Research Article

APPL'ED&MATERIALS

INTERFACES

www.acsami.org

Mesoporous Hybrid Shells of Carbonized Polyaniline/Mn,0; as Non-
Precious Efficient Oxygen Reduction Reaction Catalyst

Shiyi Cao," Na Han," Jie Han,*" Yimin Hu," Lei Fan,’ Chuangiang Zhou," and Rong Guo™'

*School of Chemistry and Chemical Engineering, Yangzhou University, Yangzhou, 225002, Jiangsu People’s Republic of China

iTesting Center, Yangzhou University, Yangzhou, Jiangsu 225009, People’s Republic of China

© Supporting Information

ABSTRACT: Mesoporous hybrid shells of carbonized poly-
aniline (Cpan;)/Mn,O; with well-controlled diameter and high
surface area have been synthesized through surface protected
calcination processes. Originating from polystyrene template,
PANI, MnO,, and SiO, were sequentially loaded, followed by
template removal and calcination, resulting in the desired
Cpant/Mn, 05 hybrid shells. The introduction of SiO, shell was
established to play the determining role in maintaining the
configuration during calcination process under high temper-
ature. The Cppni/Mn,O; hybrid shells showed outstanding
electrocatalytic activity toward oxygen reduction reaction
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(ORR), with the onset potential at +0.974 V (versus RHE), the specific current at 60.8 mA/mg, and an overall quasi 4-
electron transfer, which are comparable to those of the benchmark Pt/C. The remarkable ORR performance was attributed to
the high specific surface area, the surface oxidation state of Mn, and composition-codependent behavior.
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1. INTRODUCTION

Designed synthesis of high eflicient catalysts for ORR has
attracted considerable research attention because of their
crucial role in electrochemical energy conversion and storage
technologies."~* The most studied ORR catalysts are Pt-based
noble metals with superior overall catalytic performances.”™”
Nevertheless, due to their high price and scarcity, exploitin
efficient nonprecious catalysts is the research focus.””"'
Transition metal oxides have been proved to be one of the
most promising alternatives.'*~"° Among various transition
metal oxides, manganese oxides (MnxOy) have been extensively
investigated due of their obvious advantages, such as
abundance, low cost, and especially considerable catalytic
activity toward ORR.'*™"?

Although showing insufficient stability in acidic media,
Mn,O, can be used as a promising catalyst in air electrode
for both alkaline fuel cells and metal-air batteries.””' Recent
studies have shown that the catalytic activity of Mn,O, toward
ORR in alkaline media should be ascribed to the oxygen-
containing groups and the redox reactions.””~* It has been
shown that the catalytic performance of Mn,O, involved in
ORR follows the sequence of MnsOg < Mn;O, < Mn,0;3 <
MnOOH.'”'® Formed at the various cathodes, Mn,O,
electrode is regarded to be the promising nonprecious
electrocatalyst cathode.”® However, due to their low con-
ductivity and utilization, transition metal oxides show lower
catalytic performances as compared to noble metal-based
catalysts, leading to the limitation in practical applications.”’
Therefore, integrating conductive matrix in Mn,O, to enhance
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the electrocatalytic performance is significant. The most
frequently used conductive matrix is carbon.”*”*' Recently, it
has been revealed that N-doped carbon alone also shows
catalytic activity toward ORR. In fact, such N-doped carbon as
ORR catalyst has been first studied by Jasinski,”* followed by
Yeager and others.””** Among various N-doped carbon,
polyaniline (PANI) was selected as a intriguing template
compound for N-doped carbon because of its favorable
combination of aromatic rings and N-containing groups.”*
The heat treatment of PANI can realize the successful
formation of N-doped carbon, and such N-doped carbon
derived from carbonized PANI (Cp,y;) has been proven to be
efficient ORR catalyst.***® Therefore, it is reasonable to believe
that incorporation of PANI derived carbon within Mn,O; will
not only facilitate the electron transfer rate of Mn,03, but also
will contribute to the improved catalytic efficiency of the
hybrids.

Herein, we reported the successful fabrication of mesoporous
hybrid shells of Cpan;/Mn,O; with well controlled diameter
and high surface area through surface protected calcination
processes. First, sulfonated polystyrene spheres (s-PS) were
used as template, followed by chemical oxidation polymer-
ization of aniline monomers to form s-PS/PANI core/shell
hybrids. After the addition of KMnO, to s-PS/PANI core/shell
colloidal solution, MnO, shells can be selectively formed on
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surfaces of PANI thanks to the redox activity between PANI
and KMnO,,””** leading to the formation of s-PS/PANI/
MnO, core/shell hybrids. After that, s-PS is removed and a thin
silica shell is coated on surfaces of MnO, to form PANI/
MnO,/SiO, hybrid shells. The silica shell is critical to the
formation of well-defined intact Mn,O; shells during the
calcination process. Finally, calcination treatment was em-
ployed to realize the crystalline transformation of manganese
oxide from amorphous MnO, to crystalline Mn,0; and
carbonization of PANI, followed by removal of SiO, shells to
obtain the resultant mesoporous Cp,yni/Mn,O; hybrid shells.
Effects of SiO, shells, calcination temperature and atmosphere
on resultant hybrid crystal form and morphology have been
systematically investigated. The superior catalytic performance
of Cpani/Mn,O; hybrid shells involved in ORR has been
demonstrated, which suggests their intriguing potential as
effective ORR nonprecious electrocatalysts.

2. EXPERIMENTAL METHODS

2.1. Materials. Aniline was distilled under reduced pressure before
use. Tetraethyl orthosilicate (TEOS, 99.8%) was obtained from Sigma-
Aldrich. KMnO, and other reagents (Sinopharm Chemical Reagent
Co., Ltd, China) were of analytical grade and used without further
purification. The water used in this study was deionized by milli-Q
Plus system (Millipore, France), having 18.2 MQ electrical resistivity.

2.2. Synthesis of s-PS Spheres. PS spheres (250 nm in diameter)
were first prepared by emulsifier-free emulsion polymerization: Into a
250 mL three-necked flask, 28.0 mL of styrene and 150.0 mL of
deionized water were added, and the solution was heated under
mechanical stirring (400 rpm). When the temperature reached 95 °C,
0.1575 g of potassium peroxydisulfate was added. The polymerization
was continued for 2 h under stirring. After that, the solvent was
exchanged with ethanol by repeated centrifugation (11000 rpm, 10
min) four times, and then the PS particles were isolated and dried at
60 °C for 12 h in an oven. The as-synthesized PS particles (0.40 g)
were dispersed in deionized water under ultrasonication and then
centrifuged to remove water. Then, 60 mL of concentrated sulfuric
acid was added into the wet PS particles. The sulfonation reaction was
allowed to proceed at 40 °C for 4 h under mechanical stirring (400
rpm). After that, the reaction solution was diluted with 60 mL of
ethanol, and the supernatant was removed by centrifugation and
washed with deionized water three times. Finally, s-PS particles were
obtained by drying at 60 °C for 12 h in an oven.

2.3. Synthesis of s-PS/PANI Core/Shell Hybrids. s-PS particles
(0.26 g) were dispersed in 30 mL of deionized water under sonication
for 30 min. Subsequently, 0.06 mL of aniline in 4.0 mL of hydrochloric
acid solution (2.0 mol L™') was added to the above s-PS colloidal
solution and the solution was stirred at 0 °C for 2 h. Then ammonium
persulfate (APS) dissolved in S mL deionized water (molar ration of
APS to aniline is set at 1:1) was dropped into the colloidal solution.
After that, the solution was centrifuged, and the precipitate was washed
with deionized water and ethanol, and then dried at 60 °C for 12 h in
an oven.

2.4. Synthesis of PANI/MnO, Hybrid Shells. The as-formed s-
PS/PANI core/shell hybrids were dispersed in 10.0 mL deionized
water, followed by the addition of hydrochloric acid (12.0 mL, 1.0 mol
L") and 150 mL deionized water, and then the solution was stirred
for 30 min. After that, KMnO, aqueous solution (50 mL, 0.025 mol
L™") was added in one portion, and the reaction was allowed to take
place for 4 h. After that, the solution was centrifuged, and the
precipitate was washed with deionized water and ethanol. Then 10.0
mL tetrahydrofuran (THF) was added to dissolve s-PS cores under
stirring for 12 h. The solution was centrifuged, and the precipitate was
washed with deionized water and ethanol three times and then dried at
60 °C for 12 h in an oven.

2.5. Synthesis of Mesoporous Cpay/Mn,0; Hybrid Shells.
PANI/MnO, hollow spheres (0.0S g) were dispersed in mixed
solution containing deionized water (4.25 mL) and ethanol (S mL),
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and then the colloidal solution was stirred for 30 min. After that, S mL
of ammonia and 100 uL of TEOS was added, and the reaction was
allowed to take place for 3 h. After that, the solution was centrifuged,
and the precipitate was washed with deionized water and ethanol. The
as-synthesized PANI/MnO,/SiO, hollow spheres were then dried at
60 °C for 12 h in an oven, and calcinated at a certain high temperature
for 12 h under the protection of nitrogen atmosphere, realizing the
crystalline transformation of manganese oxide from amorphous MnO,
to crystalline Mn,O; and carbonization of PANI. The obtained Cpyy;/
Mn,0;,SiO, hollow spheres were subjected to etch SiO, shells with
sodium hydroxide (40 mL, 0.25 mol L™"). The etching reaction was
allowed to proceed at 70 °C for 6 h under stirring. After that, the
solution was centrifuged, and the precipitate was washed with
deionized water and ethanol, and then dried at 60 °C for 12 h in an
oven for further use as catalysts.

2.6. Instruments. Morphologies were examined by a transmission
electron microscopy (TEM, Tecnai-12 Philip Apparatus Co., United
States) and a high resolution transmission electron microscopy (HR-
TEM, Tecnai G2 F30 S-Twin TEM, FEI, Holland). Fourier transform
infrared spectrometry (FTIR) spectra were recorded in the range of
400—4000 cm™' wusing FTIR spectroscopy (Tensor 27, Bruker,
Germany). The samples were prepared in a pellet form with
spectroscopic grade KBr. X-ray diffraction (XRD) patterns were
recorded on a German Bruker AXS D8 ADVANCE X-ray
diffractometer. The products were recorded in the 26 range from 10
to 80° in steps of 0.04° with a count time of 1 s each time. The specific
surface area and pore size were studied by using a Beishide 3H-
2000PS2 analysis instrument. The surface area was determined from
the adsorption isotherm using the multipoint Brunauer—Emmett—
Teller (BET) method in the pressure P/P, range of 0.04—0.32. The
desorption isotherm were used to determine the average pore size and
distribution by the Barrett—Joyner—Halenda (BJH) method. X-ray
photoelectron spectroscopy (XPS) data were recorded on a Thermo
ESCALAB 250 using a nonmonochromatized Al Ka X-ray (1486.6
€V) as the excitation source and choosing C 1s as the reference line.
The electrochemical impedance spectra (EIS) were performed on an
electrochemical workstation (PGSTAT30, Auto Lab) by using three-
electrode cells. The resultant electrode served as the working
electrode, with a platinum wire as the counter electrode, and a
saturated calomel electrode (SCE) as the reference electrode. The
measurements were performed in 0.1 mol L™ KOH solution.

2.7. Electrochemical Tests. Electrochemical tests were conducted
using a standard three-compartment electrochemical cell. A Pt foil was
used as the reference electrode and a saturated calomel electrode
(SCE) was used as the counter electrode. The glass carbon (GC)
substrate was coated with different catalysts and applied as the working
electrode, which was confined in a rotating disk electrode (RDE, 5.61
mm in diameter) or a rotating ring-disk electrode (RRDE, Pt ring and
GC disk, 625 mm in disk diameter). The working electrode was
prepared as follows. At first, 3.0 mg catalyst mixed with 7.0 mg Cabot
Vulcan XC-72 carbon (Vc-72) were transferred into a glass containers
containing 950 uL of 2-propanol mixed with 950 uL of water and S0
UL of Nafion solution (S wt %, Sigma-Aldrich). The suspension was
ultrasonically dispersed to form a homogeneous ink. After that, 7 uL of
the ink was pipetted onto the GC electrode and then was naturally
drying for 4 h to form a thin catalyst layer on the GC electrode.

The tests were conducted on a computer-controlled potentionstat/
galvanostat workstation at room temperature. The supporting
electrolyte was 0.1 mol L™ KOH aqueous solution, which was purged
with Ar or O, (Air Product, purity 99.995%) for at least 30 min prior
to testing and maintained under Ar or O, atmosphere during the test.
Voltammograms were recorded from 0.2 to —0.8 V versus SCE under
quasi-steady-state conditions (5 mV s'). The rotation speed was
measured as round per minute (rpm). All potentials were reported
with reference to the reversible hydrogen electrode (RHE) potential
scale. In 0.1 mol L™ KOH solution, the potential of SCE was
calibrated as +0.990 V with respect to RHE.
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3. RESULTS AND DISCUSSION

3.1. Cpan/Mn,0; Hybrid Shells: Formation Mecha-
nism, Morphology and Characterization. Scheme 1

Scheme 1. Schematic Illustration of the Procedures for the
Synthesis of Mesoporous Cpan/Mn,O; Hybrid Shells
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illustrates the general procedures for Cpuyn/Mn,O; hybrid
shells. First, aniline monomers were added into s-PS colloidal
solution and selectively adsorbed on s-PS surfaces through
electrostatic interactions, followed by the chemical oxidation
polymerization process after addition of oxidant to yield PANI
shells on s-PS surfaces. After addition of KMnO, to s-PS/PANI
core/shell colloidal solution, MnO, shells can be selectively
formed on surfaces of PANI thanks to the redox activity
between PANI and KMnO,,””*® leading to the formation of s-
PS/PANI/MnO, core/shell hybrids. After that, s-PS is
selectively removed using THF solvent and a thin silica shell
is coated on surfaces of MnO, to form PANI/MnO,/SiO,
hybrid shells by adapting the well-known Stober method™
using ethanol—water mixed solvent. Finally, calcination treat-
ment was employed to realize the crystalline transformation of
manganese oxide from amorphous MnO, to crystalline Mn,O;
and carbonization of PANI, followed by SiO, shells removal
with the aid of NaOH solution to selective dissolve dense to
obtain the resultant mesoporous Cpayni/Mn,O; hybrid shells.
Figure la shows the TEM image of s-PS spheres with
uniform size (250 nm in diameter) and smooth surfaces. Figure

Figure 1. TEM images of (a) s-PS spheres, (b) s-PS/PANI core/shell
hybrids, (c) PANI/MnO, hybrid shells, and (d) PANI/MnO,/SiO,
hybrid shells. Inset in panel b shows shell thickness of PANT after s-PS
removal.
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1b shows the typical TEM images of s-PS/PANI core/shell
hybrids. Rough surfaces indicate successful coating of PANI,
where PANI shell thickness is measured to be 35 nm when s-PS
cores are removed using THF solvent (inset in Figure 1b).
After addition of KMnO, to s-PS/PANI colloidal solution,
MnO, can be formed on PANI surfaces. We have previously
reported that PANI can act as reactive template for the
synthesis of PANI/MnO, hybrids when PANI encounter
KMnO,, where benzenoid rings in PANI are oxidized into
quinonoid rings and Mn(VII) in KMnO, is reduced into
Mn(IV).*” It can be observed that the surfaces of PANI were
covered by a thin layer of MnO, nanosheets (~20 nm) after the
addition of KMnO,, (Figure 1c). The removal of s-PS cores can
be accomplished starting from s-PS/PANI or s-PS/PANI/
MnO, core/shell hybrids, where the as-formed PANI/MnO,
hollow hybrids show the same morphology. Finally, SiO,
protecting shells were coated on surfaces of PANI/MnO,
hollow hybrids. As outer surfaces of PANI/MnO, hybrid shells
are rough, SiO, shown as interconnected nanospheres (~50
nm in diameter) rooted on MnO, surfaces (Figure 1d).

After calcination and etching processes, PANI/MnO,/SiO,
can be transformed into mesoporous Cpan/Mn,O; hybrid
shells. Figure 2a represents the typical TEM image of

Figure 2. (a, b) TEM images and (c—f) EDS maps of Mn, O, C and N
for mesoporous Cpan;/Mn,O; hybrid shells derived from PANI/
MnO,/SiO, calcined at 800 °C under inert atmospheres after silica
removal. Inset in panel b shows the HRTEM image of mesoporous
Cpant/Mn,O; hybrid shells.

mesoporous Cpani/Mn,O; hybrid shells with well-defined
spherical morphology and narrow size distribution (300 nm
in diameter). A magnified TEM image as shown in Figure 2b
reveals the shell thickness of ca. 40 nm, which is thinner than
that of PANI/MnO, hybrid shells (ca. S5 nm), suggesting
volume shortage of hybrid shells during calcination process.
Inset in Figure 2b depicts the HRTEM image of Cpay/Mn,0;
hybrid shells, where the fringe spacing of 0.633 nm as observed
proves anatase Mn,O; (440) plane (JCPDS No. 41-1442).
Furthermore, the energy dispersive X-ray spectroscopic (EDS)
elemental maps of Mn (Figure 2¢), O (Figure 2d), C (Figure
2e), and N (Figure 2f) further confirm the successful formation
of Cpani/Mn,O; hybrid shells. It should be noted that PANI
has been carbonized into nitrogen-containing carbon, and
carbon is completely penetrated into MnO, porous shells
during the calcination process.

DOI: 10.1021/acsami.5b11955
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It was found that the SiO, shells had the determining role in
preserving the original hollow morphology under high
temperature. In a control experiment, PANI/MnO, hybrid
shells without SiO, coating were calcined under the same
condition to PANI/MnO,/SiO, (800 °C under inert
atmosphere), and the resultant TEM is given in Figure 3a. It

(@)

Figure 3. (a) TEM image of Cpay/Mn,O; hybrids derived from
PANI/MnO, calcined at 800 °C under inert atmosphere. (b) TEM
image of Mn,O; hollow spheres derived from PANI/MnO,/SiO,
calcined at 800 °C under air after silica removal.

is seen that the original hollow structures have been completed
destroyed, and only agglomerated solid particles can be verified.
This is mainly due to the strain generated in the hollow
structure with the increments in the crystallinity and crystallite
size with the dominant Mn,O; phase. As a result, it can be
indicated that SiO, plays as the protecting shell in preserving
the original hollow structure. In another control experiment,
PANI/MnO,/SiO, hybrid shells were calcined at 800 °C under
air to completely removal of carbon. Figure 3b shows the
typical TEM image of Mn,O; hollow spheres after removal of
SiO, shells. In comparison with Cpan;/Mn,O; hollow spheres
given in Figure 2, the shell thickness has decreased to 30 nm
due to the carbon structure reduction (about 20 wt % as
measured from energy-dispersive X-ray spectroscopy). In
addition, obvious nanocavities can be observed in Mn,O,
shells, which are seldom seen in Cppn;/Mn,O; hybrid shells.
The results further confirm that carbon is completely
penetrated into Mn,O; porous shells of Cpayni/Mn,O; hybrids.

The temperature-dependent sequential changes in morphol-
ogy were also investigated. It is found that the resultant
morphology is comparable to Figure 2 when the calcination
temperature is below 800 °C. For instance, Cpsyn;/MnO, hybrid
shells as calcined at S60 °C (Figure 4a) show similar
morphology and size to Figure 2 as calcined at 800 °C. If the
temperature increased to 900 °C, Mn,O; nanocrystals with size
about 30 nm could be clearly seen, and the morphology could
be preserved in the presence of SiO, shells (Figure 4b). After
removal of SiO, shells, the hollow structures collapse as shown
in Figure 4c. The Cpay/Mn,O; hybrid shells with discrete large
Mn,O; nanocrystals show decreased strength in supporting the
hollow morphology after removal of SiO, shells. When the
calcination temperature further increase to 1000 °C, the
original structures merged into each other and collapsed before
the SiO, removal process (Figure 4d). Thus, it can be indicated
that SiO, plays as the protecting shell in preserving the original
hollow structure when the calcination temperature is below 900
°C. However, with the temperature rising, the protective layer
of silica cannot play a protective role anymore.
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Figure 4. (a) TEM image of Cpyy/MnO, hybrid shells derived from
PANI/MnO,/SiO, hybrid shells calcined at 560 °C under inert
atmosphere. (b) TEM image of Cp/Mn,05/SiO, hybrid shells
derived from PANI/MnO,/SiO, hybrid shells calcined at 900 °C
under inert atmosphere. (c¢) TEM image of carbon/Mn,0; hybrid
shells derived from PANI/MnO,/SiO, hybrid shells calcined at 900
°C under inert atmospheres after silica removal. (d) TEM image of
Cpant/Mn,0;/Si0, hybrid shells derived from PANI/MnO,/SiO,
hybrid shells calcined at 1000 °C under inert atmosphere.

XRD patterns were used to determine the phase structures of
as-formed hybrids. As observed in Figure Sa, the original
PANI/MnO, hybrid shells before calcination (Figure 1c) only
shows a broad band that corresponds to amorphous PANI,*
and the typical peaks for MnO, is not shown, suggesting the
amorphous features of MnO,. At the calcination temperature of
560 °C (Figure 4a), Cpani/MnO,/SiO, hybrid shells show no
typical peaks for manganese oxides (Figure S2a). However,
when the silica of Cpan;/MnO,/SiO, hybrid shells is removed,
the typical peaks for MnO, can be clearly seen. As for PANI/
MnO,/SiO, hybrid shells calcined at 800 °C under inert
atmospheres after silica removal (Figure 2), all the diffraction
peaks can be assigned to Mn,O; (JCPDS No. 71—0636). At the
calcination temperature of 900 °C, sharper diffraction peaks
(Figure S1) indicate better crystallinity, which is consistent with
morphology observations.

Figure S2a gives the FTIR spectra of PANI/MnO, and
Cpant/MnO, hybrid shells. As for PANI/MnO,, the character-
istic peaks for PANI can be found, such as the stretching
vibration of quinonoid rings (1609 cm™) and benzenoid rings
(1494 cm™), the aromatic C—H in-plane bending modes
(1172 em™), out-of-plane deformations of C—H bonds on 1,4-
disubstituted rings (756 em™1). """ The 2500—4000 cm™! part
of the spectrum reflects especially hydrogen bonding. The
strong absorption appearing at wavenumber 537 cm™ can be
ascribed to the characteristic Mn—O stretching vibration in
manganese oxides. In the case of Cpan;/MnO,, the character-
istic peaks for PANI are no more observable, reflecting
dehydrogenation of PANI during carbonization and the
formation of fused-ring structures.** In addition, the stretching
vibration of Mn—O bond remains and has been strengthened,

DOI: 10.1021/acsami.5b11955
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Figure 5. (a) XRD and (b-d) XPS spectra of PANI/MnO,, Cpsni/MnO, and Cpani/Mn,O5 hybrid shells derived from PANI/MnO,/SiO, calcined
at different temperature under inert atmospheres after silica removal, (e) N, adsorption—desorption isotherms of Mn,0;, PANI/MnO,, Cpani/
MnO, and Cpuyi/Mn, 05 hybrid shells hybrid shells and (f) their corresponding pore size distribution.

confirming the presence of manganese oxide. The carbon-
ization of PANI has been further confirmed from Roman
spectrum (Figure S2b), where the two bands centered at 1589
ecm™ (G band) and 1345 cm™' (D band) indicating the
formation of disordered graphite."**’

XPS technique has been utilized to further confirm the
composition and chemical nature of PANI/MnO,, Cpani/
MnO,, and Cppy/Mn,O; hybrid shells. The signatures of C, O,
and Mn for PANI/MnO,, Cpani/MnO,, and Cppn/MnO,
hybrid shells (Figure S3) have been confirmed. Additional
signature for Si as observed in Cpay;/MnO, and Cpay/Mn, O,
hybrid shells should come from SiO, residual after SiO, etching
process. Deconvolution is employed to resolve the contribution
of different types of carbon. The peaks at 284.8, 285.9, 287.0,
and 288.9 eV (Figure Sb) are ascribed to the binding energy of
sp> C—C, C—N, C=N, and O=C-0 bonds, respectively.46
The C 1s spectrum of PANI/MnO, shows peaks at 284.8 (C—
C) and 285.9 eV (C—N). As for the C 1s spectra of Cpyni/
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MnO, and Cpani/Mn,O;, in addition to one main peak
centered at 284.8 eV (C—C) and 285.9 eV (C—N), peaks
centered at 287.0 (C=N) and 288.9 eV (O=C-0) are also
appeared. The increased relative intensity of C—N peak and the
appearance of C=N peak proves carbonization of PANI at
high temperature. It can be explained that cross-linked PANI
with phenazine units have been produced.”” Moreover, the
PANI cross-links with manganese oxides in the carbonization
process of PANI, which explains the emergence of O=C-0
peak.

The high resolution Mn 2p spectra for PANI/MnO, Cpani/
MnO, and Cppy;/Mn,O; are presented in Figure Sc. The peaks
of PANI/MnO, centered at 642.85 and 654.55 eV correspond
to the binding energy of Mn 2p;,, and Mn 2p, ,, respectively.
The peaks of Cpyni/MnO, are centered at 642.25 and 653.95
eV. Both samples have the spin energy separation of 11.70 eV,
indicating the presence of MnO,."" In addition, the energy
separation of 4.8 eV in the Mn 3s spectra (Figure Sd) further

DOI: 10.1021/acsami.5b11955
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Figure 6. (a) CV profiles of PANI/MnO,, Cpani, Mn, 03, Cpant/MnO, and Cpani/Mn,O5 supported in GC electrode in O,-saturated 0.1 mol L™
KOH solution. (b-f) LSV curves of (b) PANI/MnO,, (c) Cpanp (d) Mn,0;, (e) Cpani/MnO,, and (£f) Cpani/Mn,O5 samples recorded in Ar- and

O,-saturated 0.1 mol L™ KOH solution at different rotation speed.

indicates MnO, to be dominated in the composites.”’ In
comparison with PANI/MnO, and Cpani/MnO,, the spin
energy separation of 11.78 eV in the Mn 2p spectrum (Figure
Sc) and the energy separation of 5.6 eV in the Mn 3s spectrum
(Figure Sd) indicates Mn,O; to be dominated in the
hybrids.”">* Results from XRD, FTIR, Raman and XPS analysis
confirm the successful transformation from PANI/MnO, to
Cpant/MnO, and Cpay/Mn,O5 hybrid shells through surface
protected calcination strategy.

Figure Se shows the surface area and porosity as measured by
N, adsorption—desorption isotherms. The measured BET
specific surface areas are 55.6, 135.1, 138.1, and 185.3 m” g™
for Mn,0;, PANI/MnO,, Cpani/MnO,, and Cpani/Mn,04
hybrid shells, respectively. Moreover, it should be noted that
the surface areas of Mn,O; hollow spheres is minimal
comparison with other hollow spheres due to the carbon
structure reduction. Figure 5f shows the pore size distribution
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as determined using the BJH method from the adsorption
branch of the isotherm. The average pore diameter of PANI/
MnO,, Cpani/MnO,, and Cppn/Mn,O; hybrid shells is 4.0
nm; however, Mn,O; hollow spheres has a larger pore size of
about 5.0 nm. The results agree well with TEM results (Figures
2a and 3b), where complete removal of carbon in Cpay/
Mn,O; hybrid shells leads to increased pore size.

3.2. Electrocatalytic Performance. The ORR perform-
ances of different catalysts were then compared. As
demonstrated by the cyclic voltammetry (CV) profiles in
Figure S5, all the catalytic materials do not show the cathodic
reduction peak proving no electrochemical activity in Ar
atmosphere. In the case of O, atmosphere, the cathodic
reduction peaks can be detected for all the catalytic materials.
The peak for Cpyni/Mn,O; appears at 0.76 V (Figure 6a),
significantly higher than that of PANI/MnO, (0.61 V), Cpan
(0.62 V), Cppa/MnO, (0.64 V), and Mn,O; (0.63 V),
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Figure 7. (a) LSV curves of PANI/MnO,, Cpany, Mn, 03, Cpani/MnO,, Cpani/Mn, O3, Ve-72, and Pt/C recorded at 1600 rpm in O,-saturated 0.1

mol L™" KOH solution. (b) K-L plots of different catalysts at 0.3 V.

revealing that Cpan/Mn,O; hybrid shells have the highest
electrocatalytic activity.

RDE measurements were applied to disclose the ORR
kinetics. As shown in Figure 6b—f, the linear-sweep
voltammetry (LSV) curves of PANI/MnO,, Cpan, Mn,0O;,
Cpant/MnO,, and Cppni/Mn,O; at different rotation speeds are
given. In Ar-saturated electrolyte, the reduction current is
negligible, whereas an obvious increase in reduction current can
be observed at O, atmosphere. This should be ascribed to the
catalytic oxygen reduction. The LSV curves of different samples
display a similar shape, and there are two regions of potential—
current response: the reduction current increases rapidly from
0.9 to 0.4 V, whereas at potentials below 0.4 V, the reduction
current stops increasing and the diffusion-limiting current (ig)
appears. In addition, the reduction current increases with
rotation speed due to the increased oxygen flux to the electrode
surface.

The LSV curves of different catalysts, Vc-72 and benchmark
Pt/C at the same rotation speed (1600 rpm) are shown in
Figure 7a. Although the half-wave potential of Cpayni/Mn,O;
(0.78 V) is lower than that of benchmark Pt/C (0.82 V), it is
much higher than that of PANI/MnO, (0.71 V), Cpay (0.71
V), Cpant/MnO, (0.72 V), and Mn,0; (0.71 V). The iy of
Cpant/Mn,05 (—5.61 mA cm™) is also higher than that of the
other catalysts and is infinitely close to that of benchmark Pt/C
(—5.62 mA cm™, Table 1). Besides, the onset potential is also
higher than that of other catalysts (Figure S6 and Table 1).
Results confirm that Cpayn;/Mn,O; hybrid shells show
enhanced electrocatalytic activity than PANI/MnO,, Cpani/
MnO,, and their individual components.

Table 1. Summary of Electrochemical Results for the
Synthesized Catalysts and the Benchmark Pt/C“

Bl Epae 1L In
catalyst V) ) (mA cm™)  (mA mg™) n
PANI/MnO, 0.879 0.719 —4.72 558.5 3.59
Con 0861 0712 —4.98 586 3.61
Mn, 0, 0.852 0.707 —=5.12 60.2 3.81
Coma/MnO, 0918 0722 -5.39 63.4 3.89
Com/Mn,O; 0974 0.784 —5.61 66.0 3.84
Pt/C 0.997 0.821 —5.67 66.7 3.95

“Eonsetr Enatp Io Iy and n denote onset potential, half-wave potential,
specific current, mass current density and electron transfer number,
respectively. I, I, and n correspond to values determined at 0.3 V.
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Figure 7b displays the calculated Koutecky—Levich (K—L)
plots at a potential of 0.3 V (see Supporting Information for
detailed calculation), in which the electron transfer number (1)
can be determined from the slope of the fitted linear line. It has
been accepted that the ORR on Pt-based and carbonaceous
catalysts is dominated by a four-electron and a two-electron
transfer mechanism, res.pectively.s‘?”54 The lower n value states
inferior electrochemical performance. Figure 7b shows that the
slope of these samples is close to that of Pt/C especially that of
Cpant/Mn, 05 and Cpani/MnO, (see Table 1 for detailed data),
indicating a quasi-four-electron process on these catalysts.

To deeply reveal the ORR pathway, four samples of Mn,Os,
Coant/MnO,, Cpani/Mn, 05, and Pt/C with relatively high-
efficiency electrocatalytic ORR were further studied using the
RRDE. Figure 8a shows the polarization curves recorded on the
ring and disk. In comparison with Figure 7a, the voltammetry
shape and the catalytic trend on the disk are similar to those
with RDE measurement. The intermediate peroxide species
produced from the ORR electrocatalysis on the disk can be
detected on the ring. The peroxide yield (yperoxide) is defined as
the percentage of peroxide with respect to the total oxygen
reduction products. On account of the disk current (i) and
ring current (i), Vperoxide and 71 can be calculated based on the
following equations:

= 200i,/ (Nig + i,) (1)

b peroxide

n = 4Niy/(Nig + i,) (2)
where N is the current collection efficiency of RRDE.>** The
Yperoxide and 1 values are found to vary with disk potential
(Figure 8b). From 02 to 0.4 V, the average yoeoxge Was
measured to be ~9.4, ~5.0, and ~5.1 for Mn,0; Cpan;/MnO,,
and Cpan/Mn, 05 respectively. The corresponding n was 3.81,
3.89, and 3.84, respectively. Close to Pt/C, the ORR catalyzed
by Mn,0; Cpa/MnO,, and Cpay/Mn,O; was mainly
through a quasi-four-electron transfer process. The results are
consistent with those from the K—L determination (Figure S7).
Thus, the RRDE data confirm that Mn,0; Cpayn/MnO, and
Cpant/Mn,0; exhibited remarkable catalytic activities.

In addition, their high activity can also be determined by the
Tafel curves (Figure 9), in which the kinetic current () is
originated from the mass-transport correction (i = (i X i)/ (ig
—1)).>° At low and high overpotentials, two linear regions can
be seen, where the slopes are close to —2.303RT/F (—59 mV
dec™') and —2.303(2RT/F) (—118 mV dec™') with temper-
ature set at 25 °C, respectively. Cpan;/Mn,O5 hybrid shells with
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Figure 9. Tafel plots of Mn,0j;, Cpani/MnO,, Cpani/Mn, 03, and Pt/
C derived by the mass-transport correction of corresponding LSV data
under 1600 rpm.

slops of 73 mV dec™ and 114 mV dec™" are close to those of
Pt/C (66 mV dec™! and 118 mV dec™'). This feature is
consistent with previously reported manganese oxide electro-
catalysts, where the rate-determining step at catalyst surface is
believed to be the first electron reduction of oxygen.””” In
addition, other samples with two similar Tafel slopes also
indicate a similar reaction mechanism. On transition metal
oxides of alkaline media, the ORR electrocatalysis mechanism is
normally suggested to involve the following steps: O,
adsorption, formation of HO,”, and further reduction or
decomposition of peroxide to OH™.>® All the steps are strongly
dependent on the catalyst surface oxygen adsorption ability and
number of available active sites and mediated by electron
transfer and redox reactions of metal-containing species.”*”
Like this reaction mechanism, the intermediate HO,™ first
formed on catalyst surfaces, and the redox between Mn species
and the introduction of carbon are convinced to favor the
charge transfer involved in oxygen reduction.’>®’

The catalytic stability of Cpani/Mn,O; hybrid shells was also
investigated (Figure 10). In a continuous polarization period
(222 h), the chronoamperometric ORR current retention for
Cpant/Mn,0; hybrid shells is 91.1%, significantly higher than
that of the counterpart Pt/C (79.4%). In addition, the
electrocatalysts of Cpan/Mn,O; hybrid shells still keep the
original hollow morphology (Figure S9). Results confirm
considerable catalytic stability of Cpan;/Mn,O; hybrid shells

involved in ORR electrocatalysis.
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Figure 10. Chronoamperometric curves (percentage of retained
current as a function of operation time) of Cpyni/Mn,O; and Pt/C
electrodes maintained at 0.8 V versus RHE in O,-saturated 0.1 M
KOH electrolyte.

Table 1 summarizes the ORR electrocatalytic characteristics
of the composites. All the results indicated mesoporous Cpani/
Mn,0O; hybrid shells exhibit the best overall oxygen reduction
activity. Furthermore, the mesoporous Cpay/Mn,O; hybrid
shells also show superior performances involved in ORR than
reported Mn,O, and/or carbon-based materials (Table S1).
The high ORR catalytic activity should be ascribed to the
following factors: high specific surface area, crystal structure of
the Mn—O material, and complex with N-doped carbon. At
first, Cpani/Mn,O; hybrids possess high specific surface area
(185.3 m* g™') and mesoporous shells (average pore diameter
of 4.0 nm), which enhance the oxygen adsorption and made the
oxygen get electrons easier during the redox reaction. Second,
in alkaline media, mesoporous Mn,Q; is excellent in intrinsic
because of its unique crystal structure.”” The oxidation state of
Mn exists in Mn>* cations, and the presence of 3d metals will
benefit electron conduction (by hopping) and charge transfer
(through redox reactions), thus favoring the electrocatalysis.é3
Finally, the introduction of N-doped carbon obtained by
carbonized PANI not only contributes to active sites but also
enhances the electron transfer process. The Nyquist plot of
Cpant/Mn, 05 hybrid shells shows the smallest semicircle in the
middle-frequency region, followed by Mn,0; and Cpay
(Figure S8). Result indicates the reduced electron transfer
resistance after the introduction of Cpayy, and thus promotes
the catalytic activity of the hybrids.”*“®* Therefore, meso-
porous Cpani/Mn,O; hybrid shells show high performance
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catalysts because of its structure and composition codependent
behavior.

4. CONCLUSION

Mesoporous hybrid shells of Cpani/Mn,O; have been
synthesized through surface protected calcination processes
and their electrocatalytic activities toward ORR have been
revealed. Compared with PANI/MnO, and Cpan/MnO,
hybrid shells and their individual components of Mn,0O; and
Coanp Cpant/Mn,O; hybrid shells exhibit the highest electro-
catalytic activities toward ORR with their current density and
electron transfer number comparable to those of the bench-
mark Pt/C. Catalytic properties of Cpan;/Mn,O; hybrid shells
have been found to be closely related to their high specific
surface area, the surface oxidation state of Mn and composition
codependent behavior. This study not only supplies an
elegantly controlled route for hollow-structured mesoporous
hybrids of holey carbon and metal oxide but also, more
importantly, provides an effective strategy to prepare cheap,
high-performance nonprecious electrocatalysts for ORR.
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