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Abstract This study is concerned with the development

of non-platinum electrocatalysts for the efficient 4-electron

reduction of molecular oxygen to water in acidic media. A

binary catalyst composed of electrodeposited manganese

oxide nanoparticles (nano-MnOx) and cobalt porphyrin

macro complex (CoP) has been proposed in. The modifi-

cation of glassy carbon (GC) electrode with CoP alone

resulted in a significant positive shift of the oxygen

reduction reaction (ORR) compared to the unmodified GC

electrode while maintining a 2-electron reduction. That is a

positive shift of the onset potential of the ORR of ca.

450 mV was achieved at the former electrode. The modi-

fication of the GC electrode with nano-MnOx alone did not

affect the ORR peak potential, but caused a remarkable

increase in the reduction peak current due to the catalytic

disproportionation of the electrogenerated hydrogen per-

oxide into water and oxygen. The modification of a GC

electrode with CoP and nano-MnOx (utilizing the

advantages of the individual catalysts) resulted in the

occurrence of the ORR at a significantly positive potential

with almost double peak current compared to the unmod-

ified GC electrode, suggesting a promising procedure for

developing electrocatalysts for oxygen reduction in

replacement of costly Pt. XPS and SEM techniques were

employed to probe the structural and morphological char-

acterization of the proposed binary catalysts.

Keywords Oxygen reduction � Macrocyclic compounds �
Manganese oxide � Binary catalysts � Hydrogen peroxide

1 Introduction

The electrocatalytic reduction of molecular oxygen (O2) to

water (H2O) at a reasonably low overpotential through a

4-electron reduction pathway has been the aim of numerous

investigations. This reaction plays a vital role in electro-

chemical energy conversion systems such as fuel cells.

Many sorts of electrocatalyst for oxygen reduction have

been investigated either in alkaline or acidic media. The

superiority of Pt as an electrocatalyst for the ORR in acidic

media is indisputable; however, special emphasis is being

paid to the development of non-platinum electrocatalysts in

view of the high cost of Pt and the expected rapid depletion

of its natural sources. The development of efficient non-

platinum electrocatalysts for the oxygen reduction reaction

(ORR) is the ultimate goal of much research [1–20]. In

this regard, metallophthalocyanines, metalloporphyrins and

related macrocyclic complexes have been investigated

[21, 22]. These macrocyclic complexes can be employed to

modify the surface of a relatively inert substrate (e.g., glassy

carbon (GC)) and thus lead to an enhancement in the

adsorption of oxygen molecules at the electrode surface
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[23–25]. A significant positive shift of the ORR peak

potential may be observed, but the reaction is only limited to

a 2-electron reduction pathway. On the other hand, manga-

nese oxides (MnOx), including MnO2, Mn2O3, Mn3O4,

Mn5O8 and MnOOH, having economic and environmental

advantages, have been used for a long time in air electrodes

as electrocatalysts for the reduction of O2, in addition to their

wide use as highly active and thermally stable catalysts

in industrial and environmental applications [24–36]. These

oxides, especially MnOOH, have a good catalytic dispro-

portionation activity towards the decomposition of hydrogen

peroxide into water and molecular oxygen [37–39]. In

the current study, the combined use of electrochemically

deposited manganese oxide nanorods along with some

macro cyclic porphyrin complexes has been suggested as a

promising procedure for developing efficient non-Pt elect-

rocatalysts for the ORR at a reasonably low cathodic

overpotential while supporting an apparent 4-electron reduc-

tion pathway of molecular oxygen in acidic media. Three

different porphyrins were used, namely, 5, 10, 15, 20-tetra-

kis(4-methoxyphenyl)-21H,23H-porphine cobalt(II), 5, 10,

15, 20-tetraphenyl-21H,23H-porphine cobalt (II) and 5, 10,

15, 20-tetraphenylporphyrinatoiron(III) chloride, in addition

to 2, 3, 9, 10, 16, 17, 23, 24-octacyanophthalocyaninoco-

balt(II). These macro cyclic metal complexes were selected

in view of their significant electrocatalytic effect on the ORR

in terms of the positive shift of its onset potential. However,

the ORR is still limited to a 2-electron reduction pathway.

Thus, the electrodeposition of nano-MnOx is carried out with

the expectation of a conversion of the 2-electron ORR into an

effective 4-electron ORR via the catalytic decomposition of

hydrogen peroxide into water at the nano-MnOx.

2 Experimental

2.1 Electrodes

A glassy carbon (GC) electrode (3 mm in diameter) was used

as the working electrode. Pt wire and Ag/AgCl/KCl(sat)

electrodes were used as the counter and reference electrodes,

respectively. The GC electrode was mechanically polished

first with no. 2000 emery paper and then with aqueous slurries

of successively finer alumina powder (particle size down to

0.06 lm) on a polishing microcloth. The polished electrode

was then sonicated in water for 15 min after each polishing

step and then rinsed with de-ionized Milli-Q Millipore water.

2.2 Preparation of manganese oxide nanoparticles–

porphyrin complex modified GC electrode

The thus-polished GC electrodes were electrolyzed in

aqueous solution containing 0.1 M Na2SO4 in the presence/

absence of 0.01 M Mn(CH3COO)2 via cycling the potential

between 0 and 1.7 V versus Ag/AgCl/KCl(sat) at a scan

rate of 20 mV s-1 for 10 potential cycles to electrodeposit

MnOx nanoparticles (nano-MnOx). In the absence of

Mn(CH3COO)2, the bare GC is electro-oxidized (Eox-GC).

This was done to improve the adhesion properties of the

electrodeposited nano-MnOx and/or the porphyrin modifi-

ers onto the GC substrate. The Eox-GC and the nano-MnOx

modified GC electrodes were subsequently immersed in

0.05 mM 5, 10, 15, 20-tetrakis(4-methoxyphenyl)-21H,

23H-porphine cobalt(II), 5, 10, 15, 20-tetraphenyl-21H,

23H-porphine cobalt (II), 5, 10, 15, 20-tetraphenylpor-

phyrinatoiron(III) chloride and 2, 3, 9, 10, 16, 17, 23, 24-

octacyanophthalocyaninocobalt(II), referred to hereafter as

MPPCo, PPCo, PPFe and OCPCo, respectively, (dissolved

in DMF) for 30 s to allow for the attachment of the

prophyrin molecules to the electrode surface.

2.3 Characterizations of the modified GC electrodes

For the morphological characterization of the modified GC

electrodes, SEM images of the electrode surface were

obtained using a JSM-T220 scanning electron microscope

(JEOL, Japan) at an acceleration voltage of 15 kV and a

working distance of 4-5 mm Subsequently, the modified

GC electrodes were subjected to EDX analysis to identify

the elemental species co-existing on the GC surface.

The XPS data were acquired with GC electrodes (6 mm

in diameter), which were prepared as mentioned above.

The XPS spectra were recorded by an ESCA-3400 electron

spectrometer (SHIMADZU) using an unmonochromatized

X-ray source with Mg K alpha (1253.6 eV) anode.

2.4 Catalytic activity of the modified GC electrodes

towards the ORR

Cyclic and steady-state voltammetric measurements were

carried out to characterize the catalytic activity of the

modified GC electrodes with various modifications towards

oxygen reduction in acidic media (O2-saturated 0.1 M

H2SO4), i.e., before and after soaking in 0.05 mM of the

respective metalloporphyrins derivative for 30 s. All the

electrochemical experiments were carried out in a conven-

tional two-compartment three-electrode Pyrex glass cell

using a computer-controlled BAS 100 B/W electrochemical

analyzer. Steady-state voltammograms were obtained at a

GC disk (3.0 mm)–Pt ring rotating ring disk electrode using

a Nikko Keisoku system (Japan) coupled with an ALS/chi

832A electrochemical analyzer bipotentiostat (USA). The

working electrode compartment was 200 cm3 to eliminate

any possible change of the O2 concentration during the

measurements. Prior to each experiment, O2 gas was

bubbled directly into the cell for 30 min to obtain an
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O2-saturated 0.1 M H2SO4 solution; during every mea-

surement O2 gas was flushed over the cell solution and the

potential scan rate was 0.1 V s-1.

3 Results and discussion

3.1 Characterizations and morphology

Figure 1a–e shows typical SEM micrographs of the Eox-

GC electrodes modified with nano-MnOx electrodeposited

from 0.1 M Na2SO4 containing 0.01 M Mn(CH3COO)2

aqueous solution by applying (a–c) 5, (d) 25 and (e) 10

potential cycles between 0 and 1.7 V versus Ag/AgCl/

KCl(sat) at a scan rate of 20 mV s-1. In cases b and c, after

electrodeposition of nano-MnOx the electrodes were further

soaked in DMF solution of 0.05 mM MPPCo for (b) 30 and

(c) 180 s. This figure shows that the nano-MnOx is elec-

trodeposited in a porous texture composed of intersected

threads (i.e., reticulated vitreous carbon (RVC)-like mor-

phology). This texture covers the entire surface of the

electrode homogeneously in a rather porous morphology,

which enables access of the solution species to the under-

lying GC substrate.

The modified GC electrodes (shown in Fig. 1) were

subsequently subjected to EDX analysis to identify the

elemental species co-existing at the GC surface. Table 1

shows the relative weight percentage (wt%) of the four

elements C, Mn, O and Co of the corresponding images

shown in Fig. 1. Inspection of this table reveals the fol-

lowing points:

(i) The wt% of Mn increases with increasing cycle

number employed during the electrodeposition of the

nano-MnOx concurrently with a decrease in the wt%

of C of the underlying substrate. This points to a

decrease of the porosity of the nano-MnOx film atop

the GC electrode (compare samples a, d and e).

(ii) The soaking of the nano-MnOx modified GC elec-

trodes in the MPPCo solution resulted in its effective

attachment to the electrode surface, as evident from

the detectable amounts of Co (see samples b and c).

Further characterization was carried out to identify the

elements that coexist at the modified GC surface and to

probe their oxidation state by XPS. The results are shown

in Fig. 2A–C, in which the spectra of (A) C 1s, (B) Mn 2p

and (C) O 1s are obtained at (a) Eox-GC, (b) MPPCo

modified Eox-GC, (c) nano-MnOx modified Eox-GC and

(d) MPPCo and nano-MnOx modified Eox-GC electrodes.

Inspection of this figure reveals the following points: (i)

Fig. 2A (curves a–d) shows that there is no significant

change in the binding energies of the C 1s upon loading of

either the nano-MnOx or the MPPCo. This indicates that

the electronic structure of the GC surface remains effec-

tively the same before and after loading of the nano-MnOx.

Thus, the enhancement of the electrocatalytic performance

by the nano-MnOx loading (cf. Fig. 3) does not originate

from a change in the electronic properties of the GC sur-

face atoms. (ii) Fig. 2B indicates that Mn exists in a

cationic state rather than in an elemental state as evidenced

from the positive shift of the 2p binding energy of Mn (i.e.,

a shift from 650 and 638.8 eV for 2p1/2 and 2p3/2,

respectively, of elemental Mn, to 653.8 and 641.7 eV in the

samples). And (iii) the XPS spectrum of the oxygen in the

MnOx (Fig. 2C) shows a single and rather broad peak for

the Eox-GC (Fig. 2C, curve a) corresponding to the C–O

bond formed during the electro-oxidative pretreatment of

the GC substrate. This peak is developed into a peak with a

shoulder upon electrodeposition of the nano-MnOx

(Fig. 2C, curves c and d). The origin of this split may be

attributed to the existence of oxygen in hydroxide and

oxide forms in MnOOH [40].

3.2 Electrocatalytic activity of the nano-MnOx-

porphyrin modified GC electrodes towards

the ORR

3.2.1 Modification of GC electrode with different

porphyrin complexes

Figure 3 shows typical cyclic voltammograms (CVs) for

the ORR at (a) bare Eox-GC, (b) MPPCo, (c) PPCo, (d)

PPFe and (e) OCPCo-modified GC electrodes in O2-satu-

rated 0.1 M H2SO4. The different macrocyclic complexes

were confined at the GC electrodes by soaking in a DMF

solution of 0.05 mM of the respective macro cyclic metal

complex for 30 s. Fig. 4 shows are the corresponding

cyclic voltammetric blank responses obtained in N2-satu-

rated 0.1 M H2SO4 at 100 mV s-1. Figure 3 shows that:

(i) Modification of the GC electrodes with any of the

four above-mentioned macrocyclic metal complexes

resulted in a significant positive shift of the ORR

peak potential (from about -0.5 V at the unmodified

Eox-GC (curve a)) to different extents. The highest

positive shift was obtained at the MPPCo (curve b),

that is a 450 mV positive shift of the onset potential

compared to the unmodified GC electrode.

(ii) The ORR proceeds, mainly, via a 2-electron reduc-

tion pathway at the modified GC electrodes (curves b,

d and e) similarly to that obtained at the unmodified

GC electrode (curve a) as evident from the almost

identical peak current at these electrodes. At the

PPFe-modified electrode (curve c), the ORR peak

current is almost twice that observed at the unmod-

ified GC (curve a). This observation may be attributed
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to the reduction of molecular oxygen to water, via a

4-electron reduction pathway at this modified elec-

trode [41]. However, a major disadvantage of this

electrode (curve c) is the relatively negative peak

potential compared to the MPPCo-modified GC

electrode (curve b). Thus, MPPCo seems to be a

suitable candidate. Hence, further modification of the

MPPCo-modified GC electrode with the electrode-

position of manganese oxide was carried out with a

view to effecting the 4-electron reduction pathway

via the catalytic disproportionation of the electrogen-

erated hydrogen peroxide by the nano-MnOx [37–39].

Figure 4 shows no clear redox response for the porphyrin

moieties (curves a–d), and only a redox peak couple can be

observed in the potential region of 250 to 350 mV arising

from the quinone/hydroquinone (Q/HQ) redox couple of the

oxidized GC substrate. It is likely presumed here that the

redox response of the different porphyrins is either very

small compared to the high charging background current of

the GC substrate or overlapped with the Q/HQ redox peak

potential. Curve e shows a clear redox response of the

phthalocyanine ring at ca. -300 mV.

Fig. 1 SEM images of GC

electrodes modified with nano-

MnOx electrodeposited

from an aqueous solution of

0.1 M Na2SO4 containing

0.01 M Mn(CH3COO)2 by

applying (a–c) 5, (d) 25, and (e)

10 cycles between 0 and 1.7 V

versus Ag/AgCl/KCl(sat). In

cases b and c, nano-MnOx

modified GC electrodes were

further soaked in

0.05 mM MPPCo for (b) 30 and

(c) 180 s. S = 500 nm,

Table 1 Variation of the weight percentage of C, O, Mn and Co at

the surface of the modified Eox-GC subjected to different modifica-

tion steps. The same notations of the electrodes as in Fig. 1 are used

here

Sample # C (%) Mn (%) O (%) Co (%)

a 37.23 16.04 46.73 –

b 40.97 14.28 44.69 0.06

c 61.72 6.02 32.16 0.10

d 3.53 53.01 43.46 –

e 9.09 42.24 48.68 –
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3.2.2 Modification of GC electrode with nano-MnOx

together with porphyrin complex

Nano-MnOx was electrodeposited onto the GC electrode

prior to modification with MPPCo, with the expectation of

effecting an overall 4-electron reduction of O2. Fig. 5

shows the CVs obtained at (a) bare Eox-GC and Eox-GC

electrodes modified with (b) nano-MnOx, (c) MPPCo and

(d) nano-MnOx and MPPCo, measured in O2-saturated

0.1 M H2SO4 at 100 mV s-1. The ORR takes place at the

same potential at both the nano-MnOx modified GC (curve

b) and the unmodified GC (curve a) electrodes with a

noticeable increase in reduction peak current at the former

electrode. This suggests an effective disproportionation of

the electrogenerated hydrogen peroxide by the electrode-

posited nano-MnOx. That is, the ORR proceeds via a 2-

electron reduction reaction at the bare spots of the Eox-GC

substrate, which is subsequently followed by a catalytic

decomposition of the produced hydrogen peroxide (into

water and molecular oxygen) at the nearby nano-MnOx

according to:

O2 þ 2Hþ þ 2e� ������!C�substrate
H2O2 ð1Þ

and,

H2O2 �������!
nano�MnOx

1=2O2 þ H2O ð2Þ

On the other hand, at the MPPCo-modified GC electrode,

a significant positive shift of the ORR peak potential was

achieved with almost the same peak current as that at the

unmodified GC electrode (curve c). Interestingly, a

noticeable increase in the peak current was observed upon

further modification of the MPPCo-modified GC electrode

with nano-MnOx (curve d). That is, the positive shift is

obtained as a result of the catalytic role of the Co porphyrin

complex towards the 2-electron reduction of oxygen to

hydrogen peroxide (H2O2). The increase in the peak current

is attributable to the catalytic decomposition of the
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Fig. 2 XPS spectra of (A) C 1s,

(B) Mn 2p and (C) O 1s

obtained for (a) Eox-GC, (b)

MPPCo-modified Eox-GC, (c)

nano-MnOx modified Eox-GC

and (d) MPPCo and nano-MnOx

modified Eox-GC electrodes
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electrogenerated H2O2 (to water and molecular oxygen) at

the nano-MnOx. Thus, an apparent 4-electron reduction

pathway of O2 would be verified at the proposed binary

catalysts system.

3.2.3 Steady-state hydrodynamic voltammetry

Figure 6 shows the steady-state hydrodynamic voltammo-

grams of the ORR at the rotating ring disk electrodes in

which the GC disk electrodes are (a) bare Eox-GC and Eox-

GC electrodes modified with (b) nano-MnOx, (c) MPPCo

and (d) nano-MnOx and MPPCo, measured in O2-saturated

0.1 M H2SO4 at a scan rate of 10 mV s-1. The ring elec-

trode was a bare Pt electrode (potentiostated at 1.1 V). The

lower set of curves (a–d) refers to the ORR at the GC disk

electrodes subjected to different modifications, whereas the

upper set (a0–d0) refers to the simultaneously measured Pt

ring current, which is used as a probe to monitor the amount

of electrogenerated hydrogen peroxide at the relevant disk

electrode. The positive shift of the onset potential of the

ORR is significantly observed at the MPPCo-modified GC

electrode in comparison with the unmodified electrode

(compare curves a and c). Also the increase in disk current at

the nano-MnOx modified GC disk electrode (curve b) sug-

gests a significant contribution of the 4-electron reduction

pathway of O2 at this electrode. Furthermore, modification

of the GC disk electrode with MPPCo together with nano-

MnOx resulted in a significant increase in disk current (curve

d) with a concurrent decrease in the corresponding ring

current (curve d0). This finding points to the contribution of

the 4-electron reduction pathway of molecular oxygen

becoming more significant at the proposed binary catalyst

system at a fairly positive potential.
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Fig. 3 CVs for the ORR measured in O2-saturated 0.1 M H2SO4 at

(a) bare Eox-GC electrode and (b) MPPCo, (c) PPCo, (d) PPFe and

(e) OCPCo-modified GC electrodes. Potential scan rate: 100 mV/s
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Fig. 4 Blank CVs response measured in N2-saturated 0.1 M H2SO4

at the same electrodes as used in Fig. 3. Potential scan rate: 100 mV/s
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Fig. 5 CVs obtained at (a) bare GC and GC electrodes modified with

(b) nano-MnOx, (c) MPPCo, and (d) MPPCo and nano-MnOx,

measured in O2-saturated 0.1 M H2SO4. Potential scan rate: 100 mV/s
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4 Conclusion

This paper describes the fabrication of non-platinum

electrocatalysts as cathodes for the oxygen reduction

reaction in acidic media. The modification of glassy carbon

electrodes with electrodeposited manganese oxide nano-

rods along with porphyrin complex resulted in the

achievement of the ORR at a fairly positive potential, that

is 450 mV more positive than that obtained at the

unmodified GC electrode in O2-saturated 0.1 M H2SO4

aqueous solution, concurrently with a significant contri-

bution of 4-electron reduction of molecular oxygen.
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Rotation rate: 800 rpm. Potential scan rate: 10 mV s-1. The corre-

sponding Pt ring currents (potentiostated at 1.1 V) are shown as curves

a0–d0
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