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Self-deposition of Pt nanocrystals on Mn3O4 coated
carbon nanotubes for enhanced oxygen reduction
electrocatalysis†

Yu-Ping Xiao,‡ab Wen-Jie Jiang,‡ab Shuo Wan,c Xing Zhang,a Jin-Song Hu,*a

Zi-Dong Wei*b and Li-Jun Wana

Developing catalysts with high electrocatalytic activity for oxygen reduction reaction (ORR) has recently

attracted much attention because the sluggish ORR limits the performance and commercialization of

current PEMFCs and metal–air batteries as well. Herein, a facile approach was reported to synthesize

Mn3O4 nanoparticle coated carbon nanotubes (Mn3O4/CNTs) and self-deposit well-dispersed Pt

nanocrystals on Mn3O4/CNTs to obtain Pt/Mn3O4/CNTs hybrid catalysts via in situ reduction of support

matrix with no need of any capping agent and additional reducing agent. As a result of good

dispersion of uncapped Pt nanocrystals, interconnected carbon nanotube conductive network, and

possible synergetic co-catalytic effect from heterojunction interfaces of Pt nanocrystals and Mn3O4, the

as-prepared Pt/Mn3O4/CNTs hybrid catalysts demonstrated much enhanced electrocatalytic activity for

ORR. The reported strategy may inspire the development of new high efficient hybrid electrocatalysts in

a cost-effective way with the potential to harness the metal/oxide interaction to improve the

performance of catalysts.
1 Introduction

The increasing depletion of traditional energy sources on earth
spurred the search for new alternative energy and efficient
energy storage. Much effort has been put into the commer-
cialization of proton exchange membrane fuel cells (PEMFCs)
and the development of next-generation energy storage devices
such as metal–air batteries. In both applications, efficient
electrochemical reduction of oxygen is crucial for the perfor-
mance of the devices. Up to now, Pt nanoparticles supported on
carbon substrates (known as Pt/C) are still best commercialized
catalysts for oxygen reduction reaction (ORR) and commonly
used as cathode catalysts in the state-of-the-art fuel cells,
although the high cost and scarcity of Pt as well as the sluggish
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kinetics of ORR stand in the way of their commercialization.
The effective way is to develop the catalysts with enhanced ORR
activity at low cost by either improving the structures of Pt-
based catalysts to lower Pt content and enhance its catalytic
activity or developing non-Pt catalysts with comparable elec-
trochemical performance.1–3 In the former case, several strate-
gies have been explored, including alloying Pt with other
low-cost transition metals such as Fe, Ni, Co, Pd and Cu etc.;4–12

depositing a monolayer of Pt onto other nanoparticles;13–16 and
developing Pt nanostructures with high energy facets or favor-
able shape,17–21 and so on. In the latter case, various materials
such as non-precious metal composites,22–27 metal chalcogen-
ides,28 transition metal oxides,29,30 and doped carbonaceous
materials31,32 have been recently investigated to pursue the high
electrochemical activity for ORR. Recently, experimental and
theoretical studies reported that metal oxides support signi-
cantly improved electrocatalytic activity and stability of Pt
nanoparticles in ORR and methanol oxidation reaction via
strong metal/oxide interactions.33–37 Although the remarkable
progress has been made in past several years, there is still a gap
between the commercial criteria and the cutting-edge catalysts
in terms of cost, performance and durability.1–3 Developing the
efficient electrocatalysts for ORR, especially in a cost-effective
way, to meet industrial requirements for fuel cells and other
energy applications is still challenging.

Herein, we took advantage of carbon nanotubes as three
dimensional conductive catalyst matrix and developed a facile
J. Mater. Chem. A, 2013, 1, 7463–7468 | 7463
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approach for synthesizing Mn3O4 nanoparticles coated carbon
nanotubes (Mn3O4/CNTs) and self-depositing Pt nanocrystals
on Mn3O4/CNTs to prepare Pt/Mn3O4/CNTs hybrid catalysts.
The merits of the reported approach are: (1) the catalysts were
prepared under mild conditions; (2) well-dispersed Pt nano-
crystals with an average size of 2.05 nm directly grew on
Mn3O4/CNTs via in situ reduction of support matrix with no
need of any capping agent or additional reducing agent; (3) the
as-prepared Pt/Mn3O4/CNTs hybrid catalysts demonstrated the
enhanced electrocatalytic activity for ORR as a result of good
dispersion of uncapped Pt nanocrystals, interconnected carbon
nanotube conductive network support, and possible synergetic
co-catalytic effect from heterojunction interfaces of Pt nano-
crystals and Mn3O4.
2 Experimental
Chemicals and materials

N,N-Dimethylformamide (DMF), C4H6MnO4$4H2O, K2PtCl4,
HNO3, were obtained from Beijing Chemical Reagent Ltd. and
were used without further purication. Carbon nanotubes
(CNTs, Shenzhen Nanotech Port Co. Ltd.) were reuxed in
concentrated nitric acid for 3 h before experiments.
Synthesis of Mn3O4/CNTs composite

19 mg CNTs and 40 mL DMF were mixed together in a ask and
ultrasonicated for 1 h, followed by the addition of 0.4 mL
manganese acetate (150 mgmL�1). The ask was then heated to
80 �C under stirring for another hour.
Synthesis of Pt/Mn3O4/CNTs composite

20 mL ultra-pure water and 0.4 mL K2PtCl4 (20 mg mL�1) were
added to 20 mL of as-prepared Mn3O4/CNTs dispersion in DMF.
Aer stirring at 70 �C for 2 h, the mixture was centrifuged and
washed with water and ethanol for several times and dispersed
in ethanol solution.
Structural characterization

The morphologies of the catalysts were examined by scanning
electron microscopy (Hitachi S-4800, Japan) operated at 15 kV
and tunneling electron microscopy JEOL-2010 (JEOL, Japan)
working at an accelerating voltage of 200 kV. High-resolution
TEM (HRTEM) and high-angle annular dark-eld scanning TEM
(HAADF-STEM) experiments were performed on a FEI trans-
mission electron microscope (Technai G2 F20) operating at
200 kV. Powder X-ray diffraction (XRD) pattern was carried out
with a Regaku D/Max-2500 diffractometer equipped with a Cu
Ka1 radiation (l ¼ 1.54056 Å). The catalyst loading in terms of
Pt content was measured via an inductively coupled plasma
emission spectrometer (ICP-AES, Shimadzu).
Electrochemical measurements

All electrochemical measurements were carried out on a
Potentiostats-Electrochemistry Workstation (PARSTAT 2273A,
Princeton Applied Research, TN, USA). A standard three-
7464 | J. Mater. Chem. A, 2013, 1, 7463–7468
electrode cell system was used with a catalyst modied glassy
carbon (GC) electrode as the work electrode, a saturated calomel
electrode (SCE) as reference electrode and a Pt foil as counter
electrode. Rotating disk electrode (RDE) test was performed on
Radiometer Analytical's RDE electrode (EDI101) in 0.1 M HClO4

with a glassy carbon disk (3 mm in diameter). All measurements
were done at room temperature. For preparation of working
electrode, a certain amount of catalyst paste with given loading
of catalyst was drop-casted on pretreated GC electrode. Aer
drying the electrode at room temperature, 3 mL of 0.1 wt%
Naon (Sigma-Aldrich) in ethanol was spread on the surface of
catalysts and dried in air. Before the electrochemical measure-
ments, the catalyst modied working electrodes were rst
cycled between 0 V and 1.2 V (vs. RHE) in N2-purged 0.1 M
HClO4 to produce a clean electrode surface.

CV measurements were performed by cycling the potential
between 0 V and 1.2 V (vs. RHE) with sweep rate of 50 mV s�1 in
N2-purged 0.1 M HClO4 at room temperature. The electro-
chemical surface areas (ECSA) of catalysts by measuring the
charge associated with hydrogen adsorption between 0.05 and
0.37 V (vs. RHE (Revisable Hydrogen Electrode)) aer double-
layer correction and assuming a value of 0.21 mC cm�2 for
the adsorption of a hydrogen monolayer, corresponding to a
surface density of 1.3 � 1015 Pt atoms per cm2, which is
generally accepted for polycrystalline Pt electrodes. ECSA was
measured for each catalyst-modied electrode for oxygen
reduction experiments.

The electrocatalytic activity for ORR of catalysts was
measured on EDI101 RDE with 3 mm GC disk in O2-saturated
0.1 M HClO4 aqueous solution. The polarization curves were
collected by sweeping the potential from 0 V to 1.2 V (vs. RHE) at
the scan rate of 5 mV s�1 and rotation rate of 1600 rpm, and
then normalized in reference to the geometric area of the GC
RDE (0.07065 cm2). The loading of catalysts was adjusted to
make the recorded current density reach the diffusion limited
current density of �6 mA cm�2 and mass-transport would not
be an issue in these measurements. The real ECSA and mass
loading of Pt was calculated as mentioned above. The kinetic
current density (ik), which is independent of diffusion and
could be used to evaluate the intrinsic activity of the catalysts,
was calculated on the basis of the measured current density and
the Koutecky–Levich equation:

1

i
¼ 1

ik
þ 1

id
¼ 1

ik
þ 1

Bu1=2

B ¼ 0:62nFC0 D0
2=3n�1=6

where, i is the measured current density, ik is the kinetic current
density, id is the diffusion limited current density, B is a constant
as a function of the concentration, diffusion coefficient of O2 in
the electrolyte and viscosity of the electrolyte, n is the number of
electrons transferred in the reaction, F is the Faraday constant
(96 500 C mol�1), and u is the rotation rate of the electrode in
unit of rad s�1. The area-specied current density (ik) was
obtained by normalizing the current based on ECSA of the
catalysts. Mass activity and specic activity for ORR was calcu-
lated through dividing kinetic current density obtained at given
potential by ECSA and mass of the used catalysts, respectively.
This journal is ª The Royal Society of Chemistry 2013
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3 Results and discussion

Mn3O4/CNTs were prepared via the hydrolysis of manganese
acetate on the functionalized carbon nanotubes. In briey,
carbon nanotubes were pre-treated in nitric acid to function-
alize their surfaces and dispersed in N,N-dimethylformamide
(DMF). Manganese acetate solution was then added into
dispersion and the mixture was stirred at 80 �C for 1 hour,
which results in the growth of Mn3O4 nanoparticles on top of
the CNT surfaces under the anchoring of –COOH and –OH
groups. In order to obtain Pt/Mn3O4/CNTs composites, K2PtCl4
was subsequently added into the as-prepared Mn3O4/CNTs
dispersion and reacted with Mn3O4 for 2 hours at 70 �C to in situ
form Pt nanocrystals on the surface of Mn3O4/CNTs. The
formation of Pt could be ascribed to the galvanic replacement
reaction between PtCl4

2� and Mn3O4, probably following the
equation according to the literature:38,39

PtCl4
2� + 2Mn3O4(s) + H2O / Pt + 3Mn2O3(s) + 2H+ + 4Cl�

The typical overall platinum loading in Pt/Mn3O4/CNTs
composite used in the following experiments was 13 wt%,
measured by Inductively Coupled Plasma Atomic Emission
Spectroscopy (ICP-AES).

The synthesized Mn3O4/CNTs and Pt/Mn3O4/CNTs were rst
characterized by powder X-ray diffraction experiment (XRD). As
shown in Fig. 1, all major peaks in XRD pattern of the
composites obtained without the addition of K2PtCl4 (pattern b)
can be well indexed to the diffraction from the corresponding
crystallographic planes of tetragonal Mn3O4 phase (pattern a,
JCPDS Card no. 24-0734), except for the strong peak at 26.6�

which can be attributed to (003) plane of graphitic carbon
nanotubes (Fig. S1,† JCPDS Card no. 26-1079). The result indi-
cates the composite is composed of tetragonal Mn3O4 and
carbon nanotubes. The XRD pattern of the product collected
aer the addition of K2PtCl4 (pattern c) shows similar features
Fig. 1 XRD patterns of Mn3O4 (a), Mn3O4/CNTs (b) and Pt/Mn3O4/CNTs (c).

This journal is ª The Royal Society of Chemistry 2013
except for a weak wide peak at around 39.5�, which means the
product retains the nature of the tetragonal Mn3O4 and carbon
nanotubes. The additional wide peak at around 39.5� is
consistent with the strongest diffraction peak of cubic Pt (JCPDS
04-0802), implying the possible existence of metallic Pt.

The morphologies and composition of the synthesized
Mn3O4/CNTs and Pt/Mn3O4/CNTs were further investigated by
transmission electron microscopy (TEM) and scanning electron
microscopy (SEM) and equipped with energy dispersive X-ray
detector. Compared to TEM image of pure carbon nanotubes
(Fig. 2a), the typical TEM image of Mn3O4/CNTs (Fig. 2b) clearly
shows that the entire surface of the carbon nanotubes are
uniformly coated with a large number of nanoparticles in a size
of less than 10 nm. Energy Dispersive X-ray Spectrometry (EDS)
result conrms that the product is composed of element C, Mn
and O (Fig. S2†). Fig. 2c presents a typical SEM image of
Pt/Mn3O4/CNTs, indicating the composites have rough surfaces
instead of smooth surface of pure carbon nanotubes. EDS
spectrum conrms the introduction of Pt besides element C,
Mn and O (Fig. S3†). A high magnication SEM image (Fig. 2d)
displays that a layer of nanoparticles grows on the surfaces of
carbon nanotubes. Low-magnication TEM image shown in
Fig. 3a indicates Pt/Mn3O4/CNTs appears in a morphology
similar to Mn3O4/CNTs. Plenty of nanoparticles are well
dispersed and form a coating layer on carbon nanotubes. More
details are revealed in high-magnication TEM image (Fig. 3b).
The apparent contrast difference indicate that there are larger
nanoparticles in a size of 10–20 nm on the surface of CNT and a
lot of small nanodots with darker contrast decorated on the
larger nanoparticles. The typical high-resolution TEM images
(Fig. 3c and d) clearly displayed the graphite layers of carbon
nanotubes as well as the lattice fringes of these larger nano-
particles and small nanodots. The distance of 0.277 nm
between adjacent lattice fringes of larger nanoparticles matches
well with the d spacing of (103) plane of tetragonal Mn3O4, while
the distance of 0.226 nm for small darker nanodots is in good
agreement with d spacing of (111) planes of face-centered cubic
Fig. 2 (a) TEM image of pure carbon nanotubes. (b) TEM image of Mn3O4/CNTs.
(c and d) SEM images of Pt/Mn3O4/CNTs.

J. Mater. Chem. A, 2013, 1, 7463–7468 | 7465



Fig. 3 (a and b) Low-magnification TEM images of Pt/Mn3O4/CNTs. (c and d)
HRTEM images of Pt/Mn3O4/CNTs.

Fig. 4 (a and b) HAADF-STEM image of Pt/Mn3O4/CNTs. (c–f) Elemental
mapping of the selected part shown in (b).
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(fcc) crystalline Pt, indicating they are Pt nanocrystals. The
average size of these nanocrystals was measured to be 2.05 nm,
based on statistical analysis on 100 nanocrystals. The size
distribution histogram is shown in Fig. S4.† By comparing
Fig. 2b and 3b, it was noted that the morphologies of Mn3O4

nanoparticles in Pt/Mn3O4/CNTs were slightly different from
that in Mn3O4/CNTs. Mn3O4 nanoparticles of less than 10 nm in
Mn3O4/CNTs composites tend to fuse into larger irregular
particles aer reacting with PtCl4

2� at 70 �C for 2 h. These
particles seem in closer contact with the surface of CNT and Pt
nanocrystals apparently deposited on top of these particles
rather than the CNT surface, which supports the fact that
Mn3O4 reduces PtCl4

2� to form Pt nanocrystals on its top.
The high-angle annular dark-eld scanning TEM (HAADF-

STEM) imaging technique was used to further investigate the
composition and structure of the prepared Pt/Mn3O4/CNTs
composites. It is known that contrast variations in HAADF-
STEM images are proportional to the square of the element's
atomic number and can therefore provide important infor-
mation regarding the elemental distribution within nano-
structures at sub-angstrom resolution. Fig. 4a is a typical
HAADF-STEM image of a part of a single Pt/Mn3O4/CNTs
composite, clearly showing there are a plenty of bright spots in
a similar size of around 2 nm uniformly decorated on the
surface of CNT composite with no obvious aggregation.
Combining the above-mentioned TEM, XRD, and EDS results,
these bright spots can be easily ascribed to Pt nanocrystals.
The EDS analysis on the area marked with orange frame in
Fig. 4a conrms the composite is only composed of the
element C, O, Mn, and Pt, and elemental mapping results
shown in Fig. 4c–f reveal the distribution of each element in
the composite, which perfectly match the positions as indi-
cated in TEM and STEM images.
7466 | J. Mater. Chem. A, 2013, 1, 7463–7468
Developing catalysts with high electrocatalytic ORR activity
has recently attracted much attention because it is known that
oxygen reduction reaction is six or more orders of magnitude
slower than the anode hydrogen oxidation reaction in current
PEMFCs and thus limits cell performance. Since PEMFCs
commonly run in acidic media, the electrocatalytic performance
of the synthesized Mn3O4/CNTs and Pt/Mn3O4/CNTs was
accessed by measuring their ORR activities in acidic conditions
instead of alkaline conditions and benchmarking against a
commercial Pt/C catalyst (Johnson-Matthey, 20 wt% Pt).

Pt/Mn3O4 was also prepared with the same procedure as
Pt/Mn3O4/CNTs but without CNT support for comparison. In
order to calculate the electrochemical surface areas (ECSA) and
thus the specicORRactivities of catalysts, the cyclic voltammetry
(CV) curves of the catalysts were rst recorded before ORR
measurement at room temperature in an N2-purged 0.1 MHClO4

solution with a sweep rate of 50mV s�1. As shown in Fig. 5a, each
CV curves exhibit strong peaks associated with the adsorption/
desorption of hydrogen and the formation/reduction of Pt oxides.
ECSAwere calculatedbymeasuring the charge associatedwith the
Hads (QH) between 0.05 and 0.37 V (vs. RHE) and assuming Qref ¼
0.21 mC cm�2 for the adsorption of a hydrogen monolayer, cor-
responding to a surface density of 1.3 � 1015 Pt atoms per cm2,
which is generally accepted for polycrystalline Pt electrodes. The
specic ECSA of the as-prepared Pt/Mn3O4/CNTs was 94.4m

2 g�1,
which is comparable of that of commercial Pt/C catalyst (94.5 m2

g�1) but �2.5 times that of Pt/Mn3O4 (37.4 m2 g�1). ORR experi-
mentswerecarriedout inoxygen-saturated0.1MHClO4byusinga
catalysts-coated glassy carbon rotating disk electrode (RDE) as
working electrode at roomtemperature. Fig. 5b shows typicalORR
polarization curves of Pt/Mn3O4/CNTs, Pt/Mn3O4, and commer-
cial Pt/C catalysts, which were recorded at an RDE rotation speed
of 1600 rpm. It can be seen that Pt/Mn3O4/CNTs exhibited more
positive onset potential and half-wave potential compared to Pt/C
and Pt/Mn3O4, indicating the higher catalytic activity of Pt/Mn3-
O4/CNTs for ORR. The kinetic current density (ik) was further
This journal is ª The Royal Society of Chemistry 2013



Fig. 5 Comparison of electrocatalytic properties of Pt/Mn3O4/CNTs, Pt/Mn3O4,
and commercial Pt/C catalyst (Johnson-Matthey) (20% by weight of Pt nano-
particles on carbon support). (a) CV curves recorded at room temperature in an
N2-purged 0.1 M HClO4 solution with a sweep rate of 50 mV s�1. (b) ORR
polarization curves for Pt/Mn3O4/CNTs, Pt/Mn3O4, and Pt/C catalyst recorded at
room temperature in an O2-saturated 0.1 M HClO4 solution with a sweep rate of 5
mV s�1 and a rotation rate of 1600 rpm. (c) Kinetic current density for three
catalysts normalized to the metal loading at low overpotential. (d) Mass activity
and ECSA specific activity at 0.85 V versus RHE for these three catalysts. Mass and
specific activities are given as kinetic current densities normalized in reference to
the loading amount and ECSA of Pt, respectively.

Paper Journal of Materials Chemistry A
calculated by using Koutecky–Levich equation to represent the
intrinsic activity of the catalysts. Fig. 5c presents the kinetic
current for three catalysts normalized to the metal loading at low
overpotential. Pt/Mn3O4/CNTs delivered the higher mass-specic
kinetic current than Pt/C and Pt/Mn3O4 at same potential.
Furthermore, ECSA specic activity and mass activity of three
catalysts were also calculated based on the kinetic current density
obtained at 0.85 V. As shown in Fig. 5d, Pt/Mn3O4/CNTs man-
ifested the highest specic activity (0.16 mA cmPt

�2) and mass
activity (0.15 mA mgPt

�1), which are 1.6 times, 1.5 times those for
Pt/C catalyst, and 1.6 times, 3.97 times those for Pt/Mn3O4,
respectively. Given the fact that the electrochemical performance
of Pt/Mn3O4/CNTs for ORR is also better than that of Pt nano-
particles on CNTs reported in the literature,40 this improvement
could be attributed to good distribution of Pt nanocrystals on
support, high surface area and the formation of interconnected
carbon nanotube conductive network, as well as the possible
synergetic co-catalytic effect at the heterojunction interfaces
formed between Pt nanocrystals and Mn3O4 support.33–36 The
electrocatalytic activity could be further enhanced by optimizing
the size of Pt nanocrystals and Pt content in Pt/Mn3O4/CNTs.
4 Conclusions

In summary, we report a new facile approach for synthesizing Pt/
Mn3O4/CNTs composite catalysts. Compared to the traditional
This journal is ª The Royal Society of Chemistry 2013
methods for synthesizing metal, CNTs, and/or metal oxide
composites, the reported Pt/Mn3O4/CNTs were prepared under
mild conditions with no introduction of any organic capping
agent or additional reducing agent. Well-dispersed Pt nano-
crystals in a size of ca. 2 nm were deposited on the surface of
Mn3O4/CNTs via its own reduction capability. By combining the
advantages from uncapped and well-dispersed Pt nanocrystals,
the interconnected carbon nanotube conductive network, and
the possible synergetic co-catalytic effect from heterojunction
interfaces of Pt nanocrystals and Mn3O4 support, the prepared
Pt/Mn3O4/CNTs demonstrated much enhanced electrocatalytic
activity for ORR.
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