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ABSTRACT Oxygen reduction reaction (ORR) is key to fuel
cells and metal-air batteries which are considered as the al-
ternative clean energy. Various carbon materials have been
widely researched as ORR electrocatalysts. It has been ac-
cepted that heteroatom doping and exposure of the edge sites
can effectively improve the activity of carbon materials. In this
work, we used a simple method to prepare a novel N, P-dual
doped carbon-based catalyst with many holes on the surface.
In addition, trace level Co doping in the carbon material
forming Co-N-C active species can further enhance the ORR
performance. On one hand, the doping can adjust the elec-
tronic structure of carbon atoms, which would induce more
active sites for ORR. And on the other hand, the holes formed
on the surface of carbon nanosheets would expose more edge
sites and can improve the intrinsic activity of carbon. Due to
the heteroatom doping and the exposed edge sites, the pre-
pared carbon materials showed highly excellent ORR perfor-
mance, close to that of commercial Pt/C.

Keywords: electrocatalysts, oxygen reduction reaction, dual-
doping, Co-N-C, edge exposed

INTRODUCTION

Fuel cells and metal-air batteries have been recognized as
promising candidates for clean and efficient energy con-
version devices [1-4]. Oxygen reduction reaction (ORR)
in cathodic has a great impact on the commercialization
of these devices for its sluggish kinetics reaction [5]. As
we know, the Pt-based electrocatalysts are still the best

and most used ORR catalysts. However, the Pt-based
materials have high cost, CO poisoning and poor stability
[6]. To overcome these issues, it is desirable to develop
non-precious metal or metal-free electrocatalysts for
ORR. Among them, carbon-based materials draw much
attention due to their high surface areas, good stability
and comparable activity [7-10].

Since Dai’s group first reported that vertically aligned
nitrogen-containing carbon nanotubes have very good
ORR performance in 2009 [2], many researchers have
developed various carbon materials with high ORR per-
formance [11-18]. Many publications have shown that
the heteroatom doping can adjust the electronic structure
of the carbon atom, which would have a great effect on
their electrochemical properties [19-22]. And then, some
groups found that the doping dual heteroatoms can fur-
ther improve their activity for their synergetic effect
[23,24]. For example, Wang and co-workers reported that
B, N-co-doped carbon nanotubes showed very good ORR
activity. And they also prepared N, S-co-doped graphene
by pyrolysis, which has much better ORR performance
[25]. Recently, Wang’s group firstly proved that the edges
of carbon were more active for ORR than basal plane by a
micro-electrochemical testing system [26]. The charge
distribution of the carbon in edge sites and basal plane
was much different. It can be seen obviously that the edge
carbon is highly charged compared to the basal plane.
Their micro-electrochemical system can provide direct
evidence to prove that the activity of edge sites was higher
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than that of the basal plane. Guided by this finding, many
researchers try to induce more holes to expose more edge
sites or different kinds of defects through various meth-
ods [27-30]. Though metal-free carbon based catalysts
have been widely researched, their activities still cannot
fully satisfy the demand for commercialization. In addi-
tion, further studies showed that introducing transitional
metal (Fe, Co) to doped carbon materials forming M-N-
C could obviously improve the ORR performance [31-
33]. Therefore, it would be very ideal to design dual-
doped M-N-C materials with many holes on their sur-
face to expose more edge sites as ORR electrocatalysts.

Herein, we developed an efficient method for the
scalable preparion of N, P dual-doped carbon material
with trace level Co doping and rich edge sites exposed.
The precursor was prepared by self-assembling melamine
and phytic acid to melamine-phytic acid supermolecular
aggregate (MPSA) in the presence of Co™, followed by
pyrolysis under Ar/H,. And then the sample was washed
by acid to remove the metal Co to form the hole on the
surface. The final product had graphene-like structure
with only trace Co doping and rich edge sites exposed.
The resulting catalyst showed very good ORR perfor-
mance under alkaline condition, which was comparable
to that of commerical Pt/C. This method open up an
avenue to develop carbon-based electrocatalysts with high
electrochemical activity.

EXPERIMENTAL SECTION

In a typical experiment of catalyst 2 mmol Co(NO,),
powder was added into 5 mmol phytic acid under stirring
for about one hour to form a red solution. Then the above
liquid was added to an aqueous solution of melamine
(10 mmol melamine powder in 400 mL water) under
stirring to form pink-white precipitate (MPSA-Co). The
MPSA was prepared at the same condition without
adding Co”". The resultant pink-white precipitate was
collected through filtration, thoroughly washed with DI
water, and then dried at 80°C over night. Then the sample
was annealed at 900°C for 2 h under Ar/H, (9:1) atmo-
sphere (MPSA-Co0-900). After that, the product was fur-
ther washed in 0.5 mol L' H,SO, for several hours to
remove the soluble metal Co (MPSA-Co-900-Acid). The
morphology was investigated by scanning electron mi-
croscopy (SEM, Hitachi, S-4800) and transmission elec-
tron microscopy (TEM, Tecnai G2 F20). The Raman
spectra were recorded at room temperature on a Horiba
HR 800 with an argon ion laser operating at 632 nm. The
X-ray photoelectron spectroscopy (XPS) analysis was
performed on an ESCALAB 250Xi X-ray photoelectron
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spectrometer using Mg as the excitation source. The
electrochemical performance of the samples were mea-
sured on an electrochemical workstation (CHI 760E, CH
Instrument) and a rotating ring disk electrode apparatus
(RRDE-3A, ALS) in a three-electrode cell by using a
platinum wire as counter electrode and saturated calomel
electrode (SCE) as reference electrode. The working
electrode was a rotating ring/disk electrode with glass
carbon disk (4 mm in diameter). The electrolyte was
bubbled with O, or N, for at least 30 min before each
experiment.

RESULTS AND DISCUSSION

As shown in Scheme 1, the phytic acid was first co-
ordinated with a certain amount of Co’". Then the
complex was dropped into melamine solution at room
temperature under stirring. The white-pink super-
molecular aggregate (MPSA-Co) was formed via a simple
cooperative assembly in water after stirring for several
minutes. The dried sample was then annealed at 900°C
for 2 h under Ar/H, (9:1) atmosphere (MPSA-Co-900),
followed by washing in H,SO, to remove the metal Co
and make holes on its surface (MPSA-Co0-900-Acid). As
shown in Fig. S1-2, both the precursor MPSA and
MPSA-Co have a graphene-like layer structure, which
consist of melamine-phytic acid and melamine-phytic
acid-Co®™". After annealing, MPSA-Co-900 still kept its
layer structure (Fig. la, b). The wrinkled nanosheets were
interconnected each other to form a foam-like structure,
which would be beneficial for the charge or proton
transfer. As we annealed the sample under Ar/H,, the
nanoparticle was kept in the form of metal. Therefore,
after washing with acid to remove the Co metal, many
holes were left on the nanosheets. Fig. S3 further proved
its layer structure of MPSA-900 and no nanoparticles
formed on its surface. With adding the Co™* to the pre-
cursor, Co nanoparticles formed on the surface of the
nanosheets. TEM images (Fig. 2) show many holes on the
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Scheme 1 The preparation process of MPSA-Co-900-Acid via co-
operative assembly, pyrolysis and acid washing.
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Figure 1 (a, b) SEM images of MPSA-Co-900 and (c, d) SEM images of
MPSA-Co-900-Acid.

Figure 2 (a, b) TEM images of MPSA-Co-900-Acid.
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Figure 3 (a) XPS survey spectra of MPSA-Co-900-Acid, (b-d) are the spectra of C 1s, N 1s and P 2p respectively. In C 1s spectrum, the peak at about
284.6 eV was assigned to the graphitic sp’ carbon while the additional component centred at 286.4 eV was attributable to C-N. The N 1s spectrum is
deconvoluted into four N species: pyridinic N (398.6 eV), pyrrolic N (399.9 eV), graphitic N (401.1 eV), and oxidized N (403.4 eV), respectively. P 2p

spectrum had two typical peaks: P-C (132.7 V) and P-O (133.6 eV)[38].

layers. The high resolution image in Fig. 2b exhibits that
the hole size was nearly 20 nm. These holes would expose
more extra active edge sites for ORR and bring better
performance [34,35]. The surface area from the BET ex-
periments also proved that, after the acid washing, the
surface area of MPSA-Co0-900-Acid (124 m® g ') was a
little higher than that of MPSA-Co0-900 (102m’g"),
which would bring more active sites.

Raman spectroscopy was an efficient tool to investigate
the electronic properties of various carbon materials. The
Raman spectra of carbon materials have the typical fea-
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tures at 1,590 cm™' (G-band around) and 1,350 cm ™" (D-
band around) [36,37]. The intensity ratio of D and G
band, Ip/I;, representing the defect level of carbon ma-
terials, increased a little after acid washing (Fig. S4). This
indicated that the holes formed after acid washing
brought much defect sites.

XPS was taken to study the chemical composition and
chemical states of different samples (Fig. 3). The survey
spectrum of MPSA-Co-900-Acid was shown in Fig. 3a
and survey spectra of MPSA-900 and MPSA-Co-900 were
provided in Fig. S5a. All the samples have typical peaks of
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Figure 4 (a) Rotating disk electrode (RDE) voltammograms of MPSA-Co-900, MPSA-Co-900-Acid and Pt/C in an O,-saturated 0.1 mol L KOH
solution with a scan rate of 10 mV s . (b) RDE of MPSA-Co-900-Acid at different rotation rates from 400 to 1600 rpm. (c) RRDE measurements for
MPSA-C0-900-Acid electrode in O,-saturated 0.1 mol L' KOH and (d) percentage of peroxide in the total oxygen reduction products together with

the number of electron transfer.

C, N, P, O element, indicating the successful doping of N,
P into the carbon nanosheets. In addition, MPSA-Co-900
showed the typical Co peaks. After washed with acid, the
sample of MPSA-Co-900-Acid showed nearly no typical
peaks of Co, indicating that most of the Co had been
removed from the material (Fig. S5b). Only 0.15 % Co in
MPSA-Co0-900-Acid (Table S1) was, much lower than
that of MPSA-Co-900, proved that most of the metal Co
has been dissolved, and both the amount of doped N and
P were slightly increased.

The cyclic voltammogram (CV) tests were taken to
investigate the electrocatalytic activity of the different
carbon catalysts toward ORR in N, or O,-saturated 0.1
mol L' KOH electrolyte at a scan rate of 50 mV s ' (Fig.
S6). The CV curves showed that a quasi-rectangular
double-layer capacitance current in N,-saturated elec-
trolyte while an obvious reduction process was found in
O,-saturated 0.1 mol L' KOH solution. We can see that
the sample of MPSA-Co-900-Acid has more positive
onset potential and reduction potential than that of
MPSA-Co0-900, indicating its better ORR performance
due to more edge sites exposed after acid washing. To
further study the electrocatalytic activity and the kinetics
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of ORR process on MPSA-900, MPSA-Co-900 and
MPSA-Co0-900-Acid, linear sweep voltammograms
(LSVs) were carried out on a rotating disk electrode
(RDE) at rotation rate of 1,600 rpm in O,-saturated 0.1
mol L' KOH electrolyte at a scan rate of 10 mV s ' (Fig.
4a). The curve of MPSA-Co-900-Acid showed obviously
more positive onset potential and the half-wave potential
than that of MPSA-Co-900 and MPSA-900 (Fig. S7),
which was close to that of the commercial Pt/C. This
clearly indicated that both the Co doping and exposing
more edge sites can further enhance the activity of the
heteroatom doped carbon materials. Even the trace level
Co doping can significantly improve the ORR activity of
the carbon-based materials. And the activity of MPSA-
Co0-900-Acid was better or close to that of other related
carbon-based materials shown in Table S2. Moreover, the
unique current plateau from 0.7 to 0V observed in
MPSA-Co0-900-Acid showed a typical diffusion-con-
trolled process corresponding to the efficient four elec-
tron-controlled ORR pathway. The LSV curves in Fig. 4b
showed that the expected current density increased with
the increasing scanning rates.

To further quantitatively characterize the sample of

May 2018 | Vol.61 No.5
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MPSA-Co0-900-Acid, we calculated the transferred elec-
tron number (n) per oxygen molecule and the H,O,
production yield in the oxygen reduction process. Thus,
the RRDE test of different samples was provided (Fig. 4c)
and the results were calculated according to the formula
as follows:

Iy

=Y TLN ()
I/N
o/ — T
H.0,% =200, 2)

where n is the electron transfer number, H,0,% is the
production yield during the ORR process, I, is the ab-
solute value of the disk current, I is the absolute value of
the ring current, and N is the collection efficiency (0.37 in
this study). And the calculated results (Fig. 4d) exhibited
n of MPSA-Co-900-Acid remained from 3.8 to 3.9. This
clearly showed that the ORR on MPSA-Co-900-Acid
electrode followed an efficient one-step, four-electron
pathway over the entire potential range with a low H,0,
production yield, which was much close to that of Pt (Fig.
S8), indicating the good ORR performance. Compared to
MPSA-Co0-900, MPSA-Co0-900-Acid has larger n and
H,0,% than that of MPSA-Co-900 (Fig. S9). This further
showed that MPSA-Co0-900-Acid had much better ORR
performance due to extra exposed active sites after acid
washing.

The methanol crossover effect and electrochemical
stability were other important parameters for ORR cata-
lysts. The current-time (I-f) chronoamperometric was
performed to study the methanol crossover effect of
MPSA-Co0-900-Acid and Pt/C. As shown in Fig. 5a, when
the methanol was added into the solution, the corre-
sponding amperometric response of the MPSA-Co-900-
Acid is almost unchanged. However, in contrast, the
current of commercial Pt/C decreases obviously as soon
as the adding of methanol. Fig. 5b indicated that the
MPSA-Co0-900-Acid catalyst had much better methanol
tolerance than Pt/C. The electrochemical stability is also
important in consideration of the long-time application.
Therefore, the stability test was conducted in O,-saturated
0.1 mol L™' KOH solution at 0.78 V and indicated that the
MPSA-Co-900-Acid showed very good stability during
the long-time test with only 3.4% current lost after
20,000 s. However, the corresponding current loss of
commercial Pt/C at the same condition was much higher
than that of MPSA-Co-900-Acid, close to 20.2%. There-
fore, both the methanol crossover effect and electro-
chemical stability of MPSA-Co-900-Acid were better than
that of Pt/C.
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Figure 5 (a) Chronoamperometric responses for MPSA-Co-900-Acid
and Pt/C electrodes on addition of 1.0 mol L™ methanol after about
150 s and (b) electrochemical durability tests of MPSA-Co-900-Acid and
Pt/C electrodes.

CONCLUSIONS

In summary, we developed an efficient method for the
scalable preparion of N, P dual-doped carbon material
with trace level Co doping by self-assembling melamine-
phytic acid supermolecular aggregate in the presence of
Co, followed by pyrolysis. After washing with acid to
remove the metal Co, many holes would be formed on the
nanosheets to expose more active sites for ORR. Com-
bining the trace level Co doping and rich edge sites in the
dual doped carbon nanosheets, the MPSA-Co-900-Acid
showed very good ORR activity close to that of Pt/C. In
addition, the electrochemical results showed that MPSA-
Co0-900-Acid had much better fuel selectivity and higher
long-term stability than that of commercially available Pt/
C electrode. The strategy developed here could guide
researchers to develop ORR electrocatalysts with more
active sites exposed.
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