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Carbon-supported MnOOH catalyst was prepared by reducing KMnO4 with carbon Black Pearls 2000.
TEM and XRD characterization results show that nanosized tetragonal MnOOH crystals formed in the
specimen when the MnOOH content ranged from 9 wt.% to 36 wt.%. The oxygen reduction reaction (ORR)
activity of the catalyst with different amounts of MnOOH content in alkaline media was investigated
using a rotating disc electrode (RDE) and a rotating ring-disc electrode (RRDE). The number of electrons
involved in the ORR increased from 3.2 to 3.9 with the increase of the MnOOH content from 9 wt.% to
36 wt.% in the catalyst. The kinetic current increased to 0.0184 Acm~2 when the MnOOH content was
increased to 72 wt.%. However, both the number of electrons and the kinetic current decreased when the
MnOOH content was increased from 72 wt.% to 90 wt.%. The MnOOH/C catalyst with optimized MnOOH
content and suitable loading in the cathode is promising for applications in alkaline fuel cells.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Recently solid alkaline fuel cells (SAFCs) based on anion
exchange membranes are attracting attention as an alternative
to the conventional liquid alkaline fuel cells (AFCs) and proton
exchange membrane fuel cells (PEMFCs) [1-11]. Compared to AFCs
and PEMFCs, SAFCs have several important advantages, includ-
ing (1) facile kinetics at the cathode and the anode, (2) reduced
methanol/ethanol crossover effect for direct methanol/ethanol
fuel cells, (3) no electrolyte weeping, and (4) a wider range
of choices of materials for current supports and bipolar plates.
Furthermore, non-platinum electrocatalysts have shown signifi-
cant electrocatalytic activities toward oxygen reduction reactions
(ORRs) in alkaline solutions. These non-platinum electrocatalysts
include carbon-supported transition metals such as Pd [12,13],
Ag nano-particles [14-17], M-N4-macrocycles [ 18-20], Perovskite-
type oxides [21], spinel [22], as well as some transition metal oxides
[23-25]. In order to successfully replace Pt electrocatalysts with
the low cost materials for the cathodes of SAFCs, novel materials
need to be developed and their electro-catalytic activities need to
be improved.

Becase of economical and environmental considerations, man-
ganese oxide based catalysts for the ORR in alkaline media have
attracted much attention in recent years [26-31]. The catalytic
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activity for ORR of the manganese oxide depends on its chemi-
cal composition, structure, morphology, and preparation method.
Recently, Cheng et al.[32] reported a systematic study of electrocat-
alytic activities of the ORRs on a-, 3-, and y-MnO, nanowires and
had three conclusions: (1) the catalytic activities of MnO, depend
strongly on the crystallographic structures, following an order of -
>3- >vy-MnO3; (2) -MnO, nanospheres and nanorods outperform
the bulk microparticles; (3) a quasi-4 electron transfer is attained
for «-MnO; nanostructures. These conclusions agree with what has
been reported by other researchers [27,33].

Similar to manganese dioxide, MnOOH also shows catalytic
activity toward ORRs [34]. MnOOH with different crystal struc-
tures and morphologies can be synthesized with several different
methods. Using a hydrothermal method, a one-dimensional (1D)
v-MnOOH, such as nanorods MnOOH, was synthesized by several
authors [35-38]. Mao et al. [26,39] compared the ORR activity of y-
MnOOH with that of a-Mn,03, Mn30,4 and Mn5Og. The y-MnOOH
showed the highest ORR catalytic activity, which was related to the
disproportionation of HO,~. Ohsaka et al. compared the ORR on
a MnOOH-modified electrode and a superoxide dismutase (SOD)
modified electrode [40,41] and found that the MnOOH is involved in
sequent disproportionation of the electrochemical reduction inter-
mediates, i.e., 0*~ and HO, ~. MnOOH possesses excellent catalytic
activity not only for the disproportionation of the produced O,*~
into O, and HO,—, but also for that of the produced HO,~ into O,
and OH~. Because of this, a combined catalytic system with MnOOH
and cobalt phthalocyanines showed almost twofold increase of the
cathodic current [42]. Recently, when y-MnOOH was coated on Pt, a
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significant enhancement of the electrocatalytic activity toward the
ORR in alkaline media was observed [43]. In addition, MnOOH also
showed excellent activities for the reduction of H, 05 in an alkaline
media [44].

MnOOH or MnO,, is often mixed with carbon or directly modified
on glass carbon electrode for their ORR activity characterizations
[32,41,45] using a rotating disk electrode. In the cathode of fuel
cells, MnOOH or MnO, is mixed with carbon materials [46-48].
Carbon materials not only can increase the electronic conductivity
of the electrode, but also has relatively good ORR catalytic activity
in the alkaline media [49]. Uniform distribution of the MnO, into
carbon is essential to high ORR catalytic activity. However, it is dif-
ficult to achieve a uniform distribution with mechanical mixing.
More recently, researchers have tried to support the MnO on car-
bon by using a chemical method instead of by simply mixing the
two materials together [24,33]. The chemical method can greatly
increase the uniform distribution and make it possible to achieve a
good contact between manganese oxide and carbon.

Carbon-supported MnO, has been widely investigated for the
ORR catalytic activity [24,50,51], but the study of carbon-supported
MnOOH has rarely been reported, according to our best knowl-
edge. In this work, we prepared and studied a carbon-supported
MnOOH catalyst with a tetragonal crystal structure, denoted as
MnOOH/C. The catalyst showed high catalytic activities toward
ORR. In addition, the dependent relationships among the man-
ganese oxide content, the morphology and the ORR activity were
investigated. The optimal MnOOH/C composition for achieving the
best ORR performance of oxygen electrodes was established.

2. Experimental
2.1. Catalyst synthesis

Carbon-supported MnOOH catalysts were prepared by reducing
the KMnO4 on the carbon material based on a method described
in Refs. [52,53]. 100 mL deionized (DI) water (PURELAB) was first
poured into a 500 mL distillation beaker, and 1 g of carbon (Black
Pearls 2000, purchased from CABOT) was added to the beaker and
mixed in an ultrasonic bath for about 30 min. Then a calculated vol-
ume of a KMnOy, solution with a concentration of 2 wt.% (USP grade,
purchased from Fisher Scientific) was slowly added to the beaker
while continuously stirring for another 30 min. When the purple
color disappeared, the beaker was put on a hot plate and refluxed
at a temperature of 90 °C for 50 min. The suspension was filtered
using a Buchner filter funnel, and the filtered solid was washed
with DI water and dried overnight at 80°C in an oven with a neg-
ative pressure of 25 PSI. The catalysts with different mass contents
of manganese oxide were prepared by changing the weight ratio
of KMnOy to carbon. For example, a catalyst with 18 wt.% MnOOH
was obtained by reacting 9 mL of KMnO4 with 1g of carbon.

2.2. Physical characterization

Transmission electron microscopy (TEM) measurements of the
prepared catalysts were carried out using an FEI (Hillsboro, OR) Tec-
nai G2 12 Bio Twin equipped with an AMT (Advanced Microscopy
Techniques, Danvers, MA) CCD camera. The images were taken at
80 kV.

X-ray diffraction (XRD) patterns of the prepared catalysts were
recorded with a Siemens X-ray diffractometer using Cu Ka radia-
tion with a Ni filter. The tube current was 30 mA with a tube voltage
of 40 kV. The 26 angular regions between 10° and 90° were explored
at a scan rate of 4° min—1.

X-ray photoelectron spectroscopy (XPS) was recorded by a
Kratos Ultra DLD imaging spectrometer (UK) using an Al Ko radia-

tion (1486.6 eV). The binding energies were calibrated relative to C
(1s) peak from carbon composition of the samples at 284.8 eV.

2.3. Electrochemical characterization using RDE and RRDE

Thin-layer working electrodes were made by depositing 20 pL
of suspended catalyst ink on the surface of a glassy carbon rotating
disk electrode (RDE) with a platinum ring (5.0 mm diameter as disc,
Pine Instruments). The ink was taken from an aqueous suspension
with 2 mg mL~! of the MnOOH/C in a DI water and ethanol solvent
(1:1) that was produced in an ultrasonic bath. After evaporating
the water and ethanol via air-flow at room temperature for 1 h, the
loading of the catalyst was 0.2 mg cm~2 on the working electrode.

The electrochemical experiments were carried out using an
electrochemical system M2273 (PAR) to control the potential of
the RDE and a rotator (Model: AFMSRCE, Pine) to control the rotat-
ing speed of the RDE. The working electrode was immersed in a
0.1 molL~! KOH (Fisher Scientific) solution saturated with either
argon or oxygen (both from Praxair). A Pt wire counter electrode
and a Hg/HgO reference electrode were used. All the potentials in
this work, if not specified, refer to the Hg/HgO in a 0.1 mol L-! KOH
solution.

Hydrogen peroxide production in the O,-saturated 0.1 molL~!
KOH electrolyte was monitored with a rotating ring-disc elec-
trode (RRDE) configuration using a polycrystalline Pt ring biased
at 0.1V vs. Hg/HgO (collection efficiency of the ring electrode
N=Iing/lgisk =0.21). The potentials and the currents of the RRDE
were controlled by a bipotentiostat (AFCBP1, Pine).

2.4. Oxygen electrode characterization

The oxygen electrodes, consisted of three layers: a catalyst layer,
a gas diffusion layer, and a current collecting layer, were prepared
based on the methods reported by Cao et al. [27]. First, the gas
diffusion layer was prepared by mixing acetylene black (60 wt.%,
Johnson Matthey) and PTFE emulsion (40 wt.%, Aldrich) with iso-
propanol (ACROS) into a paste and then rolling the paste onto a
34 x 34 mesh nickel wire cloth (Strem Chemicals). Then the cata-
lyst layer was prepared by pasting the other side of the electrode
with ink that included MnOOH/C (85 wt.%) and a PTFE emulsion
(15 wt.%). The catalyst loading was 5mgcm~2. The electrode was
hot pressed at a pressure of 50 kg cm~2 and a temperature of 200 °C
for 5 min into a 0.5 mm thick sheet. Finally, the electrode sheet was
sintered in the air at 250°C for 1 h to remove organic residues.

Electrochemical measurements were carried out in a traditional
three-electrode cell [27] with the oxygen electrode, described
above, as the working electrode. In order to decrease the IR drop,
a KOH solution of 1molL-! instead of 0.1 molL-! was used. A
graphite sheet was used as a counter electrode, and a Hg/HgO elec-
trode was used as a reference electrode. The reference electrode
was placed close to the gas electrode through a salt bridge (diame-
ter of 1 mm). The potential of the working electrode was controlled
by the electrochemical system (PAR M2273).

3. Results and discussion
3.1. Physical characterization of MnOOH/C catalysts

The MnOOH]/C catalysts were prepared by reducing KMnO4 with
the carbon material Black Pearls 2000. The manganese oxide con-
tent was controlled by the weight ratio between the KMnO4 and
the carbon. Five samples with different MnOOH contents, 4.5 wt.%,
9.0wt.%, 18 wt.%, 36 wt.%, and 72 wt.%, were prepared and char-
acterized by TEM and XRD. Fig. 1 shows the TEM images of the
catalysts. From these images, we can see that the catalyst morphol-
ogy varied with the changing MnOOH content. When the MnOOH
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Fig. 1. TEM images of MnOOH/C with MnOOH content of (a) 4.5 wt.%, (b) 9.0 wt.%, (c) 18 wt.%, (d) 36 wt.%, and (e) 72 wt.%.
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Table 1
The electrochemical kinetic parameters of carbon-supported catalysts with different MnOOH contents.
MnOOH/C MnOOH/C MnOOH/C MnOOH/C MnOOH/C MnOOH/C Pt/C
4.5wt.% Iwt.% 18 wt.% 36wt.% 72 wt.% 90 wt.%
Morphology - Tetragonal Tetragonal Tetragonal Branch like - -
Dmean (NmM) - 149 145 56 - - -
N 3.2 3.4 35 3.9 3.8 3.6 4.0
flime (Acm~2) 0.0111 0.0118 0.0126 0.0142 0.0184 0.0145 0.0603
HO,~ fractional yields 25.4% 24.2% 20.1% 12.8% 11.7% 9.6 2.1%
MnOOCH
| PDF#18-0804
| I
Mn,O,
‘ ‘ PDF#18-0803
| | | | R I S I O A Ay
10 20 30 40 50 60 70 80 90
20/ degree

Fig. 2. X-ray diffraction (XRD) patterns for the synthesized electrocatalysts MnOOH/C 36 wt.%.

content was very low (Sample A in Fig. 1a), almost no crystal par-
ticles were observed. However, when the MnOOH content was
increased to 9 wt.% (Sample B in Fig. 1b), square-shaped crystallites
were observed. The morphology of the catalyst was very differ-
ent compared to the reported composite with an amorphous or
poor crystalline structure using similar methods [54]. When the
MnOOH content was increased further, the number of crystal-
lites was increased visibly while the particle size remained around
150 nm (Sample C in Fig. 1c). The average particle size is summa-
rized in Table 1. It should be noted that when the MnOOH content
was increased to 36 wt.% (Sample D in Fig. 1d), the square particle
size became smaller, around 56 nm, and a large number of particles
were uniformly distributed on the carbon support. However, when
the MnOOH content was as high as 72 wt.%, the square particles
disappeared unexpectedly. Instead, branch-like manganese oxide
particles were observed (Sample E in Fig. 1e). As the images show,
the morphology of MnOOH/C was greatly affected by the MnOOH
content.

Fig. 2 shows the XRD pattern for the catalyst with a MnOOH
content of 36 wt.% (Sample D). The peak at 19.2° was significantly
dominant. According to the powder diffraction file (PDF#18-0804),
this peak can be attributed to the tetragonal crystalline phase of
3-MnOOH (feitknechite) (002) [55-57]. In this XRD pattern, other
small peaks can be attributed to the Mn304 that belongs to the
group of I41/amd, according to the powder diffraction file (PDF#18-
0803). Obviously the amount of Mn3 04 in the catalyst was very low.
The coexistence of the MnOOH and the Mn304 was also observed
through other synthesis methods [58,59]. Fig. 3 shows XRD patterns

for the catalysts with various MnOOH contents. The broad peaks
located at 24.4° can be attributed to the graphite (00 2) that comes
from the carbon support, Black Pearls 2000 [13]. With the increase
of the MnOOH content, the peaks located at this position decreased.
This phenomenon can be reasonably explained by the decrease in

MMW Black Pearls 2000

MnOOH/C (4.5wt.%)

MnOOH/C (9 wt.%)

MnOOH/C (18 wt.%)

Intensity
3 ‘
=
]
3

N L MnOOH/C (36 wt.%)
MnOOH/C (72 wt.%)
y e MnOOH(C (90 wt.%)

0 10 20 30 40 50 60 70 80 90 100
20 / degree

Fig. 3. X-ray diffraction (XRD) patterns for the synthesized MnOOH/C electrocata-
lysts. The results for Black Pearls 2000 are included for comparison.
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Fig. 4. Mn (2p) XPS spectra of the synthesized MnOOH/C electrocatalysts.

the relative content of carbon material. It should be emphasized
that the peaks at 19.2° appeared when the MnOOH content was
increased over 9wt.% (Samples B-D). When the MnOOH content
increased to as high as 72 wt.%, the peak at 19.2° became no longer
detectable. The absence of the peak at 19.2° for catalysts contain-
ing MnOOH less than 9wt.% or higher than 72 wt.% indicates that
there was no crystalline phase formed in detectable amounts in the
catalysts. For the MnOOH content less than 9 wt.%, the amounts of
MnOOH may not be sufficient to grow measurable crystalline since
the MnOOH was distributed uniformly on the Black Pearls 2000 car-
bon support with a large surface area. When the MnOOH content
was increased to higher than 72 wt.%, the MnOOH structure may
transform from the crystalline phase to an amorphous form. The
TEM image (Fig. 1d) of the sample with 72 wt.% of MnOOH shows
branch-like structures, which shows a very tiny peak at 19.2° in
the XRD pattern. When the content of MnOOH was increased to
90 wt.%, the peak at 19.2° was no longer detectable. This result sug-
gests the tendency that higher MnOOH content leads to a more
amorphous manganese oxide. The XRD results were in good agree-
ment with the TEM images, showing that the crystal particles were
tetragonal MnOOH crystals. It should be noted that the crystal
structure and morphology of the catalysts was greatly related to its
composition.

XPS was conducted to evaluate the oxidation states of Mn in the
synthesized catalysts. Fig. 4 shows the Mn (2p) spectrum of the
catalysts with the manganese oxide content of 36 wt.%, 72 wt.%,
and 90wt.%. The observed binding energies for Mn (2p 3/2) and
Mn (2p 1/2) in the catalysts were 642.4 eV and 654.2 eV. However,
it is difficult to discriminate the valence state of Mn unambigu-
ously due to some differential charging raised by the ejection of
photoelectrons [60]. Fig. 5 shows the XPS results of O (1s). One
can see a maximum peak near 530.2 eV for all three samples and
a distinct shoulder with a pronounced tail on the high energy side
of the peak. Several researchers have conducted Mn valence state
investigation using O 1s spectrum [61-63]. There appears to be
three spectral contributions: (1) 0%~ or Mn-O-Mn, the oxygen
bonds solely to Mn; (2) OH~ or Mn-0O-H, the oxygen that also
bonds to hydrogen; (3) H-O-H, the physisorbed and chemisorbed
H,O0. They are located at 533.5eV, 531.5eV, and 530.2 eV, respec-
tively. In Fig. 5, the corresponding peaks were deconvoluted for
every sample. The result is in a good agreement with what was
reported by Gao et al. [61], and suggests that most of the man-
ganese oxide near the surface region of the catalysts is in the form of
MnOOH.
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Fig. 5. O (1s) XPS spectra of the synthesized MnOOH/C electrocatalysts.

3.2. Cyclic voltammetry of the MnOOH/C catalysts

The catalytic activities of the MnOOH/C catalysts for ORR
were characterized by electrochemical methods. Fig. 6 shows the
cyclic voltammograms (CVs) of the catalysts in an Ar saturated
0.1molL~! KOH solution. From the results, we can see that the
oxidation-reduction of MnOOH was quasi-reversible. In the nega-
tive direction, there is a weak peak located at —0.04 V (vs. Hg/HgO).
According to Lima’s XANES spectra [33], MnO, with the IV valence
was reduced to MnOOH at this potential. This sluggish peak shows
that the amount of MnO, species in the catalyst was very low,
and the Mn(IV) species may have come from the electro-oxidation
of the MnOOH in the last anodic cycles. When the potential was
negatively scanned to the range of —0.2 to —0.3V, a pair of peaks
with higher currents was observed. These peaks show the transi-
tion of Mn(III) to Mn(II) and may concern the intermediate product
of Mn304 [33]. The small amount of Mn304 in the catalysts may
also attribute to the formation of the peaks. In the positive direc-
tion, two peaks were observed. The small peak located at —0.2V
is not clear, while the highest peak at 0V may be attributed to
the formation of MnOOH from Mn(OH),. When the potential was
scanned positively to 0.4V, no obvious peaks appeared. The slight
conversion of Mn(IIl) to Mn(IV) may have been concealed in the
increasing background current. The inset graph shows that the
peak currents increased with the MnOOH content in both the
negative scanning and the positive scanning. This indicates that
the main composition of the manganese oxide contributed to the
quasi-reversible peaks and the catalyst with the manganese oxide
content of 72 wt.% shows the highest peak current. The CV results
show that the species with Mn(Ill) are dominant in the cata-
lysts.
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3.3. Oxygen reduction activities measured by RDE and RRDE

In order to characterize the ORR activities of the synthesized
MnOOH/C catalysts, a thin layer of catalyst was coated onto the
RDE. Linear scanning voltammetry of the electrode was performed
in 0.1 molL~! KOH solution saturated with oxygen. Fig. 7 shows
the polarization curves of the catalyst with different MnOOH con-
tents. For comparison, the polarization plot of the Pt/C catalyst with
the same catalyst loading on the RDE is also shown in this figure.
Obviously, the activity of the MnOOH/C catalyst was not as high
as Pt/C when the onset potentials and the limiting currents were
compared. The limiting current increased significantly with the
increasing MnOOH content. The tendency of the limiting current
to increase is in agreement with the tendency of the specific peak
current increase in the CV results (Fig. 6). It is widely believed that

04
-2
< —=— MnOOH/C 4.5wt.%
E —o— MnOOH/C 9.0wt.%
= MnOOH/C 18wt.%
-6 / —v— MnOOH/C 36wt.%
/' —=—MnOOH/C 72wt%
RS —+— MnOOH/C 90wt.%
a4 - - —+— PYC 50wt.%
T T T T T T » T g T
1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 04 06

E/V vs. Hg/HgO

Fig. 7. The polarization curves of the catalyst with different MnOOH contents in a
0.1 mol L-! KOH solution saturated with oxygen. The scan rate was 10mVs~!; the
rotating speed was 2500 rpm.

the catalytic activity of MnO, was related to the transition reaction
between Mn(IV) and Mn(III) because the potential for this transi-
tion was very close to the ORR onset potential, especially for the
first 2e transition [27]. As for the MnOOH/C catalysts, the increase
in the activity may be attributed to the increased proportion of
the MnOOH to carbon, and the enhancement of disproportionation
effect. The mass activity of the MnOOH/C at 36 wt.% can be obtained
from Fig. 7 by the weight of MnOOH, 60 mA mg~!, which is com-
parable to MnO, [32]. With the increase of MnOOH content, the
limiting current increased initially, to a maximum value when the
MnOOH content was increased to 72 wt.%. However, the limiting
current decreased significantly when the MnOOH content was fur-
ther increased to 90 wt.%. This may be due to a reduced electronic
conductivity with high MnOOH content. Furthermore, from the
voltammetric results for the ORR, we can see that the onset poten-
tial did not change much when the MnOOH content increased.
Further optimization of the MnOOH content will be conducted in
future fuel cell application studies.

Fig. 8 shows six sets of voltammograms of the catalysts with
different MnOOH contents. With the rotating speed increase, we
can see that the limiting current also increased. Fig. 9 shows the
Koutecky-Levich plots for the catalysts obtained from the limit-
ing current (at —0.6V vs. Hg/HgO) in Fig. 8. From the slopes and
intercepts, the number of electrons involved in the ORR and the
kinetic limiting current can be obtained. The results are shown in
Table 1. We can see that with the MnOOH content increase, the
number of electrons increased from 3.2 to the highest value, 3.9,
which is very close to the number for the ORR on Pt/C catalysts.
The quasi-4e ORR pathway is in agreement with other types of
carbon-supported manganese oxide [50,64,65]. When the MnOOH
content was increased to 72 wt.% and even to 90 wt.%, the num-
ber of electrons decreased quickly. In addition, the kinetic current
increases with the MnOOH content increasing. The highest limiting
current of 0.0184 Acm~2 was obtained when the MnOOH content
was increased to as high as 72 wt.%. This is in agreement with
the result of Fig. 7. When the MnOOH content was increased to
90 wt.%, the kinetic current also decreased. The existence of opti-
mized MnOOH content was in agreement with reported results
[52]. For the catalysts with high MnOOH contents, the amorphous
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Fig. 8. Hydrodynamic voltammograms for O, reduction on MnOOH/C with different MnOOH contents: (a) 4.5 wt.%, (b) 9.0 wt.%, (c) 18 wt.%, (d) 36 wt.%, (e) 72 wt.%, and (f)
90wt.% in a 0.1 mol L-! KOH solution at room temperature, saturated with oxygen. The rotating speed: I: 400 rpm; II: 900 rpm; III: 1600 rpm; IV: 2500 rpm.

and poorly crystalline MnOOH may attribute to the decrease in the Hg/HgO) because this potential was high enough to oxidize the
ORR activity [28]. hydrogen peroxide ions, but it was not too high to alleviate the

It is important to discuss how the MnOOH content affected the ring electrode sensitivity. The ring currents corresponding to the
intermediate product of HO,~. The experiments were carried out disc currents are shown in Fig. 10. For comparison, the results of
using a RRDE. The ring electrode potential was set at 100 mV (vs. carbon and Pt/C catalysts are also included in this figure. With the
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Fig.9. Koutecky-Levich plots for the ORR on MnOOH/C with different MnOOH con-
tents: (a) 4.5wt.%, (b) 9.0wt.%, (c)18 wt.%, (d) 36 wt.%, ()72 wt.%, and (f) 90 wt.% in
a 0.1 mol L-! KOH saturated with oxygen.

increase of the MnOOH content, the ring current decreased signifi-
cantly, showing that the intermediate product of H,O, was greatly
decreased. The hydrogen peroxide fractional yield can be calculated
as described in the literature [13]. The results are listed in Table 1,
which confirms the ORR activities of the MnOOH/C catalysts with
the MnOOH content increasing. It should be noted that when the
MnOOH content of the catalystincreased higher than 36 wt.%, HO, ~
yield was greatly decreased from more than 20% to about 10%.

3.4. Oxygen reduction at oxygen electrode

According to the RDE results, the MnOOH/C catalyst shows a
promising ORR activity. However the catalyst needs to be character-
ized in an oxygen electrode to evaluate its performance in a fuel cell
test environment. The MnOOH/C catalyst with a MnOOH content
of 36 wt.% was employed as an active composition in the catalytic
layer of an oxygen electrode, and the electrode was tested in a
home-made cell, as described in Section 2. Using this method, the
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Fig. 10. The RRDE experimental results of the MnOOH/C catalysts with different
MnOOH contents. KOH solution: 0.1 molL~', saturated with oxygen; scan rate:
10mVs~1; rotating speed: 1600 rpm.
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Fig.11. The polarization curves of the electrodes with a MnOOH/C catalyst (36 wt.%)
loading of 5 mgcm~2 and 10 mg cm~2. The result of Pt/C was also shown as a bench
mark. Aqueous solution: 1 mol L~ KOH; scan rate: 10mVs-'.

oxygen was diffused through a diffusion layer instead of through
an aqueous solution, so the oxygen transferring resistance was
greatly alleviated, and thus, the current density of the electrode was
enhanced. Fig. 11 shows the polarization results of the oxygen elec-
trodes after the IR drop correction. The original data was obtained
by scanning the potential negatively while the diffusion layer of
the electrodes was simultaneously fed with oxygen. In this experi-
ment, the oxygen electrodes with the catalyst loading of 5 mg cm—2
and 10 mg cm~2 were characterized, respectively. As a bench mark,
the electrode with the Pt/C catalyst was also tested under the same
conditions. From the results, we can see that the current density on
the oxygen electrode with the MnOOH/C catalyst was still lower
than that of the Pt/C catalyst, so the activity of the MnOOH/C cat-
alyst was still inferior to that of the Pt/C catalyst. However, with
the increase of the MnOOH catalyst loading on the catalytic layer,
the polarization curve of the catalyst became closer to that of
the Pt/C catalyst. It apparently indicated that an increase of the
loading of the MnOOH/C catalyst greatly enhanced the electrocat-
alytic properties. So by properly tuning the cathode, the MnOOH/C
material shows promising application for the alkaline fuel
cells.

4. Conclusions

A carbon-supported tetragonal MnOOH catalyst was obtained
by reducing KMnO,4 with carbon materials and having the MnOOH
content in a range of 9-36 wt.%. The nanoparticle size of the crystal
on the carbon decreased to about 50 nm when the MnOOH content
increased from 9wt.% to 36 wt.%. The morphology of the catalyst
was greatly affected by the MnOOH content. Higher MnOOH con-
tent tends to form higher contents of amorphous structures. When
the MnOOH content was increased from 9wt.% to 36 wt.%, the
electron number involved in the ORR increased from 3.4 to 3.9.
The catalytic activity for the ORR increased as the MnOOH con-
tent increases. When the MnOOH content increased to 72 wt.%,
the kinetic current was increased to 0.0184Acm~2. Upon fur-
ther increase of the content to 90 wt.%, both the electron number
and the kinetic current decreased. The oxygen electrodes with
higher catalyst loading showed higher ORR activities. Thus, the
carbon-supported nanosized MnOOH catalyst shows potential for
applications in alkaline fuel cells.
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