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Investigations into the Origin of their Activity Enhancement
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ABSTRACT: MnOx-doped carbon nanotube (MnOx-CNTs) catalysts for the
oxygen reduction reaction (ORR) were fabricated using a simple electrochemical
deposition method. MnOx-CNTs (0.85 wt % MnOx) could exhibit an improved
electrocatalytic activity, long-term stability and excellent resistance to crossover-
effect compared to Pt/C catalysts. High-resolution transmission electron micro-
scopy (HRTEM) and X-ray diffraction analysis confirm that the MnOx in the
MnOx-CNTs exists in an amorphous state. Moreover, compared to the catalytic
performances of MnOx on other substrates, the MnOx-CNTs exhibit a high ORR
activity. X-ray photoelectron spectroscopy results suggest that the electron
transfer, from the CNTs to the Mn ions occurs and the high positive charge is
generated on the MnOx-CNT surface. This is believed to be origin of the catalytic
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activity observed in the ORR using MnOx-CNTs.
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1. INTRODUCTION

The large-scale commercial application of fuel cells (FCs) has
been hindered by the high cost and scarcity of the requisite noble
metal materials.' > The search for nonprecious-metal catalysts
(NPMC), with both high activity and practical durability, has
been viewed as a long-term strategy to promote the development
of FCs.* Since Asinski et al.® observed that cobalt phthalocyanine
could catalyze the oxygen reduction reaction (ORR), various
NPMC materials,” including N-coordinated transition metal
(TM) macromolecules, chalcogenides, oxynitrides, carbonitrides
and TM-doped conductive polymers, have also been evaluated as
potential substitutes for Pt-based catalysts. Nitrogen—dooped
carbon materials,"®'? such as carbon nanotubes (CNT),l —l4
nanotube cups,'® ordered mesoporous graphitic arrays,'® and
graphene,'” have also attracted attention because of their ex-
cellent electrocatalytic activities. This has opened a way to
prepare a new class of metal-free catalyst for the ORR. The
doping of N atoms may result in the change to the CNTSs’
electronic structure, which could play a key role in their catalytic
activity enhancement toward the ORR.*>*" Dai et al.'® proposed
that the high activity may be attributed to the strong electronic
affinity of N atoms and the substantial positive charge density on
the adjacent C atoms. These factors may result in the very
favorable adsorption of O,. Some theoretical studies using
simulation calculations also support this view.”*”** More re-
cently, Wang et al. found that CNTs functionalized with poly-
electrolytes, which have a strong electron-withdrawing ability,
may also act as efficient catalysts for the ORR.>> However, direct
experimental evidence to support this view is still pending.

Herein, we have developed a MnOx-doped CNT (MnOx-
CNTs) catalyst for the ORR, prepared via a simple
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electrochemical deposition method. Although catalysts involving
MnOx/C composites have been previously explored with respect
to the ORR,** the carbon materials have generally acted as
supports to improve the conduction and MnOx loading. In our
work, we found that CNTs doped with a mere ~0.85 wt % of
MnOx, through electrochemical deposition, exhibit excellent
electrocatalytic activity toward the ORR in an alkaline medium.
The structure of the MnOx-CNTs was characterized through
X-ray diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS) measurements. The catalytic performances of the pristine
CNTs and MnOx on other substrates were assessed as control
experiments. It is proposed that the high positive charge density
on the doped CNTs plays a vital role in the excellent ORR
activity. Our work, not only successfully develops an NPMC with
excellent electrocatalytic activity, it also reveals further insight
into the ORR mechanism of doped carbon materials.

2. EXPERIMENTAL SECTION

Electrode Preparation. Glassy carbon (GC) electrodes (3 mm
diameter, CH instrument Inc.) were polished with a 0.0S and 0.3 um
alumina slurry (CH Instrument Inc.) on a microcloth, and subsequently
rinsed with ultrapure water and ethanol. The electrodes were then
sonicated in ultrapure water for S min to remove any bound particles,
rinsed thoroughly with ultrapure water and dried under a gentle nitrogen
stream. To prepare the working electrode, a 1 mg sample comprising
CNTs, CB and KS-6 was ultrasonically dispersed in 1 mL of ethanol, and
then 2 uL of the resulting suspension was dropped onto the GC surface
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Table 1. Specific Surface Areas for CNTs, CB, KS-6, MnOx-
CNTs, MnOx-CB, and MnOx-KS-6

deposition MnOx content specific surface
sample time (s) (wt %) area (m*/g)

CNTs 0 0 2354
MnOx- S 0.85 233.2
CNTs

CB 0 0 201.7
MnOx-CB S 0.80 20S8.3
KS-6 0 0 120.7
MnOx-KS-6 S 0.82 1159

Figure 1. (a) SEM image of the pristine CNTs, and (b) SEM, (c) TEM
and (d) HRTEM images of the MnOx-CNTs.

and dried at room temperature. For comparison, a commercially
available Pt/C-modified GCE (20 wt % Pt supported on carbon black,
fuel cell grade from Sigma) was prepared in the same way.

Synthesis of the MnOx-CNTs. MnOx-CNTs were synthesized
using a facile electrochemical deposition method. In short, the CNT-
modified electrodes were placed in 0.05 mM Na,SO, solution contain-
ing 0.03 mM MnSOy, and electrodeposited at an applied potential of
+1.7 V under constant stirring. The MnOx mass content in the MnOx-
CNTs was analyzed, through Inductively Coupled Plasma-Atom Emis-
sion Spectroscopy (ICP-AES), to be approximately 0.85 wt % after a
deposition time of Ss. A MnOx-modified GCE, a MnOx-CB-modified
GCE, and a MnOx-KS-6-modified GCE were all prepared in the same
way. The MnOx mass contents for the MnOx/C composites were
determined using ICP-AES. The specific surface areas of these samples
were measured using the Brunauer—Emmett—Teller (BET) method.
The physical parameters and corresponding experimental data are listed
in Table 1.

Electrochemical Measurements. All electrochemical measure-
ments, including cyclic voltammograms (CV), rotating-disk electrode
voltammograms and chronoamperometry, were performed at room
temperature in 0.1 M KOH solutions, which were purged with high
purity nitrogen or oxygen for at least 30 min prior to each measure-
ment. CV was performed within a potential range between —1.2 to
+0.2'V, at a scan rate of SO mV's ™. Rotating-disk electrode voltammo-
grams were recorded within a potential range between +0.2 to —1.0'V,
at a scan rate of 10 mV s~ '. Chronoamperometry was performed
at —0.35 V.

caoo) MnOx-CB

MnOx-KS-6

Intensity /a.u.

20 / degree

Figure 2. XRD curves for MnOx, MnOx-CNTs, MnOx-CB, and
MnOx-KS-6.

3. RESULTS AND DISCUSSION

Figure.1 shows the SEM, TEM, and HRTEM images for the
pristine CNTs and the MnOx-CNTs. It is clear from the SEM
and TEM images in Figure la—c, that the surface of CNT's has
been coated with MnOx. The HRTEM image in Figure 1d shows
that MnOx coated on the surface of the CNTs is in the
amorphous state. The XRD curves for the MnOx-CNTs in
Figure.2 show two broad weak peaks at approximately 37 and
66°. The positions of these diffuse peaks are similar to those
reported for amorphous manganese oxides.>' > The XRD
results confirm the presence of amorphous manganese oxides
in the MnOx-CNTs, and are also consistent with HRTEM
observations.

To investigate the electrocatalytic activity of the MnOx-
CNTs, we measured the cyclic voltammograms (CVs) for the
MnOx-CNTs and the commercial Pt/C (20 wt % Pt on Vulcan
XC-72) in 0.1 M KOH solutions, saturated with N, or O,. Equal
amounts of each catalyst (28.2 ug cm ™ >) were loaded on a glassy-
carbon electrode. As shown in Figure 3a, the CV curve for
MnOx-CNT electrode in O, shows a distinct peak at —0.35V,
which corresponds to the O, reduction reaction. The reduction
current (542 uA, Figure 3a) is more than four times larger than
that of the commercial Pt/C catalyst (135 uA, Figure 3b). The
polarization curves in Figure.3c show that MnOx-CNTs have
more positive onset potentials and a higher limiting current than
the commercial Pt/C catalysts. These results suggest that MnOx-
CNTs have a more pronounced catalytic activity for the ORR
than commercial Pt/C catalysts.

The stability and the possible crossover effects of the catalyst
materials are important considerations for their practical ap-
plication to fuel cells. Therefore, the electrocatalytic selectivity
of the MnOx-CNTs against the electrooxidation of methanol
was measured. In Figure 3a, after the addition of 3 M methanol
to a 0.1 M KOH solution saturated with O,, no noticeable
change is observed for the oxygen-reduction current at the
MnOx-CNTs electrode. This indicates that MnOx-CNTs ex-
hibit a high selectivity for the ORR with a remarkably good
ability to avoid crossover effects. The durability of the MnOx-
CNTs and the commercial Pt/C catalyst were also tested. The
catalysts were held at —0.35 V for more than 10,000s in an O,
saturated 0.1 M KOH solution, at a stir rate of 1600 rpm. From
Figure 3d, the chronoamperometric response for the MnOx-
CNTs exhibits a very slow attenuation within the first 2000 s,
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Figure 3. Cyclic voltammograms of (a) MnOx-CNTs and (b) the commercial Pt/C catalyst, for the oxygen reduction reaction in 0.1 M KOH solutions
saturated with N, or O,. () Polarization curves for the MnOx-CNT's and the Pt/C catalyst on a glass carbon rotating disk electrode, in a saturated O, ata
rotation rate of 1600 rpm (d) Current—time (i—t) chronoamperometric response of the MnOx-CNTs and the Pt/C-modified GC electrodes at —0.35

V, in an O,-saturated 0.1 m KOH at a rotation rate of 1600 rpm.
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Figure 4. (a) Rotating-disk voltammograms recorded for the MnOx-CNT electrode in an O,-saturated 0.1 M KOH solution at different rotation rates.

(b) Koutecky—Levich plot of ] " versus oV

linear regressions.

? at different electrode potentials. The experimental data were obtained from Figure 4a and the lines are

and a high relative current of 85.1% after 10 000 s. In contrast,
the Pt/C electrode exhibits a gradual decrease, with a current
loss of approximately 64.5% after 10000 s. These results
confirm that MnOx-CNTs have a potential use in direct
methanol and alkaline fuel cells.

To further study the ORR procedures with respect to
MnOx-CNTs, we performed rotating-disk electrode (RDE)
experiments. The RDE current—potential curves, at various
rotating speeds, are shown in Figure 4. The limited diffusion
currents are dependent on the rotation rates. The number of
electrons involved in the ORR can be calculated from the

Koutecky—Levich (K—L) equation

]71 = ]L71 + ]1(71 = (Bwl/z)_l + ]1(71 (1)

B = 0.62nFCy(Dy)*/*v=1/ (2)

Where ] is the measured current density, Jix and ] are the
kinetic- and diffusion-limiting current densities, w is the angular
velocity of the disk (w = 2pN, N is the linear rotation speed),
n is the overall number of electrons transferred in the oxygen
reduction, F is the Faraday constant (F = 96485 C molfl), Cois
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Figure S. (a) Reduction current versus reaction time for MnOx on four different substrates, (b) Cyclic voltammograms of the pristine CNTs, the MnOx
sample after a deposition time of 3s and the MnOx-CNTs, for the oxygen reduction reaction in a 0.1 M KOH solution saturated with O,.
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Figure 6. (a) XPS spectra survey scan, high-resolution (b, upper) Mn,,, and (¢, upper) C;s for the Mn-doped CNTs, (b, bottom) Mn,, of MnO, and (¢,

bottom) C,s of pristine CNTs.

the bulk concentration of O, (Cy =1.2 x 10 mol cm 1Y), vis
the kinematic viscosity of the electrolyte (v = 0.01 cm”s ™ '), and
Dy is the diffusion coefficient of O, in 0.1 M KOH (1.9%
10°em®s™"). According to egs 1 and 2, the number of electrons
transferred (1) can be calculated to be 3.9 at —0.35 V, which
suggests the MnOx-CNTs lead to a four-electron-transfer reac-
tion, reducing oxygen to OH . The above-described results
suggest that the MnOx-CNTs are a promising NPMC with a
high catalytic activity for the ORR.

A number of MnO,/C composites have been reported to
exhibit specific activities for the ORR similar to the benchmark
Pt/C catalyst.’**” However, such excellent activity for ORR
based on the MnOx-CNTs (0.85 wt % MnOx) has been rarely
reported. To investigate the key factors that lead to the catalytic
activities for the MnOx-CNTs, a range of experiments have been
performed. The XRD curves in Figure 2 indicate that all the
deposited MnOx, on all the different substrates, is in an amor-
phous state. BET measurements (Table 1) also show that the
specific surface area values for these C materials do not change
significantly after a deposition time of S s. Therefore, the effects
of MnOx structure and specific surface area on the catalytic
activity can be eliminated in our experiments. The curve for
MnOx-CNT reduction current as a function of reaction time, as
shown in Figure Sa, displays a volcano-like shape, with an initial
increase in ORR current. After a deposition time of 5 s (0.85 wt %
MnOx), the MnOx-CNTs exhibited the maximum ORR current.
Their current then decreases with MnOx content, when the
deposition time is taken beyond 5 s. This may be due to the
comparatively high MnOx content, and may result in a decrease
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Figure 7. Schematic diagram for the MnOx-CNT ORR mechanism.

in the interface area between the CNTs and the electrolyte,
which would increase the resistance for the MnOx-CNT elec-
trode. For other MnOx samples on different substrates, a similar
tendency is observed. For example, a MnOx sample after a
deposition time of 3 s exhibits the highest ORR activity of all
the MnOx samples on a bare glassy carbon electrode. However,
the reduction current (27.2 ¢A) is still lower than that for the
MnOx-CNTs (542 1A). Figure Sb shows the CV curves for the
pristine CNTs, the MnOx sample after a deposition time of 3 s
and the MnOx-CNTs (0.85 wt % MnOx) from the ORR. From
Figures 5a,b, the MnOx-CNT's exhibit a remarkably high catalytic
activity compared to the other materials. Their maximum current
(542 uA) is 50 times higher than that of the pristine CNTs (10.2
uA), and more than 10 times larger than that of the other MnOx
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Figure 8. Cyclic voltammograms for the Co,O3;—CNTs and Fe,O;—CNTs, for the oxygen reduction reaction in 0.1 M KOH solutions saturated with

N, or O.,.

samples on different substrates (49.3, 27.7, and 27.2 uA for
MnOx-CB, MnOx-KS-6, and MnOx, respectively). All these results
confirm that the CNTs play a key role in the excellent ORR activity.
Considering the very low MnOx content (a mere 0.85 wt %) and
the low catalytic activity for the other MnOx samples on different
substrates, we propose that the catalytic activity originating from
the MnOx within the CNTs is limited. Thus, the traditional view,
where the MnOx bears the active site for the ORR and carbon
materials act only as a support, can not explain our observations
herein. The unique electron structure of the doped MnOx-CNTs
may play a vital role in the observed ORR activity enhancement, and
the doped CNTs may be the actual host for catalyzing the ORR.
The origin of this ORR activity enhancement with the
N-doped CNTs has been previously explored. According to
Dai and Hu, based on theoretical calculations,'** the build up
in positive charge on CNT surfaces would establish favorable
sites for the side-on O, surface adsorption. This parallel diatomic
adsorption could effectively weaken the O—O bonding and
facilitate the direct reduction of oxygen to OH™ via a four-
electron process. The redox potential for the CNTs is about
+0.5 V, vs the standard hydrogen electrode (SHE),** and the
reduction potential for MnO, (MnO,/Mn**) is +0.95 V (vs
SHE), which would lead to a spontaneous electron transfer from
the nanotube to the MnQ,. Similar observations have been
previously reported®**® involving other metal ions and CNTs,
such as AuCI* and single-walled carbon nanotubes. We propose
that the spontaneous electron transfer between CNTs and MnO,
will result in the high positive charge on the CNT surface, which
may facilitate the ORR activity enhancement. To interrogate the
electronic structure of the MnOx-CNT surface, we measured the
XPS spectrum. The XPS survey spectrum in Figure 6a reveals a
predominant C;, peak (284.5 eV), an O, peak (532.0 eV) and
two Mn,,, peaks (641.4 eV, 653.9 V), which further suggest that
the MnOx is formed on the MnOx-CNT composites. The
chemical states of Mn and C in the MnOx-CNTs were analyzed
using XPS high-resolution C;; and Mn,, spectra, as shown in
Figure 6b and c. Upon comparing the Mn,, peaks for MnO,
(Figure 6b, bottom), the Mny,,,3/, appears as two peaks, at 641.4
and 642.3 eV, for the MnOx-CNTs, which may be attributed to
Mn** and Mn*", respectively.>’ For the Cy, spectra, a new peak is
observed at 286.5 eV (Figure 6¢ upper) for the MnOx-CNTs, in
addition to the predominant peak at 284.5 eV observed in the
pristine CNT spectra (Figure 6¢ bottom). These results are
strongly consistent with an electron transfer between the CNTs
and the Mn ions, which results in a high positive charge on the

MnOzx-doped CNTs. A Schematic diagram for the electron
transfer is depicted in Figure 7. The electronic structure char-
acteristic of the MnOx-CNTs, with the high catalytic activity, is
very similar to the structure model proposed by Dai et al. for
N-doped CNTs. The above-described RDE result also confirms
that the MnOx-CNTs undergo a four-electron-transfer ORR
process, consistent with that observed for the N-doped CNTs.
These results further suggest that nitrogen and MnOx-doped
CNTs operate via the same activity-enhancement mechanism
and the resultant high positive charge density on the doped CNT
surface may lead to the activity enhancement for the ORR.

On the basis of this understanding, we further speculated that
CNTs doped with other metal oxides may exhibit a similarly high
catalytic activity for the ORR. We prepared CNT's doped with
C0,0; (Co*"/Co*", +1.84 v vs SHE) and Fe,0; (Fe®'/Fe**,
+0.77 v vs SHE), and as expected, both exhibited a higher catalytic
activity for the ORR than the commercial Pt/C catalyst (Figure 8).
These results further emphasize the importance of the build up in
positive charge density on the doped CNT's for catalytic activity.

4. CONCLUSIONS

In summary, we have reported a MnOx-CNT ORR catalyst,
fabricated through a simple electrochemical deposition method,
which boasts a greater electrocatalytic activity than current
commercial Pt/C catalysts. They also exhibit long-term stability
and an excellent resistance to crossover effects for the ORR.
Moreover, our results confirm that the electron transfer from the
CNTs to the Mn ions occurs, which generates the high positive
charge on the MnOx-CNT surface. This is believed to be the
origin of the MnOx-CNT catalytic activity enhancement for the
ORR. These results could provide useful information to further
clarify the ORR mechanism of doped carbon materials, and
further develop other novel low-cost NPMCs with high activities
and long lifetimes for practical FC application.
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