to 0 V, as shown in Fig. 4c and d. The
current density and onset potentialof HNC electrode almost
unchanged during continuous CV scanning. By comparison,
the current density became smaller gradually and the onset

potential shifted negatively obviously for Pt/C electrocatalyst.

Therefore, the electrocatalytic activity of HNCNSs for ORR is
much more stable than that of the commercial Pt/C.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 The stability and possible methanol crossover effect: (a and b) CV curves of
HNCNSs and Pt/C at 100 mV s* in O,-saturated 0.1 M KOH solution as well as O,-
saturated 0.1 M KOH solution with addition of 1.0 M methanol; (c and d) the initial and
1000th cycle of LSV curves of HNC and Pt/C in aqueous 0.1M O,-saturated KOH at 1600
rpm.

In summary, we have successfully developed a novel
synthetic route to prepare HNCNSs by annealing EDTA
calcium disodium salt in Ar atmosphere. When used as
electrocatalyst, the as-prepared HNCNSs exhibited high
catalytic activity towards ORR via direct 4epathway, thanks
to the structure to expose the rich active sites of high N-
doped carbon. The HNCNSs is expected to be an effective
and stable metal-free electrocatalysts in alkaline solutions.
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