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Nitrogen-doped porous carbon nanospheres (PCNs) with a high surface area were prepared by
chemical activation of nonporous carbon nanospheres (CNs). CNs were obtained via carbonization
of polypyrrole nanospheres (PNs) that were synthesized by ultrasonic polymerization of pyrrole. The
catalysts Pt/PCN, Pt/CN, and Pt/PN were prepared by depositing Pt nanoparticles on supports
PCNs, CNs, and PNs, respectively, using ethylene glycol chemical reduction. Nitrogen adsorption,
X-ray diffraction, thermogravimetric analysis, transmission electron microscopy, scanning electron
microscopy, and X-ray photoelectron spectroscopy were employed to characterize samples. It was
found that after chemical activation using KOH, PCNs containing N functional groups (mainly N-6
and N-Q) possessed a microporous structure with a high surface area of 1010 m?/g and a particle size
of less than 100 nm. The electrochemical properties of samples Pt/PCN, Pt/CN, and Pt/PN, together
with commercial catalysts E-TEK (40 wt % Ptloading), were comparatively investigated in methanol
oxidation reaction (MOR) and oxygen reduction reaction (ORR) for fuel cells. The results showed
that the catalytic activity of Pt/PN toward both reactions at room temperature is almost negligible
possibly due to the poor conductivity of support PNs proven by impedance spectroscopy, in contrast
with some literature reports. Compared to Pt/CN and E-TEK catalyst, Pt/PCN revealed an enhanced
mass activity in ORR and MOR because of the high dispersion of small Pt nanoparticles, the presence

of nitrogen species, and developed microporous structure of support PCNs.

1. Introduction

Fuel cells as clean energy devices such as proton
exchange membrane fuel cells (PEMFCs) and direct
methanol fuel cells (DMFCs) have received substantial
attention.' In these devices, Pt/carbon catalysts are gen-
erally used as electrode materials for chemical energy
conversion of a fuel to electricity via electrocatalytic
reactions, for example, methanol oxidation reaction
(MOR) at the anodes of DMFCs and oxygen reduction
reaction (ORR) at the cathodes of PEMFCs. To achieve
high dispersion, utilization, activity, and stability of noble
Pt,? carbon materials as supports with developed pore
structure, high surface area, nanoscaled morphology,
tunable surface chemistry, and good electric conductivity
are highly desirable for electrocatalysts.®*

It has been proven that the presence of functional
groups such as N species on the carbon support surface
could lead to the high dispersion of fine Pt nanoparticles
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with the synergistic interaction of Pt and support, resulting
in the improved catalytic activity and durability toward
ORR and MOR.’ Carbon materials coated with N-contain-
ing polymers such as polypyrrole and polyaniline have been
found to be the potential electrocatalyst supports, such as
polypyrrole/carbon  composites,”  polypyrrole—carbon
nanotubes,* ' polypyrrole—carbon black,'""'*  poly-
(vinylpyrrolidone)—modified graphite carbon nanofibers, '
and polyaniline—carbon films."* However, polymer coating
may cause some problems, for example, lowering the con-
ductivity of carbon supports,® blocking the pore structure, '
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agglomerating the carbon particle,’ and shortening the
durability of supports due to the inherent instability of
polymer in harsh operation circumstance,*'® which are
not desired for electrocatalysts. Thus, much work focused
on the N-doped carbon materials with N species incorpo-
rated in the carbon matrix to promote the Pt/carbon
electrocatalyst performance. For example, Pt-based metal
nanoparticles supported on carbon nitride (CNx) mater-
jals'®"?° and N-containing mesoporous carbons>'*** exhib-
ited high electrocatalytic activities in MOR and/or ORR.
Nonprecious metal electrocatalysts supported on N-doped
carbon materials**~>* also showed a good performance for
ORR. On the other hand, pore structure including meso-
pores and micropores in templated carbon supports has
been demonstrated to play a significant role in transferring
the mass products in MOR and ORR.*>?® It should be
mentioned that the commercial electrocatalyst supports
such as carbon black XC-72 and BP2000 are carbon
nanoparticles with a diameter of less than 100 nm. The
voids among these nanoparticles could form a three-dimen-
sional mesoporous structure that provides a rapid mass
transport within electrodes. However, these particles do not
contain N species. Recently, Lei et al.?” and Choi et al.?®
have found that the N-doped carbon nanoparticles as Pt
catalyst support was superior compared to XC-72 in MOR
activity, but these carbon nanoparticles have no developed
pore structure. Importantly, N-doped carbon materials
have been demonstrated to serve as metal-free catalysts
toward ORR,*** and high surface area may offer more
active sites.

Herein, we report the preparation and characterization
of N-doped porous carbon nanospheres (PCNs), which

(16) Ma, Y.; Jiang, S.; Jian, G.; Tao, H.; Yu, L.; Wang, X.; Wang, X_;
Zhu, J.; Hu, Z.; Chen, Y. Energy Environ. Sci 2009, 2, 224-229.

(17) Kim, M.; Hwang, S.; Yu, J.-S. J. Mater. Chem. 2007, 17, 1656—
1659.

(18) Di Noto, V.; Negro, E.; Gliubizzi, R.; Lavina, S.; Pace, G.; Gross,
S.; Maccato, C. Adv. Funct. Mater. 2007, 17, 3626-3638.

(19) Yue,B.;Ma, Y.;Tao,H.; Yu, L.;Jian, G.; Wang, X.; Wang, X.; Lu,
Y.;Hu, Z. J. Mater. Chem. 2008, 18, 1747-1750.

(20) Sun, C.-L.; Chen, L.-C.; Su, M.-C.; Hong, L.-S.; Chyan, O.; Hsu,
C.-Y.; Chen, K.-H.; Chang, T.-F.; Chang, L. Chem. Mater. 2005,
17,3749-3753.

(21) Lei, Z.; An, L.; Dang, L.; Zhao, M.; Shi, J.; Bai, S.; Cao, Y.
Microporous Mesoporous Mater. 2009, 119, 30-38.

(22) Liu, H.; Shi, Z.; Zhang, J.; Zhang, L.; Zhang, J. J. Mater. Chem.
2009, 19, 468-470.

(23) Yuasa, M.; Yamaguchi, A.; Itsuki, H.; Tanaka, K.; Yamamoto,
M.; Oyaizu, K. Chem. Mater. 2005, 17, 4278-428]1.

(24) Lefevre, M.; Proietti, E.; Jaouen, F.; Dodelet, J.-P. Science 2009,
324, 71-74.

(25) Su, F.; Zhou, Z.; Guo, W.; Liu, J.; Tian, X. N.; Zhao. X. S. In
Chem. Phys. Carbon; Radovic, L. R., Ed.; Marcel Dekker: New York,
2008; Vol. 30, pp 63—128.

(26) Stein, A.; Wang, Z.; Fierke, M. A. Adv. Mater. 2009, 21, 265-293.

(27) Lei, Z.;Zhao,M.; Dang, L.; An,L.; Lu, M.; Lo, A.-Y.; Yu, N.; Liu,
S.-B. J. Mater. Chem. 2009, 19, 5985-5995.

(28) Choti, B.; Yoon, H.; Park, 1.-S.; Jang, J.; Sung, Y.-E. Carbon 2007,
45,2496-2501.

(29) Sidik, R. A.; Anderson, A. B.; Subramanian, N. P.; Kumaraguru,
S. P.; Popov, B. N. J. Phys. Chem. B 2006, 110, 1787-1793.

(30) Ikeda, T.; Boero, M.; Huang, S.-F.; Terakura, K.; Oshima, M.;
Ozaki, J.-1. J. Phys. Chem. C 2008, 112, 14706-14709.

(31) Maldonado, S.; Stevenson, K. J. J. Phys. Chem. B 2005, 109,4707—
4716.

(32) Gong,K.;Du, F.; Xia, Z.; Durstock, M.; Dai, L. Science 2009, 323,
760-764.

(33) Matter, P. H.; Wang, E.; Arias, M.; Biddinger, E. J.; Ozkan, U. S.
J. Phys. Chem. B 2006, 110, 18374-18384.

Chem. Mater., Vol. 22, No. 3, 2010 833

possess distinguished advantages as an alternative elec-
trocatalyst support. PCNs were obtained by chemical
activation of nonporous carbon nanospheres (CNs) that
were prepared by carbonizing polypyrrole nanospheres
(PNs) at high temperature. The electrocatalytic proper-
ties of electrocatalysts Pt/PCN, Pt/CN, and Pt/PN were
comparatively examined for MOR and ORR. It was
found that toward MOR and ORR, polymer-supported
Pt/PN catalyst is almost inactive against the previous
results reported,'®** and Pt/PCN showed a better perfor-
mance than Pt/CN and commercial E-TEK -catalyst
(40 wt % of Pt), indicating a highly potential application
of PCNis in fuel cells.

2. Experimental Section

2.1. Synthesis of Support Nanospheres and Pt Catalysts. The
sample PNs and CNs were prepared using a method previously
reported.® In a typical synthesis, a mixture containing decyl
alcohol (1-decanol, 99%, Aldrich) (1.0 g) and deionized water
(30 mL) was stirred at 1 °C for 10 min. Then, dodecyltrimethy-
lammonium bromide (DTAB, 99%, Aldrich) (1.5 g) was added
to this mixture still under stirring at 1 °C for 20 min. The above
mixture was transferred into a plastic tube. Subsequently,a 0.8 g
of pyrrole (98%, Aldrich) was added dropwise into the tube,
which was sonicated in an ultrasonicator (Elma Transsonic
T460/H of capacity 2.75 L and frequency of 35 kHz). After
2 min, powdered FeCl; (99%, Aldrich) (2.0 g) was added into
the tube. After further ultrasonication for 20 min, the product
PNs were separated by filtration, washed with ethanol and
water, and dried in an oven at 60 °C overnight under vacuum.
The PNs were carbonized in a quartz tube at 800 °C for 2 h under
a nitrogen atmosphere to obtain sample CNs. CNs were further
mixed with powdered solid KOH (98%, Aldrich) at a mass ratio
of 1:4 for chemical activation. The mixture was heated to 900 °C
with a heating rate of 5 °C/min under a flow of nitrogen and
retained for 2 h. The solid was finally washed with diluted HCI
solution and copious water to completely remove metal species
and dried at 120 °C for 4 h to obtain sample PCNs.

Pt catalysts supported on PNs, CNs, and PCNs were synthe-
sized by the ethylene glycol (EG) reduction method.*%3” Briefly,
50 mg of support nanospheres was mixed with 50 mL of EG
(99.8%, Aldrich) under ultrasonic treatment for 30 min to
obtain a liquid suspension. Then 1.68 mL of H,PtCls (38% Pt,
Aldrich) solution (20 mg/mL Pt) was slowly dropped into the
suspension, followed by stirring for 30 min and adjusting the pH
to 11.0 using 1 M NaOH in E-G solution. The mixture was
refluxed in a flask using a Milestone MicroSYNTH program-
mable microwave system (1000W, 2.45 GHz) for 3 min in the
nitrogen atmosphere while stirring. The resulting suspension of
Pt catalyst was centrifuged, washed with ethanol and deionized
water, and dried at 80 °C in a vacuum oven overnight. The
prepared Pt catalyst supported on PCNs, CNs, and PNs was
assigned as Pt/PCN, Pt/CN, and Pt/PN, respectively.

2.2. Characterization. The N, adsorption isotherms of the
samples were investigated using an ASAP2020 volumetric
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adsorption analyzer (Micromeritics, U.S.A.). The X-ray diffrac-
tion (XRD) patterns were collected on a Bruker D8 diffract-
ometer. Thermogravimetric analysis (TGA) was conducted on a
thermogravimetric analyzer TGA Q500 (Thermal Analysis In-
struments, U.S.A.). The microscopic features of the samples
were observed with a field-emission scanning electron micro-
scope (SEM) (JSM-6700F, JEOL Japan) and field-emission
transmission electron microscope (TEM) (Tecnai G*> TF20
S-twin, FEI Company). Element content was analyzed with
energy dispersive X-ray (EDX) spectroscopy at 15 kV with
SEM. The surface chemical composition of the samples was
determined by X-ray photoelectron spectroscopy (XPS) on a
VG ESCALAB 250 spectrometer (Thermo Electron, U.K.),
using a nonmonochromatized Al Ka X-ray source (1486 eV).
The electrochemical performance of Pt catalysts was measured
by cyclic voltammetry (CV) at room temperature in a three-
electrode cell using Autolab PGSTAT302 electrochemical test
system (Eco Chemie, The Netherlands). The details of the
characterization techniques can be found in Supporting Infor-
mation.

3. Results and Discussion

3.1. Characterization of Supports. Figure 1 shows the
N, adsorption—desorption isotherms and pore size dis-
tribution (PSD) of support sample PCNs. It can be seen
that the adsorption isotherm of PCNs in Figure 1a is of
type I according to the ITUPAC classification, indicative
of microporous material. The remarkable nitrogen up-
take above the relative pressure of 0.80 is due to the
capillary condensation of nitrogen in interparticulate
porosity that exists among agglomerate nanospheres
forming a mesoporous texture. The inset in Figure la
shows the PSD of PCNs derived from the density func-
tional theory (DFT) method. The pore size of PCNs is
centered at around 1.1 nm. The surface area of PCNs
is 1010 m?/g, about 10-fold higher than that of CNs
(110 m?/g, its isotherm is not shown here), indicating
the dense structure of nonporous CNs. The surface area
of PNs is 50 m?/g (its isotherm is not shown here). In
addition, our experiments demonstrated that direct che-
mical activation of PN could not produce PCNs, possibly
due to the gasification of polypyrrole in the presence of
KOH at the high temperature.

Figure 2 shows the SEM images of support samples
PNs, CNs, and PCNs, together with TEM images of
PCNS. It is seen that PNs in Figure 2a possess an overall
monodisperse particle distribution, and their particle size
is in the range of 100—140 nm in the diameter shown in
Figure 2b. The EDX spectrum of PNs (not shown here)
indicates the presence of C (70 wt %), N (19 wt %), O
(8 wt %), Fe (2wt %), and CI (1 wt %). The atomic ratio
of N/C is ~0.23, consistent with that of the polypyrrole
unit (—C4NH,—) (N/C = 0.25). Figure 2c shows the
image of CNs, which are relatively smaller than their
parent PNs due to the shrinkage during carbonization
process. The rough surface of CNs may stem from the
heterogeneous shrinkage. The mass content of C, N, O,
and Fe derived from EDX analysis for sample CNs (not
shown here) is 81 wt %, 10 wt %, 6 wt %, and 3 wt %,
respectively, and no signal from Cl was detected. The N
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Figure 1. Nitrogen adsorption/desorption isotherms of PCNs, together
with its PSD curve (inset).

Figure 2. SEM images of catalyst supports PNs (a, b), CNs (c), and
PCNs (d) and TEM images of PCNs (e, f).

content here is comparable to that of carbon nanofibers
converted from polypyrrole.'® The atomic ratio of N/C is
approximate 0.11, almost half of that of the PN, suggest-
ing that the carbonization process would reduce the
concentration of N species more quickly relative to C
because the denitrogenation, dehydrogenation, and aro-
matization occurred. Figure 2d exhibits the morphology
of PCNs, whose surface looks much coarser than CNs.
This may result from the etching of the carbon matrix by
chemical activating agent. C (88 wt %), N (4 wt %), O
(6 wt %), and K (0.5%) in PCNs were found using EDX
except for Fe. The atomic ratio of N/Cis ~0.04, much less
than that of CNs. This may be because some N species
within CNs are more active during chemical activation
and readily gasified. TG curves of PCNs, CNs, and PNs
(Figure Sla, Supporting Information) indicate that the
residual weight for PCNs is negligible, but for CNs and
PNs is ~3.4 wt % and ~2.2 wt %, respectively. The
residue may be ascribed to the iron oxides, whose particles
size is too small to be detected by XRD shown in Figure
S1b (Supporting Information). Since the size of the PNs
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can be easily tuned by controlling the feed amount of pyrrole
monomer during the polymerization,®® the particle size of
PCNs can be tailored accordingly. TEM images of PNs and
CNss can be found in Figure S2 (Supporting Information).
The TEM image of the PCNs in Figure 2e clearly shows the
microporous structure of PCNs with more exposed gra-
phene edges as well as defects. PCNs also have much less
dense molecular structure and indistinctly discrete graphene
layers as shown in Figure 3f when compared to the image of
CNs in Figure S2d (Supporting Information). These find-
ings are consistent with the XRD analysis in Figure S1b
(Supporting Information), in which XRD patterns of
both carbon supports show a turbostratic structure with
a large curvature of the graphene layers while the intensity
of the (002) peak for PCNs is much less than that for CNs,
suggesting a much lower graphitic crystallinity and more
defects of the sample PCNs. It has been known that the
chemical activation using KOH is a well established
method to generate highly microporous structures for
various carbonaceous materials.>**° At a high tempera-
ture, the alkali species is reduced to metal by the carbon
species, and thus the carbon framework is etched to create
a large number of micropores due to the oxidation of carbon
into carbonate ion. The subsequent removal of the alkali
metal species by washing with acid solution may generate
additional micropores. Because at the activation tempera-
ture of 900 °C much higher than the melting point of KOH
(~400 °C), KOH would be present as a liquid and is allowed
facile diffusion within the carbon framework. Therefore,
activation reaction homogeneously occurred between the
activating agent KOH, and the carbon matrix generated a
uniform micropore distribution within PCNS in Figure 2e.
It should be mentioned that the chemical activation using
KOH could introduce much oxygen functional groups and
graphene layer defects on the surface of PCNs, which are
significant for deposition and immobilization of Pt nano-
particles,*' together with formation of strong interfacial
interaction between Pt and carbon surface.*>*

3.2. Characterization of Pt Catalysts. The XRD pat-
terns of Pt/PCN, Pt/CN, Pt/PN, and commercial E-TEK
catalysts are shown in Figure 3a. The diffraction peaks
at 26 values of about 39.8°, 46.3°, 67.6°, and 81.5° are
ascribed to the facets (111), (200), (220), and (311),
characteristic of face-centered cubic (fcc) crystalline Pt
(JCPDS, Card No. 04-0802), suggesting that Pt species
were reduced to the metallic state by EG. The average size
of the Pt nanoparticles was calculated from the Pt(220)
peak using the Debye—Scherrer equation to be ~3.3, 4.0,
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Figure 3. XRD patterns (a) and TG curves (b) of Pt/PCN, Pt/CN, Pt/
PN, and E-TEK catalysts.

4.4, and 4.5 nm for Pt/PCN, Pt/CN, Pt/PN, and E-TEK,
respectively. Figure 3b shows the TG curves of Pt/PCN,
Pt/CN, Pt/PN, and E-TEK catalysts. It is seen that the
weight loss of Pt/PN, Pt/CN, and Pt/PCN takes place in
the temperature ranges 200—270, 270—350, and 310—
380 °C, respectively, obviously lower than that of their
supports shown in Figure Sla (Supporting Information).
This is because the introduction of Pt metal nanoparticles
led to the catalytic oxidation of support matrix in air. The
temperature range for main weight loss of E-TEK is
350—430 °C, much higher than that of Pt/PCN possibly
due to the higher surface area of PCNs than that of
E-TEK support (~200 m?/g), which may allow more
graphene defects exposed for oxidation. In addition, it
has been found that the N-doped graphene layer has
apparently higher chemical reactivity toward oxygen
than the undoped one due to more edge-active sites
resulting from the introduction of N species,®' leading
to lower oxidation temperature. The weight loss for these
samples below 200 °C should result from the desorption
of water vapor and/or residual EG. Thus, the Pt metal
content in the catalysts can be obtained from their TG
curves after subtracting the weight of adsorbed water and
residue. Setting the weight of the anhydrous material to
100 wt %, the contents of Pt in Pt/PCN, Pt/CN, Pt/PN,
and E-TEK are 40.3, 36.4, 37.2, and 40.7 wt %, res-
pectively.

Figure 4 shows the TEM images of samples Pt/PN, Pt/
CN, and Pt/PCN, as well as commercial E-TEK catalyst.
The images of Pt/PN catalyst in Figure 4a,b show that Pt
nanoparticles densely covered the surface of PNs possibly
due to their much lower surface area, and Pt particle size is
estimated to be ~5 nm. Figure 4c,d presents the images of
Pt/CN catalyst, in which Pt nanoparticles were homo-
geneously dispersed on the surface of CNs and their size is
ranged from 4 to 5 nm. In Figure 4e,f for Pt/PCN catalyst,
it is clearly seen that Pt nanoparticles with a size of less
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Figure 4. TEM images of Pt catalysts: (a, b) Pt/PN; (¢, d) Pt/CN; (e, f) Pt/
PCN; (g, h) E-TEK.

than 4.0 nm are homogeneously deposited on the surface
of PCNs with the high dispersion. However, some aggre-
gated Pt nanoparticles can be found in Figure 4g,h for E-
TEK catalyst, and the Pt particle size is ~5 nm. The lattice
distance as marked with the white arrows in Figure 4b,d,f,
h is around 0.23 nm, in agreement with the interplanar
distances of d;;; in Pt crystal. Studies have proven that
the presence of N species as localized defects facilitates the
high dispersion and immobilization of Pt particles on the
carbon supports and makes the carbon surface chemically
active for the enhanced interaction between Pt and the
supports.’ For instance, Yue et al. found that Pt nano-
particles were homogeneously dispersed on the N-doped
CNTs compared with pristine ones.'” Here, it is believed
that for all three synthesized catalysts, the N-participa-
tion in the connection of Pt species with the support'® may
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Figure 5. XPS spectra of Pt/PN, Pt/CN, and Pt/PCN catalysts: (a) wide
scan, (b) C 1s, (¢) N 1s, and (d) Pt 4f.

contribute to the high dispersion of Pt particles. In
particular, for support PCNs, the creation of the devel-
oped pore structure, abundant functional sites (N- and
O-species), and many defects derived from chemical
activation process may form a strong interaction between
Pt nanoparticles and carbon surface, responsible for the
efficient deposition of Pt nanoparticles and avoidance of
Pt particle coalescence.>#3:43-46

The XPS survey spectra of samples Pt/PN, Pt/CN, and
Pt/PCN are depicted in Figure 5. The presence of C, N, O,
and Pt elements can be clearly seen in the wide spectra for
all catalysts in Figure 5a. The signal from the Fe element
may be too weak or undetectable on the support surface
to be found in these spectra similar to the XRD analysis in
Figure S1b (Supporting Information). It is also clearly
seen that the ratio of the area of the N Is peak at a binding
energy (BE) of around 400 eV over the area of C 1s peak at
about 284.5 eV roughly goes as the sequence of Pt/PNs >
Pt/CNs > Pt/PCN, in accordance with the above EDX
analysis of supports.

Figure 5b shows the C 1s spectrum of three samples,
fitted into four individual component peaks labeled with
I, II, III, and IV, representing graphitic carbons with
C=C,C—C,and C—H at a BE 0f 284.5 eV, carbons with
C—O0 and/or C—N at around 285.7 ¢V, carbons O=C—
O and/or O=C—N at around 287.0 ¢V, and a satellite
signal due to m—n* transitions in aromatic rings at
289.4 eV, respectively.*”*® Sacher and his coworkers de-
monstrated that the increase of full widths at half-maxima
(fwhm) of peak I in the C 1s spectrum is closely related to
the introduction of more defects and O species on the
surface of treated highly oriented pyrolytic graphites
(HOPGs, model carbon materials).**** Here, the fwhm
of peak I for PCNs (1.29 eV) is greater than for
CNs (1.09 eV), presumably suggesting the more defects
and/or O species on PCNs derived from the chemical
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activation, in accordance with the observation of TEM
(Figure 2e,f) and XRD analysis (Figure S1b, Supporting
Information).

N 1s spectra of all samples are shown in Figure Sc.
Using the integrated peak area ratio of the individual N 1s
and C Is peaks corrected by the atomic sensitivity factors,
the N/C surface atomic ratio was calculated to be 0.19 for
Pt/PN, 0.10 for Pt/CN, and 0.05 for Pt/PCN. These
values are in good agreement with the results of above
EDX analysis. The N/C ratio of PCNs is comparable to
that of vertically aligned N-doped CNTs derived from
polypyrrole (0.04—0.06),* but as a result, PCNs obtained
here have a much higher surface area. The chemical
activation to create PCNs from CNs resulted in a lower
N content. The N 1s spectrum of materials shown in
Figure 5c s fitted by three component peaks labeled with
I, II, and III, which is ascribed to N-5, N-6, and N-Q,
respectively.* > N-5 represents pyrrolic-N in a five
membered ring and/or pyridonic-N that is pyridinic-N
in association with phenolic or carbonyl group on the
neighbor carbon atom of the ring (sp> hybridization to
C>%). N-6 is pyridinic-N, that is, N bonded to two C atoms
in six-membered rings at the edge of graphene layer (sp
hybridization to C>). N-Q is quaternary-N, that is, N
bonded to three C atoms in central or valley position of
graphene layer. For the Pt/PN catalyst, there is only one
peak observed at 399.8 eV (N-5), corresponding to N
atoms within the pentagonal pyrrole ring of the polypyr-
role. For Pt/CN, three peaks, N-5 (399.8 eV), N-6 (398.7
eV), and N-Q (401.0 eV) were observed. For Pt/PCN, it
can be seen that N-5, N-6, and N-Q were located at 399.8,
398.7,and 400.5 eV respectively, and the proportion of N-
5 is obviously shorter than that of CNs. The low shift of
N-Q bending energy (—0.5 eV) for PCNs compared with
CNs may be related to the chemical activation, which
partially destroys the N-containing graphene structure.
These results indicate that N atoms within the pentagonal
ring of polypyrrole chemical structure (N-5) in PNs were
converted to two types of N atoms (N-Q and N-6) in CNs
and PCNs after heat treatment. The content of N-Q for
both supports CNs and PCNs is seen to be much more
than that of N-5 and N-6 content, suggesting that a
majority of nitrogen atoms are located inside graphene
layers and others are at the periphery of graphene layers.
Although it is known that N species are responsible for
the enhanced electrochemical performance, exact species,
either N-Q?*3® or N-6 (N-5),°*% is still unclear. Our
results may infer that the N species at the edges of
graphene layers in CNs and PCNs (N-6 and N-5) and N
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atoms within the pentagonal pyrrole ring of the PNs (N-5)
may provide the main initial nucleation sites for the
deposition of small Pt nanoparticles® and also active
sites for Pt immobilization avoiding surface Pt diffusion
and coalescence even at the high Pt loading.'®'® This may
be similar to the sulfur species introduced on the carbon
surface, which has been demonstrated to lead to the Pt—S
bonds or strong Pt—support interaction resulting in a
very high loading, dispersion, and stability of Pt
nanoparticles.’* > On the other hand, the N atom sub-
stitutes (N—Q) within graphene layers for CNs and PCNs
could enhance the electric conductivity of carbon materi-
als as indicated by our simulation® and confirmed by
below impedance analysis.

Figure 5d presents the Pt 4f spectra of obtained cata-
lysts, which can be deconvoluted into three pairs of
doublets labeled with I, II, and III. The most intense
doublet with BE of 71.2 eV (Pt 4f;,) and 74.5 eV (Pt 4f5)»)
was attributed to metallic Pt, but the peaks at around 72.2
and 75.5eV could be assigned to the Pt>* chemical state as
in either PtO or Pt(OH),.%! The third pair of peaks found
at around 74.2 and 77.5 eV is most likely ascribed to Pt**
species on the surface such as PtO,.°>% These Pt oxide
species may be due to oxygen chemisorption at step and
kink sites present on the Pt surface.* The integration of
peak areas indicates that most Pt species exist as metallic
Pt for all catalysts. Pt nanoparticles on the three supports
obtained seem very similar in the chemistry state based on
the XPS analysis. It has been known that on the carbon
supports, the decrease of Pt particle size could bring
about the shift of the core-level Pt 4f spectrum to the high
binding energy and the increase of its fwhm.*****> In our
case, we hardly observe the clear shift of the Pt 4f peak
position possibly due to the effect of the support chem-
istry, which may veil the peak shift. However, the fwhm of
the Pt 4f;), (peak I at ~71.2 eV) for Pt/PCN, Pt/CN, and
Pt/PNis ~1.66, 1.55, and 1.47, indicating the particle size
goes as the order Pt/PCN < Pt/CN < Pt/PN, in good
agreement with the XRD analysis in Figure 3a.

3.3. Electrochemical Performance of Pt Electrocata-
lysts. The electrochemical active surface areas of different
catalysts were determined by CV measurement per-
formed in 0.5 M H,SO,4 aqueous solution as shown in
Figure 6a. It can be seen that well-defined CV curves were
obtained for three carbon-supported catalysts, Pt/PCN,
Pt/CN, and E-TEK. In contrast, the CV curve for the
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polymer-supported Pt/PN catalyst shows a flat profile,
indicating it almost has no detectable activity toward
hydrogen adsorption/desorption. In general, the cathodic
and anodic peaks appearing between —0.2 V and 0.10 V
originate from the adsorption and desorption of atomic
hydrogen on the Pt surface in acidic media, respectively.
Thus, from the area of H-adsorption,36 electrochemical
active area (EAA) of Pt/PCN, Pt/CN, and E-TEK cata-
lysts was calculated to be 246, 183, and 191 cm?/mg,
respectively. High EAA of Pt/PCN may originate from
the more exposed Pt atoms on the finer Pt nanoparticles
and would be responsible for the good electrochemical
catalytic performance.

The electrocatalytic activities of the catalysts toward
MOR are shown in Figure 6b. The methanol oxidation
activity is reflected by the magnitude of the anodic peak
current in the forward scan while the peak in the reverse
scan is due to the reactivation of Pt associated with the
removal of the residual carbon species.®? In the forward
scan, although a similar onset potential at which the
methanol oxidation initiates is observed for Pt/PCN,
Pt/CN, and E-TEK, their methanol oxidation peaks are
located at 0.65, 0.70, and 0.66 V, and their mass catalytic
activities (peak current density, which have been normal-
ized to the Pt loading) are 343, 297, and 300 mA/mg,
respectively. Pt/PCN shows the highest mass activity and
the lowest oxidation potential, which are desired for
MOR. The Pt/CN catalyst has a comparable mass acti-
vity to that of commercial E-TEK catalyst but with a
higher oxidation potential that is undesired. It was also
found that after 500 cycles in Figure S3 (Supporting
Information), activity of Pt/PCN is still the highest even
if substantially reduced to ~65% of its initial value,
indicating its good stability for MOR comparable to
the E-TEK catalyst. In contrast, no clear peaks can be
observed in the CV curve of Pt/PN in Figure 6b, imply-
ing catalyst Pt/PN is also catalytically inactive for
MOR. However, the result for Pt/PN is against the pre-
vious work, in which for MOR, Pt nanoparticles sup-
ported on polypyrrole nanowires (a polymer support)
showed a higher initial activity than on carbon nano-
fibers as well as carbon black XC-72,'® and Pt catalyst
supported on polypyrrole-coated polystyrene spheres
(a polymer support) showed superior properties com-
pared with the commercial E-TEK catalyst.** The reason
is unclear and may be the difference in the conductivity
of polypyrrole synthesized with different approaches.

Figure 6c shows typical ORR polarization curves of Pt
catalysts obtained at room temperature in O,-saturated
0.5 M H»SOy using a rotating disk electrode (RDE) at
2000 rpm. It is further evident that, compared with three
carbon-supported catalysts, Pt/PN still has a negligible
activity for ORR. The polarization curves of all carbon-
supported catalysts exhibit two distinguishable potential
regions, well-defined diffusion limiting currents (0.0—0.3 V)
followed by a mixed kinetic-diffusion control region in
the potential window of 0.4—0.7 V with the onset poten-
tial of around 0.80 V. The limiting current for Pt/PCN,
Pt/CN, and E-TEK is around 138, 119, and 101 mA/mg,
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Figure 6. (a) CV curves of catalysts measured in the electrolytes of 0.5 M
H>SO, at a scan rate of 50 mV/s; (b) CV curves of catalysts measured in
electrolytes of 0.5 M H,SO,4 + 1.0 M CH;OH at a scan rate of 50 mV/s;
(c) ORR curves of Pt catalysts in electrolytes of 0.5 M H,SO, saturated
with O, at a rotation rate of 2000 rpm and scan rate of S mV/s; (d) EIC
curves of catalysts in 0.5 M H,SO4 + 1.0 M CH30H solution at 0.4 V.

respectively. The half-wave potential of the Pt/PCN,
E-TEK, and Pt/CNis 0.52,0.52, and 0.49 V, respectively.
The mass activity was derived in the mixed-controlled
domain at 0.55 V to be 45 mA/mg for Pt/PCN, 35 mA/
mg for E-TEK, and 28 mA/mg for Pt/CN, following the
order: Pt/PCN > E-TEK > Pt/CN. The results exhibit
that Pt/PCN possesses a better performance than Pt/CN
and E-TEK catalysts.

The electrochemical impedance spectroscopy (EIS)
technique has been used to probe the interfacial processes
and kinetics of electrode reactions in electrochemical
systems. The measured impedance can be presented in
the form of imaginary (Z") vs real (Z’) parts at various
frequencies, namely, Nyquist plots (also Argand-type
diagrams), which appear as a multitude of semicircles
and/or lines allowing the electrochemical reaction rate,
charge transfer resistance, double layer capacitance, and
ohmic resistance to be compared. The methanol electro-
oxidation on different catalysts at different potentials
shows different impedance patterns for DMFC.%¢~%
The Nyquist plots of the four catalysts are shown in
Figure 6d. It can be seen that compared with the three
carbon-supported Pt catalysts, polymer-supported Pt/
PN catalyst possesses a tremendous large arc, suggesting
a very slow or negligible reaction rate of methanol
oxidation and extremely large charge transfer resistance.
This may be due to the low conductivity of polymer
support PNs. The intercept of the curves with the real
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axis (Z') in the high frequency range for all catalysts in
Figure S4 (Supporting Information) also indicates that
the PNs have more ohmic resistance than PCNs and CNss.
It was reported that the nanostructured polypyrrole
showed typical nonmetallic behavior with a conductivity
of 7.3 x 107 S/em,”® which is much less than that of
common carbon materials.”' Ando et al.”* found that the
electric conductivity of polypyrrole-derived materials
carbonized at 750 °C was increased by a factor of
approximately 10* compared with initially pure polypyr-
role. Therefore, the extremely low conductivity (or high
resistance) of support PNs compared with carbon sup-
ports (PCNs, CNs, and carbon black) may make charge
or electron transfer impossible in the electrodes resulting
in the inactivity of Pt/PN catalyst for MOR and ORR.
The inset of Figure 6d shows the enlarged impedance
patterns of catalysts, in which a typical pseudoinductive
behavior with a large arc at high frequency and a small arc
in the fourth quadrant at low frequency was observed.
The small diameter of arc for Pt/PCN at high frequency
indicates the small charge transfer resistance for MOR.
The smaller intersect of impedance with the real axis (Z')
(designated as polarization resistance) at low frequency
for Pt/PCN compared with Pt/CN and E-TEK suggests
the faster overall MOR rate, namely, dehydrogenation of
methanol molecules and oxidation of intermediate CO, 4,
species.®”® EIS observation is consistent with the results
in Figure 6a—c, further confirming the enhanced electro-
catalytic activity of Pt/PCN catalysts. Since the methanol
electrooxidation at different potentials and temperatures
also shows different impedance behaviors, more EIS
measurement may be needed for detailed mechanism
study.

Our present investigation is still insufficient to identify
both the exact role of N species for formation of Pt
nanoparticles and the inactivity of Pt deposited on PNs
using EG method. However, microporous PCNs were
successfully developed as an excellent electrochemical
material for Pt electrocatalyst support: large external
surface area/volume ratio helpful for the high dispersion
of Pt nanoparticles, highly developed pore structure
ready for reaction mass tmnsport,”’74 abundant func-
tionalities (N and O) and defects for deposition, and
interaction of Pt nanoparticles on supports. Importantly,
both computations®® and experiments®' >* have
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demonstrated the promising applications of N-doped
carbon materials as metal-free catalysts toward ORR.
In addition, PCNs could be promising electrode materials
in supercapacitors because of the presence of N species
that can lead to large pseudocapacitance’” and the devel-
oped pore structure that could facilitate the transporta-
tion of electrolyte ions.”® Our previous work
demonstrated the potential applications of CNs in
Li-ion batteries® and PN in catalysis.”’ The investiga-
tion of PCNs, CNs, and PNs as electrode materials for
supercapacitors and metal-free catalysts is underway.

4. Conclusions

In summary, N-doped porous carbon nanospheres
(PCNs) were prepared by chemical activation of nonpor-
ous carbon nanospheres (CNs) that were obtained via
carbonizing polypyrrole nanospheres (PNs). It was found
that, after chemical activation using KOH as an activat-
ing agent, PCNs with N-functional groups (pyridinic-
type and graphite-type) possessed a microporous struc-
ture with a surface area of 1010 m?/g and a particle size of
less than 100 nm. The N/C atomic ratio obtained by XPS
was reduced from 0.19 for PNs to 0.10 for CNs and 0.05
for PCNs. The electrochemical properties of Pt/PCN, Pt/
CN, and Pt/PN catalysts showed that Pt/PN catalyst is
inactive toward methanol oxidation reaction (MOR) and
oxygen reduction reaction (ORR) at room temperature
due to the high intrinsic resistance of PNs. Compared to
Pt/CN and commercial E-TEK catalyst (40 wt % Pt), Pt/
PCN revealed an enhanced performance in ORR and
MOR because of the high dispersion of small Pt nano-
particles on PCNs which possess a developed pore struc-
ture, high surface area, and N species. These nanosphere
materials are expected to be applied as functional materi-
als in energy conversion and storage and chemical cata-
lysis.
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