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Intumescent flame retardants (IFRs) including melamine (MA),
ammonium polyphosphate (APP), and polydopamine (PDA),
were utilized as the precursor to prepare P,N co-doped
hierarchically porous carbon which exhibits high electrocatalytic
activity and durability for the oxygen reduction reaction (ORR).
This finding indicates that ingenious design of the precursor can
lead to functional carbon materials with a simple process.

It has been a great challenge to develop efficient, stable and
low-cost electrocatalysts for the oxygen reduction reaction
(ORR), which is an important cathodic reaction for the energy
conversion devices such as fuel cells* and metal-air batteries.?
Recently heteroatom (e.g., N,B,S) doped carbon materials are
attractive for their excellent catalytic activity among the
substituted catalysts for the effective but expensive Pt-based
catalysts.® The possible reason for the high catalytic activity
may be that heteroatom can activate the 7 electrons of sp?
carbon materials and create charged-sites favorable for O,
adsorption.* The adsorbed O, molecules have weaker bond
energy, which is beneficial to reduce the activation energy of
the ORR.® Moreover, some studies reveal that the ORR
catalytic activity can be further enhanced by co-doping carbon
with S-N,® B-N,” and P-N° etc.

Generally, co-doped carbon combined with porous structure
may be the more promising catalysts because the porous
structure can not only offer larger surface areas to expose
abundant active sites but also accelerate the mass transfer. At
present, the doping can be achieved by processing prepared
graphitic carbon materials using heteroatom-contained dopants®
or directly pyrolyzing heteroatom-contained precursors.*
Obviously, the latter doping method is easier to be operated for
the simultaneous formation of carbon and doping with
heteroatom. Heteroatom doped porous carbon materials are
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mainly prepared by template method™ or post-activatinr
method,*? which are complex for the necessary temp.u.
removal process or post treatment. Therefore, one-step
procedure for the formation, doping and hole-forming of car.c
is expected for scale production of catalysts, which can k
achieved by the reasonable design of the precursors.

On the other hand, intumescent flame retardants (IFRs) ai
highly efficient and environmentally friendly fire retardan :
which are widely used in flame retardant coating. IFRs will be
expanded when they are exposed to a sufficiently higa
temperature and form a porous char to establish a protective
coating for the base material.’® IFRs are composed of thre :
parts: (1) a carbon source (e.g., pentaerythritol) to form carbon,
(2) an acid source (e.g., ammonium polyphosphate) to cataly: :
the dehydration and carbon-forming of carbon sources and (c) a
gas source (e.g., melamine) to supply gas and form pore .
Although IFRs are intensively studied in the field of fire
chemistry, they are less known in the field of materi~’
chemistry. Therefore, it is an exciting work to imitate sucn -
system to prepare heteroatom doped porous carbon.
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Scheme 1 Illustration of the preparation of C-PMA.

Herein we report a facile one-step pyrolysis method to prepai :
P,N co-doped carbon material with porous structure usir ,
melamine (MA), ammonium polyphosphate (APP) ar.
polydopamine (PDA) as precursors, which exhibits hig’.
activity as an electrocatalyst for the ORR. PDA can be obtaine.
by the self-polymerization of nontoxic, widespread dopamir
(DA),ga meanwhile, MA and APP are both commerci~'"
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available and low-cost, which makes this method more
practical. Similar to the IFRs, in our system, PDA is the carbon
source and nitrogen source, APP is the P and N source and the
catalyst for the dehydration, and MA is the pore-forming agent
and N source. The process for the preparation of P,N co-doped
porous carbon material (denoted as C-PMA) is shown in
Scheme 1.

Typically, the mixture of PDA, MA and APP was first
obtained by the self-polymerization of 1 g DA in the presence
of 25 g MA and 150 mg APP at a pH 8.5 Tris-buffer solution
(for experimental details, see ESIf). Then the dried mixture
was subjected to a pyrolysis at 1000 °C for 1h.
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Fig. 1 (a) SEM, (b) TEM images and (c) XRD pattern of C-PMA pyrolyzed at 1000 °C.
(d) SEM images of C-PMA pyrolyzed at 700 °C.

The morphology of the resulting materials was
characterized by SEM and TEM. The SEM image (Fig. 1a)
reveals the porous structure of C-PMA with the pore size of
several hundreds of nanometers. Compared with the SEM
images of the carbon materials derived from PDA (denoted as
C-P), PDA/APP (denoted as C-PA) and PDA/MA (denoted as
C-PM), it can be concluded that MA plays a great role in the
formation of the porous structure. The TEM image (Fig. 1b)
further proves the macroporous structure and the formation of
crumpled graphene-like sheets. Fig. 1c shows the XRD pattern
of C-PMA.. The peaks appearing at 25<and 44 <correspond to
(002) and (100) reflections of graphitic carbon, respectively.®

It has been reported that the degradation of APP at above
200 °C results in a highly condensed polyphosphoric acid and
the azeotropic P;0;0-H,O mixture boils above 600 °c.1
Therefore, we infer that the interface between the liquid of
P4010-H,0 and the melt PDA lead to the graphene-like sheets.
Considering that 1000 °C is too high and the liquid of P4O;¢-
H,O disappears in a short time, the morphology of the samples
treated at 700 °C was also investigated. As expected, the
graphene-like sheets are more remarkable at 700 °C (Fig. 1d),
confirming the key role of APP for the formation of graphene-
like sheets.

The electronic structure of the carbon materials was
explored by Raman spectra (Fig. 2 a). The peaks at 1580 cm*
(G-band) and 1350 cm™ (D band) confirm the co-existence of
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graphitic carbon and disordered carbon.” The graphitic cark.
can offer high electrical conductivity and the disordered carbc .
can provide active sites,'® which are both beneficial to th
electrocatalysis of the ORR. To get the composi‘c
information, the C-PMA was further characterized by XPS. Tt.
elemental composition of C-PMA combined with that of C-P.
C-PM is listed in Table 1. It can be seen that the elements |
and P were successfully doped into C-PMA. Moreover, the
content of N increases in the order of C-P, C-PM and C-PM/ ,
implying that PDA, MA and APP are all N source for the dopeu
carbon materials. However, the content of P is very low, whicn
may be due to the volatilization of phosphorus at hig..
temperature. In addition, the content of element O for C-PM .
is the lowest, which may be attributed to the dehydration ¢~
APP.
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Fig. 2 (a) Raman spectrum, (b) High resolution XPS spectra of N1s, (c) High resoluti 1

XPS spectra of P2p, and (d) N, adsorption-desorption isotherm and the correspondiny

BJH pore size distribution curve (inset) of C-PMA pyrolyzed at 1000 °C.
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Table 1 Elemental composition of the resulted carbon material from XPS analysis.

Sample C (atom %) N (atom %) O (atom %) P (atom %)
c-p 93.59 2.79 3.62 -
C-PM 91.61 5.26 3.13 -
C-PMA 90.64 6.54 2.56 0.26

The N1s spectrum (Fig. 2b) indicates that the element N
exists in the form of graphitic-N (400.8 eV) and pyridinic-i !
(398.3 eV) which both have great contributions to the catalyt. :
activity. In contrast, the form of pyrrolic-N (399.5 eV),
showing low catalytical activity toward ORR,%% is not foun,
quite similar to those reported elsewhere.'” The pyrrolic N car
transform to graphitic N at high temperatures.'’® The fitted 7 _p
spectrum (Fig. 2c) shows two peaks at 132.8 and 134.0 /.
indicating the presence of P-O and P-C, respectively.*® The co-
doping of P and N in C-PMA may endow this carbon materia. s
with high ORR activity for the synergistic effect.

Nitrogen adsorption-desorption measurements weic
conducted to access the porous structure and the specifi.
surface area of C-PMA. As shown in Fig. 2d, the N;
adsorption-desorption isotherm exhibits a typical type | profi’ .
with no hysteresis loop, characteristic of a micropor_ __
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Fig. 3 Electrocatalytic activity for the ORR of C-PAM obtained at 1000 °C. (a) CV curves in a No- and O,-saturated 0.1 M KOH solution at a scan rate of 50 mV s, (b)
Koutecky—Levich plots (3" versus w ¥?) at different electrode potentials (inset: LSV curves at different rotation rates), (c) LSV curves of different electrocatalysts at a disk rot ..y
rate of 1600 rpm and a scanning rate of 10 mV s %, and (d) Durability evaluation of C-PMA in O,-saturated 0.1 M KOH solution at —0.3V.

material. From the corresponding pore size distribution cure
inserted in Fig. 2d, it can be seen that the radius of the pore are
mainly in the rage of 0-2 nm. The C-PMA displays a large
Brunauer-Emmett-Teller (BET) specific surface area (SSA) of
401 m? g~*. The micropore surface area calculated from t-plots
is 231 m? g and the external surface area of 171 m? g™* may
be attributed to the macropore induced by MA. In addition, the
N, adsorption-desorption isotherm of C-P and C-PM is shown
in Fig. S2 (EIS 1) and the corresponding SSA can be seen at
Table S1 (EIS t). It should be noted that the BET specific
surface area of C-PMA is larger than that of C-PM (296 m? g %)
but smaller than that of C-P (483 m? g%). We suppose that the
reason that the SSA of C-PMA is higher than that of C-PM may
own to the activation of P,O4,-H,O mixture derived from APP
during the pyrolysis process. At the same time, from the BET
results and the SEM image of C-P, it can be inferred that the
pores assembled by carbon spheres result in the high SSA of C-
P. In a word, the hierarchically porous structure and the large
SSA of C-PMA are advantageous to the ORR catalytic activity.

This journal is © The Royal Society of Chemistry 20xx

The electrocatalytic activity of C-PMA was first
investigated by cyclic voltammetry (CV) in N,- and O,
saturated 0.1 M KOH solution at a scan rate of 50 mV s *. Az
shown in Fig. 3a, an extra single cathodic reduction peak at
-0.15 V (vs. HgO/Hg) appears in O,-saturated 0.1 M KO.1
solution compared with that in N,-saturated 0.1 M KO 1
solution, indicating the obvious the ORR catalytic activity of C-
PMA. It should be noted that the ORR catalytic activity of C -
PMA was strongly depend on the pyrolysis temperature anc
mass ratio of DA, MA and APP. Fig. S3 (EIS ) shows e
results of optimal experiments. The C-PMA with best C R
catalytic activity was obtained when the pre-treated mixture oi
1g DA, 25 g MA and 0.15 g APP was pyrolyzed at 1000 °C fi ¢
1h

The mechanism of ORR on the C-PMA maodified electroc.c
was further studied by the linear-sweep voltammetry (LSV) at .
rotating disk electrode in O,-saturated 0.1 M KOH solutior..
The inset in Fig. 3b shows the LSV curves at different rotatin,
rates, from which the corresponding Koutecky-Levich p'-*
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were calculated at investigated potential (Fig. 3b). From the
slops of koutecky-Levich plots with good linearity, the
transferred electron number (n) was obtained via the K-L
equation.”® The average transferred electron number is larger
than 3.6 at the investigated potential, which is close to that of
commercial 20% Pt/C (n = ~3.9, the corresponding LSV curves
and Koutecky-Levich plots of Pt/C are shown in Fig. S4. EIS ¥).
This result indicates that the ORR is 4e dominant pathway. The
direct 4e pathway for the ORR is the desirable pathway for its
high utilization efficiency of electrons and the absence of
intermediate hydroperoxide to degrade the catalysts or the
corresponding components.

Fig. 3c displays the LSV curves of different electrocatalysts
at 1600 rpm. Comparing whatever in the aspect of onset
potential or of limiting current, the C-PMA exhibits superior
ORR performance to C-P, C-PM, C-PA (carbon material
derived from PDA and APP) and even commercial 20% Pt/C.
As a catalyst for the ORR, the onset potential significantly
reflects the O, reduction overpotential. The C-PMA electrode
shows an onset potential of ~0.112 V, more positive than that of
20% Pt/C (~0.079 V). At the same time, the half-wave potential
of the C-PMA modified electrode is also more positive than
that of the 20% Pt/C catalyst. The ORR onset potential
demonstrated with the C-PMA catalyst is superior to most
reported values for C-based ORR catalysts, which seldom have
the more positive onset potential than that of Pt/C.'*%' The
excellent ORR catalytic activity of C-PMA can be related to its
hierarchically porous structure, high specific surface area, the
co-doping of N,P and the formation of graphic carbon.

The durability of C-PMA modified electrode was also
evaluated by chronoamperometry. Fig. 3d shows the i-t curve in
an O,-saturated 0.1 M KOH solution at -0.3 V. Compared with
20% Pt/C, the C-PMA display a better long-term stability with
almost 100% retention vs. 62% retention of 20% Pt/C over
10000 s of the test. However, some small fluctuations appear in
the i-t curve for the C-PMA and the reason remains unclear. In
addition, the C-PMA modified electrode shows a better
tolerance to methanol compared with 20% Pt/C (Fig. S5, EIS ),
which is a necessary property for C-PMA to be used in the
direct methanol fuel cells (DMFC).

In conclusion, we have prepared the P,N co-doped
hierarchically porous carbon materials simply through one-step
pyrolysis of the IFRs including PDA, MA and APP. The
resultant carbon materials demonstrate higher ORR activity,
better durability and more superior tolerance to methanol than
commercial 20% Pt/C. The higher ORR activity are attributed
to the hierarchically porous structure, high SSA, the co-doping
of N,P and the formation of graphic carbon. The highlight of
this study lies in the ensemble effects of the precursor system
which accomplish the carbon-forming, pore-forming and
heteroatom doping in one-step pyrolysis process. The
intumescent flame retardant was first time proposed to
synthesize the advanced carbon materials. We believe that the
smart design of the precursor composite will be an effective
solution for the simple and scale preparation of the heteroatom
doped porous carbon materials.
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