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Hierarchically Porous Few-layer Porphyrinic Carbon Nanosheets
Formed by VO,-Templating Method for High-Efficiency Oxygen
Electroreduction

A. Kong?® * C. Mao?, Y. Wang?, Q. Lin?, X. Bu®,* and P. Feng®*

Abstract A new vanadium oxide-templating synthesis strategy is used to synthesize porous few-layer porphyrinic carbon
nanosheets (PPCNs) with highly efficient electrocatalytic activity for oxygen reduction reaction (ORR). Fe-porphyrin
precursors were intercalated into V:0s layers and directly transformed to carbon nanosheets after pyrolysis. Highly
accessible porphyrinic Fe-N4 moieties embedded within few-layer carbon nanosheets with hierarchical porosity and high
surface area (1600 m?g) were obtained. The PPCNs were demonstrated as the excellent non-precious metal catalysts for
ORR in both alkaline and acidic media. Specifically, the PPCNs exhibited more positive half-wave potential than commercial
Pt/C (20 wt%) in alkaline medium at the lower catalyst loading. Moreover through further pyrolysis treatment, the catalytic
activity and durability of PPCNs for ORR in both media could be further improved. The novel synthetic method presented
here opens up a new route for creating novel carbon nanomaterials for various applications.

1 Introduction

Carbon nanomaterials have attracted considerable attention
because of their diverse applications including chemical sensing,
adsorption and separation, catalysis, energy conversion and storage.
16 Various synthesis strategies have been developed to obtain
carbon nanomaterials with desired morphologies such as
nanotubes,” graphene,® and porous carbons.? One unique synthesis
method is the hard-template approach based on inorganic host
materials.? 10 With this method, carbon materials with high surface
area, tunable pore structures, different morphologies, and high
degree of graphitization can be obtained by annealing organic
precursors in the confined space or local surroundings of hard
templates such as SiO,,1914 Al,03,1> MgO,16-18 Zn0,19 20 and various
molecular sieves.? 21 22 \,0s is known to easily form intercalation
compounds.z3-26 Different organic guests can be dispersed and
confined between the layers of V,0s at the molecule level, and
thermal conversion of such intercalation compound may be
developed as a new reactive-template route for the preparation of
unique carbon materials such as few-layer nanosheets. The reactive
VO templates may provide a confined but connected local space for
the formation of a three-dimensional (3-D) nanosheet structure.
Moreover, the oxidation-reduction reaction between V,0s and
organic precursors could create more pore structures in the carbon
nanosheet and expose more carbon edges, which is crucial for the
preparation carbon-based catalysts and adsorbents. Furthermore,
organic precursors with designed functional groups and different
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contents could provide the additional uniformity and abundant
tunability for the preparation of carbon materials with the targeted
functions. However, as so far, there are few reports about the
successful synthesis of functional carbon materials by VOy-
templating method.
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Fig. 1. An illustration of the synthesis of porous porphyrinic carbon
nanosheets (PPCNs) from iron (lll) meso-tetra (N-methyl-4-pyridyl)
porphyrin tetra-iodide (FeTMPyPI).

Due to the high chemical and mechanical stability, excellent electron
transport, and environmentally friendly properties, carbon
nanomaterials can be widely utilized as electrode materials, such as
eletrocatalysts for ORR. Currently, the development of efficient,
durable, and low-cost alternatives to Pt-based electrocatalysts is still
a great challenge for the large-scale commercialization of fuel cells.?’
Doping of iron and nitrogen into carbon (Fe-N-C) has been shown to
be a promising route for making efficient non-precious metal
catalysts (NPMCs).28 A typical example is the pyrolysis of metal
macrocycle compounds supported on carbon materials. Theoretical
and experimental studies suggested that the Fe-N; moieties
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embedded in graphitic carbon were highly efficient active sites for
ORR in a wide range of pH.23> Even though Fe-N4-porphyrin
compounds are known as precursors in the preparation of Fe-Ny-
embedded carbons, the simple pyrolysis of Fe-Ns-containing
porphyrins or carbon-supported Fe-Ns-macrocycles usually results in
the formation of carbons with difficult-to-control morphology, low
surface area, and insufficient activity for ORR.3% 36 |t is desirable to
prepare Fe-N-C nanomaterials with controllable morphology, highly

accessible Fe-N4 moieties, and high surface area for ORR applications.

Herein, we successfully develop a reactive vanadium oxide-
templating strategy for the synthesis of Fe-N-C nanosheets (Fig. 1),
in which Fe-Ns-porphyrin compounds are directly converted into
hierarchical porous porphyrinic Fe-N-C (assigned to PPCNs) for the
first time. The Fe-Ns-porphyrin compounds containing abundant
carbon, nitrogen and Fe are especially chosen serving as the only
precursor of PPCNs.29-35.37 Vanadium oxides are used as reactive hard
templates and nanoreactors, which provide a specially confined but
interlinked space for directly converting Fe-Ns-porphyrin into
hierarchical porous Fe-N-C nanosheets. By this novel route, the
obtained PPCNs possess unique porosity and high surface area up to
1600 m? g1 bestowing the materials with efficient adsorptive and
transporting properties. With the embedded active Fe-N, sites on the
surface of PPCNSs, this newly synthesized few-layer Fe-N-C materials
demonstrate high efficient catalytic activity for ORR in both alkaline
and acidic media.

2 Experimental
2.1 Synthesis

2.1.1 Synthesis of iron (lll) meso-tetra(N-methyl-4-pyridyl)
porphyrin tetra-iodide (FeTMPyPI)

The porphyrin compounds were prepared according to the
reported synthesis route.3> In a typical synthesis, 2.0 g of meso-
tetra(4-pyridyl) porphyrin (TPyP) and 5.0 g of FeCl;¢6H,0 were added
in 100 mL of ethanol, and this mixtures were refluxed for 24 h. The
resulting FeTPyP samples were separated by filtering, and were
washed with anhydrous ethanol to remove residual FeCl3#6H,0. For
the methylation of FeTPyP, the resultant FeTPyP and 7.2 g of methyl
iodide (CHsl) were refluxed at 120 °C in 100 mL N, N-
dimethylformamide (DMF) for 24 h. After cooled to room
temperature, 200 mL of acetone was added in the mixture above.
The FeTMPyPI products were collected by filtering and washing with
a large amount of acetone and dried in vacuum oven at 60 °C.

2.1.2 Synthesis of PPCNs

PPCNs were prepared by thermal conversion of the FeTMPyP/V,0s
intercalation compounds. In a typical synthesis, 1.0 g of FeTMPyPI
was added into 150 mL deionized water and stirred for 1h at room
temperatures. After that, 2.0 g of commercial V,0s powders was
added into the above solution. The mass ratio of FeTMPyP to V,0s is
1:2. The resultant suspension was heated and acutely refluxed for 72
h in a flask equipped with condenser pipe. The green FeTMPyP/V,0s
interaction compounds were collected by hot filtration and washed
by water and ethanol. The dried FeTMPyP/V,0s compounds were
heated at 750 °C for 4 h in argon, with a heating rate of 5 °C min-.,
Finally, PPCNs were obtained after the removal of vanadium oxides
by acid etching (HF, 5 wt%). For the second pyrolysis treatment of
PPCNs, the as-prepared PPCNs were heated at 700 °C for 4h in argon,
with a heating rate of 5 °C min-L. The resultant material was assigned
to PPCN-700

2.2 Characterization

2| J. Name., 2012, 00, 1-3

A JEM-2010 transmission electron microscope and,g Hitaghi $1s
4800 scanning electron microscope (SEM) were: useid 16/absene the
morphology and local structure of carbon materials. Powder X-ray
diffraction patterns (XRD) were obtained on a D8 Advance (Bruker
AXS, Germany) diffractometer with CuKa radiation (40 kV, 40 mA).
N, adsorption/desorption measurements were measured at 77 K on
a Micromeritics ASAP 2020 analyzer. X-ray photoelectron
spectroscopy (XPS) measurements were carried out on Axis Ultra
DLD using Al Ka radiation with C 1s (284.8 eV) as a reference to
correct the binding energy. The Fourier-transform infrared
spectroscopy (FT-IR) was performed on the NICOLET 6700 (Thermo)
infrared spectrometer. The measurement of ultraviolet visible (UV-
VIS) diffuse reflectance spectrum was carried out on UV-3101PC
(SHIMADZU) spectrometer. The atomic force microscope (AFM)
images of graphene sample are obtained by Vecco multimode+
Dimension3100+ NanoScope 3D on a mica plate substrate, operating
in tapping mode.

The electrocatalytic activities of as-prepared PPCNs for ORR were
evaluated by cyclic voltammetry (CV), rotating disk electrode (RDE)
and ring-rotated disk electrode (RRDE) techniques. A standard three
electrode cell was used including a working glass carbon RDE (Pine,
5.0 mm) or RRDE (Pine, 5.6 mm), an Ag/AgCl, KCI (3 M) electrode as
reference electrode, and a Pt electrode as counter electrode. The
experiments were carried out in Oz-saturated 0.1 M KOH and 0.1 M
HClO,4 solution. The working electrodes were prepared through
dispersing 10 mg of PPCNs in 1.28 ml alcohol solution containing 80
uL of a 5 wt% Nafion solution by sonication. Catalyst suspension was
pipetted onto a polished glassy carbon electrode surface and the
electrode was dried at room temperature. A commercially available
20 wt% Pt/C catalyst obtained from JM Company was used for
comparison. The general loading of active PPCNs on the working
electrode is 0.25 mg cm2in 0.1 M KOH and 0.60 mg cm2in 0.1 M
HClO, solutions. The catalyst loading of Pt/C on the electrode is 0.1
mg (Pt-C) cm2in both electrolyte. All the potentials are corrected to
the reversible hydrogen electrode (RHE) potentials (Erne=Eag/agci
+0.973 in 0.1 M KOH, Egpg=Eag/agci+0.293 in 0.1 M HCIO4). The ORR
current is obtained by subtracting the current measured in Ar-
saturated electrolytes from the current measured in O;-saturated
electrolytes.

The HO,- percentage and the corresponding electron number (n)
transferred during the ORR were calculated by the following

equations:
1
41 V
n= D N

7]R %H027=200><71
I+ A[; I+

, where Ip, Iz and N=0.37 are the disk current, ring current and
collection efficiency, respectively for the employed RRDE.

3 Results and discussion

As shown in Fig. 1, PPCNs were obtained through the heat-
treatment of composite FeTMPyP/V,0s intercalation compounds.
The key step for the synthesis of the FeTMPyP/V,0s intercalation
compound was to introduce FeTMPyPI with bigger molecule size
(about 1.7 nm) into the layers of V,05 powder. The reaction between
V,0s and I in a boiling aqueous solution caused V,0s to undergo a
reductive layer reconstruction, which successfully lead to the
formation of FeTMPyP/V,0s intercalation compound.?® 38 The
deconvoluted V 2p XPS spectrum of FeTMPyP/V,0s verified that V(V)
atoms in V,0s layers were partly reduced into V(IV) by I (Fig. S1),
which was also supported by the observation of purple iodine

This journal is © The Royal Society of Chemistry 20xx
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crystals. After FeTMPyP was intercalated, the doo1) distance of V,0s
(JSPDF #41-1426) changed from 0.43 nm to 1.25 nm in
FeTMPyP/V,0s compounds (Fig. 2 a and b). The molecule size of
FeTMPyP cations is much larger than 0.82 nm. The FeTMPyP cations
should be intercalated into the layers with a tilt angle in the
monolayer, similar to the reported V,0s intercalation compounds.2
38,39 TEM images showed that orange V,0s particles with the particle
size of 1-15 um (Fig. S2) were transformed into silk-like dark green
FeTMPyP/V,0s composites (Fig. 3 A). A closer observation for lattice
fringes by high-resolution TEM (Fig. 3 B, inset) showed that the lattice
spacing (about 1.3 nm) corresponded to the (001) plane of the
intercalation compounds. The Fourier-transform infrared
spectroscopy (FT-IR) spectrum (Fig. S3), elemental analysis results (C,
13.05 wt%; N, 2.82 wt%) and the deconvoluted XPS spectra for V, Fe,
C, N (Fig. S2) further confirmed the formation of FeTMPyP/V,0s
intercalation compounds.

— —

o
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=) ~—
—

Intensity

2 0 degree

Fig. 2. XRD patterns of commercial V,0s (a), FeTMPyP/V,0s
intercalation compounds (b), V203 and carbon materials obtained by
heating FeTMPyP/V,0s at 750 °C for 4 h (c), and the prepared PPCNs
(d).

After the FeTMPyP/V,0s intercalation compounds were treated in
argon at 750 °C for 4 h, the carbonization of FeTMPyP in the
interlayer regions of V,0s and the reduction of lamellar V,0s to
rhombohedral V,03 particles occurred simultaneously, leading to the
formation of the composites of V,03 nanoparticles and Fe-N-C
nanosheets. The presence of V,03 was verified by XRD (Fig. 2 c,
JSPDF# 34-0187). The TEM of this thermal decomposition product
(Fig. 3 C) showed that numerous V,03 particles with the size of 3-300
nm were embedded between or on the formed Fe-N-C sheets. A
major concern in vanadium-oxide-templating method is the low yield
of Fe-N-C materials with considerable impurities of vanadium
nitrides and carbides formation. In this work, the formation of
vanadium nitrides (VNy) or carbides was prevented by annealing
FeTMPyP/V,0s under the optimized heat-treatment temperatures
(<750 °C) (Fig. 2 cand Fig. S4) and the proper use of V,0s to porphyrin
ratio in the intercalation compounds. After etching off V,03 with HF
(5 wt% aqueous solution), PPCNs with a yield of about 25 % (based
on the intercalated porphyrin) were obtained (Fig. 2 d).

Both TEM and SEM images indicate a few-layer nanosheet
morphology of PPCNs (Fig. 3 D and F). The length of nanosheets is
about 1-2 pum, while the thickness estimated by atomic force
microscope is about 0.5-6 nm (Fig.S5). Unlike the stacked Fe-N-C
sheets reported previously, these few-layer nanosheets are

This journal is © The Royal Society of Chemistry 20xx
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crosslinking and tend to form a 3-D open structure. The reasondmnay
be that vanadium oxides are reactive andeasilylcenzentea)1The
FeTMPyP carbon precursors in different vanadium oxide layers have
not been completely isolated and can move and connect each other
in the carbonization. HRTEM (Fig. 3E) revealed discontinuous
graphitic lattices of PPCNs, in agreement with the observed SAED
rings. The graphitization degree of the prepared PPCN was lower
than typical graphene carbon. The XRD of few-layer PPCNs revealed
two broad peaks at 26 24 and 43°, assigned to the degree of stacking
order of the layered carbon structure (002) and ordered hexagonal
carbon structure (100), respectively.22 The broadness of the XRD
peaks was contributed to the random stacking of thin corrugated
nanosheets and nano-sized carbon grains with lower crystallization
degree.?2 The Raman spectrum of PPCNs (Fig. S6) exhibited two
peaks at about 1367 and 1593 cm, corresponding to the well-
defined D and G bands of carbon, %041 respectively. The D to G peak
intensity ratio was about 0.9. There is a distinguishable broad 2D
peak centered at 2780 cm. These results indicated that this PPCN
was few-layer nanosheets with abundant defects or disordered
structures. 40,41

Fig. 3. TEM and HRTEM images for FeTMPyP/V,0s intercalation
compounds (A and B), the composites of V,03 and PPCNs obtained
by heating FeTMPyP/V,0s at 750 °C for 4 h (C), and PPCNs (D and E).
Inset in (E) is the select area electron diffraction (SAED) image. (F)
SEM image for PPCNs

Previously, the Fe-N-C nanosheets typically prepared by the
pyrolysis of graphene oxide-supported different precursors2® 42 43
often showed the relatively low surface area.** Many active Fe-Ny
sites for ORR were buried into the closed carbon layers. Impressively
this Fe-N-C nanosheets synthesized here possessed a Brunauer-
Emmett-Teller (BET) surface area of 1600 m? gl (Fig. S7 A),
(mesopore surface area of 1228 m2 g1 and a micropore surface area
of 372 m2 g'1), much higher than previously reported nanosheets.*>
47 The pore size distribution curves for PPCNs revealed several
hierarchical pores centered at around 1.1, 3.4, 20, and 45 nm (Fig. 4
and S7). The carbonization of porphyrins in confined space of

J. Name., 2013, 00, 1-3 | 3
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reactive vanadium oxides might contribute to the formation of
micropores in nanosheets, while the removal of V,03; nanoparticles
may have created meso- and even macropores in or between the
nanosheets. Hierarchical porosity and 3-D open nanostructures
contributed to the highly accessible surface area of PPCNs and the
easy access to Fe-N; active sites, which facilitated the facile
infiltration of electrolyte and fast transport of O, in the nanosheets.
Such PPCNs also exhibit a high uptake of CO; at 273 K and 1 atm (74
cm3 g1), which is even higher than that of the highly porous ZIF-69
metal-organic framework (70 cm3gl) under the same conditions
(Fig.57 D). 48

d(V)/ d(D)

1500 +
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Pore Size (nm)

5004 —= PPCNs

—e— PPCN-700
00 02 04 06 08 10
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Fig. 4 N, adsorption-desorption isothermal curves for PPCNs and
PPCN-700 and the corresponding mesopore size distribution curves
obtained by BJH method on the basis of adsorption branch.
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Fig. 5. XPS survey spectrum (A) and the deconvoluted N1s (B) and Fe
2p (C) XPS spectra of PPCNs. The UV-Vis diffuse reflectance spectra

(D) of FeTPyP porphyrin (a), PPCNs (b), and commercial active
carbons(c).

High density and turnover number of active sites are desirable
features of efficient catalytic materials. 1 4951 The uniform
distribution of Fe and N in PPCNs observed by elemental mapping
images of energy dispersive spectroscopy (SEM-EDS) contributed to
the efficient use of active sites (Fig. S8). The XPS survey spectrum

4| J. Name., 2012, 00, 1-3

indicated that about 5.1 at% nitrogen (5.5 wt% in bulk determined
by element analysis) and 0.35 at% Fe were embeddedonttiesurface
of PPCNs (Fig. 5 A). The pyrolysis of porphyrin compounds can often
derive porphyrinic carbons with Fe-N4 moieties in the framework. 2%
30 Fe 2p 3/2 XPS peak of the prepared PPCNs has binding energy of
710-712 eV (Fig. 5 C), similar to that of Fe 2p 3/2 XPS in FeTPyPI
precursors (Fig.51 and S9). It indicated that the Fe atoms may belong
to the N-coordinated Fe ions, similar to the reported results by
Hashimoto.>2 The N peak at 399.6 eV in the deconvoluted N1s XPS
spectrum could be mainly ascribed to Fe-coordinated nitrogen atoms
52,53 (probably containing pyrrolic-like nitrogen atoms) in the carbon
frameworks (Fig. 5 B). Other N peaks could originate from pyridinic
(at 398.3 eV), graphitic (at 401.5 eV) and oxidized type of (at 403.6
eV) nitrogen atoms, respectively.>* Moreover, an infrared band at
around 2650 cm! corresponding to C-N vibration (Fig. S3 d) and four
typical ultraviolet visible (UV-VIS) diffuse reflectance peaks (Fig. 5 D)
corresponding to porphyin-like materials could also be observed.>3
These results indicated that considerable porphyrinic Fe-N4 moieties
were successfully embedded on the surface of PPCNs.

The electrocatalytic activity of PPCNs in 0.1 M KOH alkaline
electrolyte is very impressive. The corresponding CV curves in Ar- or
O-saturated 0.1 M KOH solutions confirmed that the reduction
currents at the peak potential of 0.85 V resulted from the
electrocatalytic ORR over PPCNs (Fig. S10 A). After the subtraction of
capacitive currents from the ORR currents, the RDE polarization
curves of PPCNs at 1600 rpm showed the same ORR half-wave (E13)
potential (0.82 V) and current density (i.e. about 5.0 mA cm=2 at 0.5
V) as commercial Pt/C (20 wt%, JM) catalysts (Fig. S11A). This result
was achieved with the same catalyst loading amount on the
electrodes (0.1 mg cm) to the commercial Pt/C catalysts. When
increasing the catalyst amount of PPCNs to 0.25 mg cm2, more
positive ORR Ey/2 potential (0.84 V) can be obtained (Fig. 6 A). This
Ei/2 value is about 5-10 mV more positive than other porphyrin-
derived materials and is among the excellent ORR electrocatalysts in
basic medium. 42.53,55,56 Qver 0.25 mg cm2 catalyst loading of PPCNs
on the electrodes caused a thick catalyst layers and a waste of inner
layer catalyst (Fig.S11A), although the E;/; value could still be slightly
improved. With a relatively lower catalyst loading, high ORR current
density and low overpotential in alkaline medium indicate a high
catalytic activity of such PPCNs for ORR.

Moreover, this PPCN was also shown as the efficient ORR
electrocatalyst in 0.1 M HCIO, electrolyte (Fig. S10 B). The PPCN
electrode with a catalyst loading of 0.60 mg cm2 showed an Ej;
value of 0.74 V, about 80 mV more negative than that of Pt/C
electrocatalyst (0.1 mg (p.c cm-2). However, it had a higher diffusion-
limiting current density than Pt/C catalyst below 0.5 V (Fig. 6 B),
indicate its efficient catalytic activity of such PPCNs for ORR. The high
ORR catalytic performance of PPCNs in a broad pH media could be
attributed to the synergetic effects of highly accessible surface, high
density of ORR active sites including Fe-N4, graphitic N and pyridinic
N, and exposed carbon edges, 282 and appropriate graphitization
degree of PPCNSs.

We also studied the use of TMPyPI and CoTMPyPI as precursors
for the synthesis of metal-free or Co-N4 moieties-embedded PPCNs
by the similar synthesis route (Fig. S12). However, VNy particles were
easily produced during the thermal conversion of CoTMPyP/V,0s
even at lower temperatures such as 675 °C. The formation of VN
would generally consume active nitrogen ingredients in the surface
of PPCNs. The ORR activities of these PPCNs are respectable but
lower than that of PPCNs obtained from FeTMPyPI at the same
temperatures in both acidic and alkaline electrolytes (Fig. $13), in

This journal is © The Royal Society of Chemistry 20xx
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It suggested a remarkable effect of metal center 1A 101 0] 8 i :?Xgocigiﬂ—ei
in porphyrin precursors on the ORR activity of b r .1
the resultant PPCNs, and Fe-Nj sites in carbon ”g 1 _—pwe E ,]
framework often show higher activity for ORR < 21 —PPCN-700 <é< 3] — ppeN
than Co-N, sites. 2857 s3] PPN S ] T PPCNT00

The mass ratio of FeTMPyPI to V,0s in the : 54
preparation of intercalation compounds is ol ' : ' ' 6] . . .
another important factor that could impact the 02 04 06 08 10 0.2 04 06 08 1.0
activity of the formed PPCNs. When the mass E/V(vs RHE) E/V (vs RHE)
ration of FeTMPyP to V,0s changed from 1:3, 381 5
1:2 to 1:1, the prepared intercalation 3.904 Acid S Acid
compounds showed the similar XRD patterns _ _\_______./' O, 41 —_— . —"
and d(go1) values. This result suggested that the g 3991 . . —O T 2] 0——0 ° o o
increasing FeTMPyP may be continuously £ 400 0 A
interacted into the same layers of V,0s in the 2 30| © —o0 079 27 o o—0 07"
monolayer. After underdoing the thermal as0] =—" o o g" 4] —" " "
conversion of these interaction compounds, the Alkaline & Alkaline
carbon materials with the similar nanosheet T 03 oa 05 os 02 0.3 04 05 06
morphology were obtained. It is noticed that E/V (vs RHE) E/V (vs RHE)
VN is easily formed when the mass ration of £ =
FeTMPyP to V,0s is over 1:1. In consideration of =7 17
the yield, purity, and the ORR activity of the = \PPCN PPCN-700 P PPCN-700
resultant PPCNs, the mass ratio of FeTMPyPI to g g
V,0s of 1:2 is appropriate (Fig. 514). cz 804 § 804 PPCN

The ORR activity of the prepared PPCNs is % Pt/C %
sensitive to the heat-treatment temperature of 2 2 puc
the composite porphyrin/V,0s. High 60 , , 60 i i
temperature tended to give VN, in the products 0 20‘_’;:‘:“6/8 40000 0 2°_‘:_‘;‘r’nels 40000
and reduced the ORR activity of the
corresponding PPCNs  (Fig.54 and S15). Fig 6. (A and B) RRDE polarization curves on PPCNs and commercial Pt/C (20 wt%) in

However, a lower pyrolyzation temperature
would be detrimental to the graphitization of
PPCNs. The best PPCN for ORR is the sample

prepared by heating FeTMPyP/V,0s at 750 °Cas ~ RRDE electrodes
described above. %, respectively.

0.1 M KOH (A) and 0.1 M HCIO,4 (B) electrolytes at 1600 rpm; (C and D) The ORR
electron transferred number (n) and yield of H,0, (%) of different catalysts based on
the corresponding RRDE polarization curves. The catalyst loadings of PPCNs on the

in 0.1 M KOH and 0.1 M HCIO4 electrolytes are 0.25 and 0.60 mg cm-
The scan rate is 5 mV sl (E and F) Current-time (i-t)

chronoamperometric response of PPCNs and Pt/C at 0.55 V in O,-saturated 0.1 M KOH

The as-prepared PPCNs were further treated
at 700 °C for 4h (PPCN-700) to enhance the
catalytic  performance for ORR. The
characterization results by XRD, SEM, N,-
sorpotion, TEM, and XPS (Fig.4, S16 and S17) show that PPCN-700
still has a similar few-layer nanosheet morphology but with a
remarkably higher degree of graphitization after undergoing the
second pyrolysis treatment. High-resolution TEM and SAED
measurement for several carbon grains showed the clear graphite
lattices or diffraction ring. It still has a hierarchical porous structure,
although the pore distribution has changed and the total BET surface
area decreased to 1357 m2 g'1. The XPS revealed the decreasing of
oxygen content and the increasing of nitrogen content (6.8 at%) on
the surface of PPCN-700, suggesting a repair effect of carbon surface
during the second pyrolysis treatment. As a result, the PPCN-700
exhibited the improved activity for ORR. The PPCN-700 electrodes
showed the ORR E1/; 0f 0.85Vin 0.1 M KOH and 0.75 Vin 0.1 M HCIO,,
about 10 mV more positive than PPCNs in both electrolytes.

The kinetic reduction process of O, on highly active PPCNs was also
investigated. Two-electron reduction of oxygen is generally less
desirable due to the low efficiency and the corrosive nature of the
resulting hydrogen peroxide. The numbers of electrons transferred
during the ORR over PPCNs in both electrolytes were calculated to
be 3.90-3.95 in the potential range of 0.6 to 0.2 V based on the
investigated RRDE results (Fig. 6 C). For the ORR over PPCN-700, the

This journal is © The Royal Society of Chemistry 20xx

(E) and 0.1 M HClO4 (F) at a rotation rate of 1600 rpm on the RDE electrode with a
catalyst loading of 0.25 mg cm, respectively. The catalyst loading of Pt/C is 0.1 mg
(Pt/C) cm2in all the testing.

calculated electron numbers even are closer to theoretical 4
electrons (3.95-4.00), similar to the Pt/C electrocatalysts. These
results confirm that PPCNs and PPCN-700 can efficiently catalyze the
reduction of oxygen in a nearly direct four-electron process in both
alkaline and acidic media (0,+2H,0+4e=40H- in 0.1 M KOH;
O,+4H*+4e=2H,0 in 0.1 M HClO43% 38), Moreover, the PPCNs
reported here clearly showed superior durability during the ORR in
both media, in comparison with Pt/C catalysts. A relative ORR current
of 91 % on the PPCN electrodes in 0.1 M KOH (Fig. 6 E) and 85 % in
0.1 M HClO,4 (Fig. 6 F) solution still remained after 20,000s. In
comparison, about 75 and 70 % ORR currents on Pt/C electrodes
were detected after 10,000s in 0.1 M KOH and in 0.1 M HCIO4
solution, respectively, owing to the easily poisoned property of Pt. 52
The ORR peak currents and capacitive currents in the CVs over PPCNs
were not significantly changed (Fig. S18) after 5, 000 cycles in both
electrolytes. Furthermore, the second heat-treatment for PPCNs
were found to remarkably enhance the durability during ORR. A
relative ORR current of 98 % on the PPCN-700 electrodes in 0.1 M
KOH and 91 % in 0.1 M HCIO4 solution can be maintained after
50,000s. Better durability of PPCN-700 should be attributed to the
improved degree of graphitization and lower H,0, yield of PPCN-700
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(about < 3% in both electrolytes, Fig. 6 D). In addition, like other non-
precious metal catalyst, PPCN materials also revealed better
methanol tolerance. As testified by RDE polarization curves in
different electrolytes (shown in Fig. S19), there are no notable
changes in the ORR Ei;; and current density over PPCNs in the
presence of methanol (2 wt%).

4 Conclusions

In summary, few-layer porphyrinic carbon nanosheets were
successfully prepared by a reactive “vanadium oxide-templating”
synthesis strategy. Vanadium oxides not only serve as hard templates
or supports but also provide a unique local environment for
producing such nanosheet materials. Thermal conversion of
porphyrins confined between the layers of V,0s directly created the
few-layer Fe-N-C naonosheets with hierarchical porosity and highly
accessible surface. Active porphyrin-like Fe-N4 moieties for ORR are
shown to embed on the surface of such nanosheets with appropriate
degree of graphitization. The integration of these desirable features
led to highly efficient ORR activity that is comparative (in alkaline
medium) or comparable to (in acidic medium) commercial Pt/C (20
wt%) catalysts. Furthermore, the second pyrolysis treatment are
effective in increasing the graphitization degree of PPCN and further
improving its activity and durability for ORR. This VOx-templated
synthesis method opens up a novel pathway for the preparation of
highly accessible carbon nanosheets with hierarchical porosity and
exceptional electrocatalytic performance. The obtained PPCN
materials represent the promising cathode catalysts for ORR in fuel
cell applications.

Supporting Information. N,-sorption analyses, FT-IR, TEM,
XPS, AFM and SEM-EDS spectra for the precursors and different
PPCNs as well as the ORR activity and durability for different PPCNs
are available free of charge via the Internet at http://pubs.acs.org.
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Few-layer porous porphyrinic carbon nanosheets with highly efficient oxygen electroreduction performance

were obtained by thermal conversion of Fe-porphyrin/V,QOs intercalation compounds.
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