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a b s t r a c t

The importance of MnOOH dispersion and interfacial contact between MnOOH nanowires and carbon
black for the cathode of metal-air batteries has been clearly demonstrated from the textural, voltam-
metric, and electrochemical impedance spectroscopic (EIS) analyses. In comparing with the physically
mixed composite, the MnOOH nanowires/XC-72 composite co-precipitated by hydrothermal synthesis
vailable online 19 May 2010
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shows much better performances of oxygen reduction in 1 M KOH, which is attributed to the higher
active surface area resulting from the better dispersion of MnOOH and the smooth electron pathways
resulting from the higher interfacial contact surface area between oxide and carbon nanoparticles within
the hydrothermally co-precipitated MnOOH/XC-72 nanocomposites. The absence of diffusion responses
in the low-frequency range of EIS spectra reveals no/minor oxygen-diffusion effect at low overpotentials
xide dispersion
nterfacial contact

(E ≥ −0.3 V vs. Ag/AgCl).

. Introduction

Due to the important applications of metal-air batteries and
uel cells, the oxygen reduction reaction (ORR) aiming at 4-electron
ransfer has been extensively studied [1–6]. The kinetics of ORR was
ound to strongly depend on the constituents of electrodes, such as
he catalyst layer [7,8], current collector [9,10], and hydrophobic
as-distribution/diffusion membrane [11,12]. Moreover, develop-
ng carbon-based electrodes containing catalysts for achieving
-electron transfer is one of the most important researches in the
RR [7,13,14] although the high-cost Pt has been recognized as the
est electrocatalyst in acidic media [15].

Transition metal oxides, such as Ni/Ni-based oxides [16,17] and
n/Mn-based oxides [3,7] were developed to achieve the purpose

f low costly, highly active electrocatalysts for the ORR. These elec-
roactive materials in various nanostructures, such as nanoparticles
18] and nanowires [19], are usually found to advance their reac-
ivity. Hence, several 3D mesoporous architectures were designed

o produce gas-depolarized cathodes by simultaneously enhancing
he oxygen transfer rate, the three-phase reaction zone, and the
lectronic conductivity. However, most studies ignore the impor-
ance of interfacial contact between electrocatalysts and carbon
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support in the catalyst layer, which is a strong function of the
electrocatalyst dispersion, although the interface is a part of the
electron pathways and the real active surface area of the catalyst
layer strongly depends on the dispersion degree of electrocatalysts.
Accordingly, a poor interfacial contact between electrocatalysts and
carbons resulting from poor dispersion of electrocatalysts will sig-
nificantly reduce the electron-hopping rate and may become the
bottleneck step in the high-rate application, even though the activ-
ity of electrocatalysts is excellent. Therefore, the contact resistance
at the electrocatalyst–carbon interface as well as the dispersion of
active materials within the catalyst layer has to be carefully con-
sidered in developing/designing the air-cathodes.

In this work, MnOOH nanowires/carbon composites are
employed as the model cathode. Nanocomposites prepared by
hydrothermal co-precipitation and physical mixing processes are
compared to demonstrate the importance of interfacial contact
between MnOOH nanowires and carbon as well as the disper-
sion of MnOOH nanowires within the catalyst layer. Although
air-cathodes of MnOx/carbon composites have been studied pre-
viously [20], to the best of our knowledge, this work is the
first report successfully demonstrating these key technology con-
cepts in developing carbon-based air-cathodes. The influences of
real active surface area and interfacial contact on the ORR at

the MnOOH nanowires/carbon cathodes can be clearly evaluated
by the microstructure and electrochemical analyses. A reliable
equivalent-circuit model for the ORR on the air-cathodes is there-
fore established, which is applicable to various ORR cathodes of
other fuel cell systems.

dx.doi.org/10.1016/j.jpowsour.2010.05.021
http://www.sciencedirect.com/science/journal/03787753
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mailto:cchu@che.nthu.edu.tw
dx.doi.org/10.1016/j.jpowsour.2010.05.021


7260 C.-C. Hu et al. / Journal of Power So

Fig. 1. The setup of electrochemical measurements for the hot-pressed air-cathodes
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onsisting of a MnOOH/XC-72 layer and a gas-diffusion layer; 1: working electrode;
: reference electrode; 3: counter electrode; 4: hole opened to the air; 5: hole opened
o the electrolyte; the hole exposed surface area to the air and electrolyte is equal
o 3.14 cm2.

. Experimental

MnOOH nanowires were synthesized by a low-temperature
ydrothermal method according to our previous work [21].

or preparing co-precipitated MnOOH–carbon composites
c-MnOOH–C), carbon black (Vulcan XC-72) powders were
dded in a solution containing 10 mM K2S2O8 and 20 mM
n(CH3COO)2·4H2O and stirred for 6 h to obtain a well-suspended

olution, then, followed the same steps for preparing MnOOH.

Fig. 2. (A and B) FE-SEM and (C and D) FE-TEM images of (A an
urces 195 (2010) 7259–7263

The precipitates were obtained by a centrifuge and washed with
deionized water several times until pH ∼ 7. The mass ratio of
XC-72/MnOOH is confirmed to be 3 and all precipitates were dried
in a reduced-pressure oven at room temperature overnight for
material analysis.

For preparing the physically mixed composite (denoted as p-
MnOOH–C), MnOOH, XC-72, and PTFE in the 20:60:20 mass ratio
were ground for 30 min. Few drops of isopropyl alcohol (IPA) were
added into the mixture to form a cold-rolled paste. Similarly, c-
MnOOH–C powders were mixed with 20 wt% PTFE and ground for
30 min and added with IPA to form the paste. A 40 mm × 40 mm
electrocatalyst layer was punched from the paste. A stainless steel
grid was hot-pressed between a gas-diffusion layer and an electro-
catalyst layer at 80 ◦C under 100 kgf cm−2 for 15 min to form the
cathode.

The morphologies and microstructures of MnOOH nanowires
and composites were examined using a field-emission scan-
ning electron microscope (FE-SEM, Hitachi S4800 type I) and a
field-emission transmission electron microscope (FE-TEM, Philips
Tecnai). Fig. 1 shows the setup of electrochemical measurements in
this work, where the gas-diffusion layer and MnOOH/XC-72 layer
of the hot-pressed cathode were directly exposed to the air and
the 1 M KOH electrolyte, respectively. The electrochemical charac-
teristics were examined by an electrochemical analyzer, CHI 633A
(CH Instruments, USA) in a two-compartment cell. The impedance
spectrum analyzer, IM6 (ZAHNER), with the Thales software was

employed to measure and analyze the EIS data. The potential ampli-
tude of ac is 10 mV meanwhile its frequency region is from 0.1 to
20,000 Hz. An Ag/AgCl electrode (Argenthal, 3 M KCl, 0.207 V vs. SHE
at 25 ◦C) was used as the reference and a large piece of platinum

d C) p-MnOOH–C and (B and D) c-MnOOH–C composites.
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Table 1
The best-fitting values of equivalent-circuit elements in Fig. 4C for the impedance
data shown in Fig. 4A and B.

Composite p-MnOOH–C c-MnOOH–C

EOCP (V) −0.089 0.005
Ebiased (V) EOCP −0.3 EOCP −0.3
Rs (m�) 68.87 71.27 52.01 52.92
Rect (�) 328.7 0.430 65.94 0.053
T1 (Cdl) (mF cm−2)˛1 10.35 12.86 48.34 46.38
˛1 0.939 0.907 0.727 0.810
Riet (�) 8.805 2.483 0.566 0.256
T (C ) (mF cm−2)�2 5.827 6.993 22.74 36.55
C.-C. Hu et al. / Journal of Pow

auze was employed as the counter electrode. A Luggin capillary
as used to minimize errors due to iR drop in the electrolytes. All

olutions used in this work were prepared with 18 M� cm water
roduced by a reagent water system (Milli-Q SP, Japan).

. Results and discussion

The difference at the MnOOH/XC-72 interface between p-
nOOH–C and c-MnOOH–C is clearly visible in the SEM and TEM

mages (see Fig. 2). Very long nanowires of MnOOH and massive
ggregates of XC-72 particles are found in Fig. 2A and B, while aggre-
ates of MnOOH nanowires are visible for p-MnOOH–C, suggesting
oor MnOOH dispersion. The morphologies of MnOOH nanowires

n p-MnOOH–C and c-MnOOH–C are similar, indicating that the for-

ation and growth of single-crystalline MnOOH nanowires are not

ignificantly influenced by coexistence of XC72 powders and Mn
recursors. The single-crystalline structure of MnOOH nanowires
as been previously confirmed by the SAED pattern [21]. All the

ig. 3. (A) LSV measured at 5 mV s−1 from 0 to −0.6 V, (B) log(i) − E measured
t 0.5 mV s−1 from 0 to −0.25 V, and (C) steady-state discharge curves of (1) p-
nOOH–C and (2) c-MnOOH–C composites in 1 M KOH; the gas-diffusion layer and
nOOH/XC-72 layer of hot-pressed cathodes were directly exposed to the air and

he 1 M KOH electrolyte, respectively.
2 i

˛2 0.849 0.954 0.772 0.803

above results indicate that the low-temperature hydrothermal syn-
thesis is a reliable method for preparing MnOOH nanowires [21].
From a comparison of Fig. 2C and D, the dispersion of MnOOH
nanowires within XC-72 particles (20–50 nm in diameter) for p-
MnOOH–C is worse than that for c-MnOOH–C. The highly interfacial
contact between MnOOH nanowires and XC-72 is clearly found on
c-MnOOH–C from the TEM image, which is poor on p-MnOOH–C.
The above results reveal that our proposed synthesis procedure,
hydrothermal co-precipitation of MnOOH and XC-72, is an effec-
tive method for preparing MnOOH–C nanocomposites with good
dispersion of active materials.

Effects of the MnOOH/XC-72 interfacial contact and MnOOH dis-
persion on the cathode performance are clearly found in Fig. 3. From
Fig. 3A, the decomposition potentials of the ORR (defined as the
potential where voltammetric current = 1 mA) are equal to −0.250
and −0.165 V for p-MnOOH–C and c-MnOOH–C, respectively. The
two tafel plots in Fig. 3B are parallel in the whole potential region
of investigation while the current density on curve 2 is about one-
order higher than that on curve 1. These results suggest the same
ORR mechanism, attributable to the same electrocatalyst on both
nanocomposites. The curvature around −0.18 V is not attributable
to the oxygen-diffusion issue because the diffusion effect should
occur at similar current densities (but not similar electrode poten-
tials). The difference in electrode potentials measured at the same
applied currents in the relatively high current density region (>
10 mA cm−2) is almost constant (see Fig. 3C), further emphasizing
the importance of MnOOH/carbon interfacial contact and MnOOH
dispersion.

Effects of the above two factors on the ORR rate at air-cathodes
are quantitatively evaluated by the EIS analysis through estab-
lishing and fitting a reliable equivalent-circuit model. Typical EIS
spectra, measured at the open-circuit potential (EOCP) and −0.3 V on
p-MnOOH–C and c-MnOOH–C, and the corresponding equivalent-
circuit model are shown in Fig. 4. From Fig. 4A, the ORR on the
air-cathode at EOCP is not under diffusion control because the net
current of ORR is zero. The 45◦-like responses in the low-frequency
region on both curves are not attributable to the oxygen-diffusion
effect. Such responses correspond to an incomplete semi-circle
arc for the faradaic ORR. These statements are supported by the
absence of 45◦-like responses in the low-frequency region of the
EIS spectra measured at −0.3 V for both air-cathodes (i.e., Fig. 4B).
Since the measured steady current at −0.3 V is about 28 mA for
c-MnOOH–C, the absence of the 45◦-like responses at the low-
frequency end reveals no/minor oxygen-diffusion effect in this
relatively low overpotential region. Hence, it is not reasonable to
put the diffusion element (W) in the equivalent-circuit model for
data fitting in the potential region of investigation (see Table 1).
Note that when the air-cathodes are polarized at more negative

potentials, the oxygen-diffusion responses in the low-frequency
region should be visible, and the oxygen-diffusion effect becomes
significant although this work does not focus on this phenomenon.
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ig. 4. Electrochemical impedance spectra measured at (A) EOCP and (B)−0.3 V for (1)
-MnOOH–C and (2) c-MnOOH–C composites in 1 M KOH. (C) The equivalent-circuit
odel of MnOOH–C composites for oxygen reduction.

In Fig. 4A and B, the solid lines represent the best-fit curves in
erms of the equivalent circuits in Fig. 4C. The good fitting indi-
ates that the equivalent-circuit model reasonably represents the
lectrochemical processes at both MnOOH–C cathodes. The best-
t values of the equivalent-circuit elements are listed in Table 1.
he analysis of Z(ω) for both air-cathodes in the potential region of
nterest is based on the following equations:

(ω) = RS + Z3P(ω) + ZI(ω) (1)

1
Z3P(ω)

= 1
Rect

+ jωCdl (2)

1
ZI(ω)

= 1
Rie

+ jωCi (3)

here ω, RS, Z3P, ZI, Rect, Rie, Cdl, and Ci are the angular frequency,
olution resistance, impedance of the three-phase reaction zone,
mpedance of the MnOOH/XC-72 interfacial contact, electrochem-
cal charge-transfer resistance at the three-phase reaction zone,
nterfacial electron-hopping resistance at the MnOOH/XC-72 con-
act, double-layer capacitance in the three-phase reaction zone, and

he interfacial contact capacitance between MnOOH and XC-72,
espectively. Due to the porous nature, a constant phase element
CPE), T, reasonably replaces the capacitor elements. A CPE is usu-
lly defined as 1/T(jω)˛, where T is a constant with dimensions
mF cm−2)˛, which has been associated with the roughness of the
urces 195 (2010) 7259–7263

electrode surfaces or the redox kinetics of active materials, causing
the rotation of the impedance semi-circles by an angle of (1 − ˛)
90◦ [22]. Based on the above analyses, Z3P and ZI can be employed
to describe the MnOOH dispersion within the composites and the
interface contact between MnOOH and XC-72.

In Table 1, the bulk solution resistance, RS, is very low and
approximately independent of the biased potentials, which is a
function of the distance between the Luggin capillary tip and the
cathode [23]. The electrochemical charge-transfer resistance, Rect,
in parallel with a double-layer capacitor of the three-phase reaction
zone, Cdl (T1), reasonably decreases with a higher overpotential.
Note the much larger three-phase reaction zone capacitance (T1)
of c-MnOOH–C as well as the much lower Rect of c-MnOOH–C
in comparison with p-MnOOH–C at EOCP and −0.3 V. The former
result indicates a larger three-phase reaction zone of c-MnOOH–C
resulting from better dispersion of MnOOH. This effect signifi-
cantly reduces the electrochemical charge-transfer resistance, Rect,
of c-MnOOH–C due to its higher active surface area, and enhances
the ORR rate, consistent with the results obtained in Fig. 3. The
well dispersion of MnOOH within XC-72 and the larger con-
tact surface area at the MnOOH/XC-72 interface will increase the
electron pathways for the ORR since 4-electron-transfer ORR is
simultaneously catalyzed by the carbon nanoparticles and MnOOH
nanowires [2–4,24]. Consequently, the interfacial electron-hopping
resistance, Rie, in parallel with an interfacial capacitor at the
MnOOH/XC-72 interface, Ci (T2), for c-MnOOH–C is much lower
than that for p-MnOOH–C. Similarly, the more interfacial contact
surface areas on c-MnOOH–C shows a much higher T2 value in
comparison with p-MnOOH–C, further revealing the better interfa-
cial contact between MnOOH and XC-72 through a chemical route
(hydrothermal co-precipitation in this work). Based on this section,
the electrochemical impedance analyses in this work not only pre-
cisely show the better dispersion of MnOOH but also demonstrate
the larger interfacial contact of the hydrothermal co-precipitated
nanocomposites, which are concluded to be two of the key fac-
tors influencing the performance of MnOOH/XC-72 cathodes for
the ORR.

4. Conclusions

From the SEM and TEM images, hydrothermal co-precipitation
significantly improves the MnOOH dispersion and the interfacial
contact between MnOOH nanowires and XC-72 nanoparticles in
comparing with the physically mixed composite. Based on the
voltammetric and EIS analyses, better MnOOH dispersion and
higher MnOOH/XC-72 interfacial contact enhances the electro-
chemical activity of c-MnOOH–C for the ORR because of larger
active surface area and more electron pathways of the resultant
nanocomposite prepared by the hydrothermal co-precipitation.
The absence of 45◦-like responses at the low-frequency end of the
EIS spectra measured at −0.3 V reveals no/minor oxygen-diffusion
effect in the relatively low overpotential region.
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