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Abstract  A series of non-noble-metal catalysts for the oxygen reduction reaction 

(ORR), based on metal 5,10,15,20-tetrakis(4-hydroxyphenyl)porphyrin (M-THPP, M: 

Fe
3+

, Co
2+

, Ni
2+

, Mn
2+

) grown on poly(sodium-p-styrenesulfonate) modified reduced 

graphene oxide (PSS-rGO), were fabricated using an in situ solvothermal synthesis 

method. The morphology of M-THPP/PSS-rGO was characterized by scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM). 

Ultraviolet-visible (UV-vis) absorption spectroscopy and X-ray photoelectron 

spectroscopy (XPS) techniques were utilized to analyse the unusual interactions 

between metalloporphyrins and graphene sheets. Electrochemical measurements, such 

as rotating disk electrode (RDE) and rotating ring-disk electrode (RRDE) techniques, 

were employed to study the catalytic activity and the ORR mechanism of the oxygen 

reduction reaction on as-synthesised M-THPP/PSS-rGO catalysts in alkaline medium. 

The half-wave potential for the ORR on the CoTHPP/PSS-rGO catalyst was found to 

be around -0.22 V vs. SCE, which was much higher than those on other 

M-THPP/PSS-rGO catalysts, and similar to that on Pt/C (-0.20 V vs. SCE).  RDE 

and RRDE results display that the ORR process proceeds mainly via almost 

4-electron pathway on CoTHPP/PSS-rGO. The catalyst stability tests disclose that the 

CoTHPP/PSS-rGO is much stable than other M-THPP/PSS-rGO composites. The 

assembled CoTHPP/PSS-rGO catalyst possesses high activity, good long-term 

stability, excellent tolerance to the crossover effect of methanol and a facile 4-electron 

pathway for the ORR, which could be used as a promising Pt-free catalyst in alkaline 

direct methanol fuel cell. 
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1.  Introduction 

With its high power density, high energy-conversion efficiency, scalability and low or 

zero emission of pollutants, direct methanol fuel cell (DMFC) has been paid much 

attention during the past few decades [1-3]. DMFC is made up of a Pt-Ru anode for 

methanol oxidation, a Pt cathode for oxygen reduction, and a proton exchange 

membrane (PEM) [1]. DMFC operates by oxidizing methanol to CO2 and reducing 

oxygen to water [1,3,4]. Usually the electrochemical reduction of O2 is a 

multi-electron reaction with a sluggish kinetics [5,6]. In alkaline media, the ORR 

mechanism can be expressed as reactions (1) and (2), 

- -

2

 -

22 OH HO  2e  OH  O +→++                                                             
(1)

                                                            

 4OH 4e  O2H  O - -

22 →++                                                                 
(2) 

To the best of our knowledge, the transfer of two electrons to produce H2O2 (HO2
-
) is 

potentially hazardous and less exoergic [6,7]. To achieve maximum energy-efficiency 

capacity, it is highly desirable to reduce O2 via the direct four-electron pathway. In 

this respect, Pt-based materials or Pt is known to be the most efficient catalyst since it 

provides the highest current response toward the direct four-electron reduction of 

oxygen to water [6,8-12]. Due to not only the rarity and expensiveness but also the 

poor tolerance to the crossover effect and instability of Pt [6,13-15], however, 

numerous non-precious catalysts have been developed and screened in terms of their 

oxygen reduction reaction (ORR) for replacing Pt, including heteroatom (boron, 

nitrogen, sulfur, phosphorus) doped carbon nanomaterials [16-21], metal 

oxide/carbide/nitride materials [22-26], transition-metal chalcogenides [27,28], 
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N-containing polymers [29-32] and MN4-centers of transition metal N4-macrocycles 

[33-39]. Among them, transition metal N4-macrocycles, especially transition metal 

porphyrins and phthalocyanines, due to their large π-conjugated aromatic systems 

with unique structures and coordination properties [40,41], thermal and chemical 

robustness [40], and rich electronic properties [42], have been received remarkable 

attention since Jasinski used cobalt phthalocyanine as an electrocatalyst for the ORR 

[43]. Therefore, a great number of transition metal N4-macrocycles with different 

substitutes and central metals have been designed and applied to fabricate modified 

electrodes for the ORR [44-46]. However, as semiconductor materials [40], all these 

transition metal N4-macrocycles still suffer from low activity and stability toward the 

ORR and thus are far from satisfying the requirements of commercialization of fuel 

cells.  

  Carbon nano-materials (CNMs), such as carbon powder, graphene, carbon 

nanotubes, due to themselves interesting physicochemical properties [47-49], such as 

excellent electrical conductivity, large specific surface area and high chemical 

stability, are more suitable for catalyst supports [40]. Recently, many researchers 

concentrate on CNMs-supported transition metal N4-macrocycles materials. The 

purpose of using CNMs to support transition metal N4-macrocycles is that strong π-π 

interactions between CNMs and transition metal N4-macrocycles can make transition 

metal N4-macrocycle moieties load on CNMs closely, thus stabilizing the systems, 

and the most important aspect is that the formation of micro/nano composites could 

provide more active sites and create synergistic effect, significantly improving 
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catalytic activity for the ORR [47,49]. Mamurua et al. [50] used 

octabutylsulphonylphthalocyanine complexes of iron (FeOBSPc) and cobalt 

(CoOBSPc) supported on multi-walled carbon nanotube (MWCNT) platforms for 

electrocatalytic reduction of oxygen, and found that the MWCNT-FeOBSPc 

composite exhibited the best ORR activity involving a direct 4-electron mechanism. 

Jahan et al. [51] investigated the electrocatalytic properties of 

graphene-metalloporphyrin composite, and the fabricated catalysts showed a facile 

4-electron ORR pathway, much higher selectivity toward the ORR and significant 

tolerance to the crossover effect of methanol compared with Pt/C catalyst. Morozan 

and co-workers [52] investigated cobalt and iron phthalocyanines or porphyrins 

supported on different carbon nanotubes toward the oxygen reduction reaction. Mo et 

al. [53] synthesized a novel FeTSPc/SWCNTs composite by facilely modifying 

single-walled carbon nanotubes (SWCNTs) with iron tetrasulfophthalocyanine 

(FeTSPc), and the hybrid displayed an even better specificity, long-term stability, 

tolerance to methanol crossover effect and resistance toward the CO poisoning effect 

than commercial Pt/C catalyst.  

   To date, CNMs-supported transition metal N4-macrocycle complexes as 

electrocatalytic materials are generally fabricated through the following methods. (1) 

π-π interactions [51,54]; (2) layer-by-layer (LBL) assembly [55]; (3) solid-phase 

synthesis [40]; (4) covalent modification [56]; (5) solvothermal synthesis [57,58]. 

Among these methods, solvothermal synthesis is considered as an effective and 

commercially viable method due to the advantages, including the feasibility of 
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controlling the morphology, the accessibility of cheap raw materials, low growth 

temperature and relatively economic processing. Our group [57,58] have prepared 

iron phthalocyanine/graphene and cobalt tetranitrophthalocyanine/graphene 

micro/nano composites for the ORR through solvothermal processes. These two 

catalysts all exhibited high catalytic activity, an almost 4-electron ORR pathway, 

much higher long-term stability and tolerance to methanol crossover effect 

comparable with Pt/C catalyst. In this study, a series of non-noble-metal catalysts for 

the ORR, including FeTHPP/PSS-rGO, CoTHPP/PSS-rGO, NiTHPP/PSS-rGO and 

MnTHPP/PSS-rGO, were fabricated by an in situ solvothermal synthesis method 

similar to our previous report [58]. The electrocatalytic performance and ORR 

mechanism on the M-THPP/PSS-rGO composites were discussed based on cyclic 

voltammetry, rotating disk electrode (RDE) and rotating ring-disk electrode (RRDE) 

measurements. Among fabricated electrocatalysts, it was found that the 

CoTHPP/PSS-rGO composite displayed high activity, good long-term stability, 

excellent tolerance to the crossover effect of methanol and an almost direct 4-electron 

pathway toward the ORR in alkaline solution, which could be viewed as a promising 

cathode candidate for alkaline direct methanol fuel cell application. 

 

2.  Experimental section 

2.1  Chemicals  

5,10,15,20-tetrakis(4-hydroxyphenyl)porphyrin (THPP) was synthesised as described 

in literature [59]. Pyrrole and p-hydroxy benzaldehyde were provided by Aladdin. 
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Natural graphite powder was purchased from Sigma-Aldrich. Reagents including 

H2SO4 (98 %), NaNO3, KMnO4, H2O2 (30 %), NaOH, metal chloride, DMF, 

propionic acid were analytical grade without further purification. 

Poly(sodium-p-styrenesulfonate) (PSS), hydrazine hydrate and Pt/C (20 wt % Pt on 

Vulcan XC-72) were bought from Alfa Aesar. Distilled water was used throughout 

the experiments.  

2.2  Synthesis of graphite Oxide (GO) and poly(sodium-p-styrenesulfonate) 

modified reduced graphene oxide (PSS-rGO)  

GO was synthesised from graphite powder by a modified Hummers’ method [60,61]. 

PSS-rGO was obtained according to the literature procedures [62]. First, a GO 

aqueous colloidal suspension (200 mL, 1 mg mL
-1

) was prepared by ultrasonically 

dispersing the paper-like graphite oxide in distilled water. Then, 2 g of 

poly(sodium-p-styrenesulfonate) was added with constantly stirring for 12 h at 

ambient temperature and pressure. Afterwards, 4 mL of hydrazine hydrate was slowly 

added to the mixture, which was heated to 95 °C and continuously stirred for 24 h. 

After cooling to room temperature, the mixture was separated by centrifugation and 

washed with distilled water for five times. Finally, the precipitate was dispersed into 

DMF by ultrasonic treatment, resulting in the PSS-rGO suspension (1.4 mg mL
-1

). 

2.3  Synthesis of M-THPP/PSS-rGO composites 

The M-THPP/PSS-rGO composites were prepared by in situ solvothermal synthesis 

method. The synthesis routes of M-THPP/PSS-rGO are shown in Scheme 1. In a 

typical experiment, THPP (0.1031 mmol, 7 mg), metal chloride (0.3093 mmol) and
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PSS-rGO (5 mL, 1.4 mg mL
-1

) dispersion were added into 10 mL of DMF. The 

mixture was sonicated for 30 min. Subsequently, the stable suspension was sealed in a 

Telfon-lined autoclave and solvothermally treated at 150 °C for 6 h, then cooled to 

room temperature. The composite suspension was centrifuged, and the residue was 

washed with DMF, distilled water and alcohol in turn for three times.  

 

Scheme 1  The synthesis routes of M-THPP/PSS-rGO composites. 

 

2.4  Characterization 

For morphology characterization, scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) images were collected on JSM-6701F field 

emission scanning electron microscope operating at 5 kV and JEOL JEM-1200EX 

transmission electron microscope operating at 100 kV, respectively. UV-vis spectra 

were recorded using a mini UV-1240 spectrophotometer. The surface characterization 

of the synthesized samples was conducted by X-ray photoelectron spectroscopy (XPS, 

ESCLAB 250 spectrometer) using Al Kα X-ray source (1486.6 eV photons).  

2.5  Electrode preparation and electrochemical measurements 
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A catalyst ink (1.0 mg mL
-1

) was prepared by ultrasonically blending 10 mg of 

catalyst with 10 mL of alcohol. The ink was deposited onto a freshly polished glassy 

carbon (GC) electrode, and the coated electrode was then left to air dry. The total 

catalyst loading on the GC electrode was calculated to be 0.283 mg cm
-2

. For 

comparison, the Pt/C or PSS-rGO modified GC electrode was also prepared as the 

same procedures above. 

Electrochemical measurements, including cyclic voltammetry (CV), rotating disk 

electrode (RDE) and rotating ring-disk electrode (RRDE), were accomplished by a 

computer-controlled potentiostat (CHI660E electrochemical workstation, CH 

Instrument, USA) with a three-electrode cell system, in which the modified GC 

electrode with catalyst was employed as the working electrode, a platinum-wire 

electrode as the auxiliary electrode, a saturated calomel electrode (SCE) as the 

reference electrode. Cyclic voltammetry measurements were conducted at a GC 

electrode (CHI104, 3 mm in diameter) in N2- or O2-saturated 0.1 M NaOH electrolyte. 

The potential range was cyclically scanned between -0.8 V and +0.4 V vs. SCE at the 

scan rate of 100 mV s
-1 

at room temperature. RDE measurements were conducted at a 

GC rotating-disk electrode (5 mm in diameter) in O2-saturated 0.1 M NaOH solution 

with the scan rate of 10 mV s
-1

. Linear sweep voltammetry measurement (LSV) were 

scanned between -0.8 V and +0.2 V vs. SCE at different rotating speeds from 100 to 

2500 rpm. Long-term chronoamperometric experiments were performed at the 

constant rotation speed of 1600 rpm. The RRDE data were obtained using a Pine 

Instrument Company AF-MSRCE modulator speed rotator. The working electrode 
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was a glassy carbon disk (5.61 mm in diameter) and a platinum ring (collection 

efficiency N = 0.37). An O2-saturated 0.1 M NaOH aqueous solution was used as the 

electrolyte. The potential of the disk electrode was varied from -0.8 V to +0.2 V vs. 

SCE at the scan rate of 10 mV s
-1

, and the ring potential was set at 0.1 V vs. SCE. 

 

3.  Results and discussion  

3.1  Characterizations of M-THPP/PSS-rGO composites 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

were used for observing the surface morphology of the prepared samples. As is seen 

from Fig. 1A and C, the PSS-rGO displays a flexibly aggregated, crumpled nanosheet 

structure. For CoTHPP/PSS-rGO (Fig. 1B and D), we can observe nanoparticles 

closely stacked on the graphene sheet surface. The average diameter of nanoparticles 

is around 25 nm. Fig. 1E presents TEM image of CoTHPP nanoparticles alone 

fabricated via in situ solvothermal synthesis method, and the morphology and average 

diameter of CoTHPP nanoparticles is the same with nanoparticles coated on graphene, 

demonstrating that those nanoparticles on the graphene surface correspond to 

cobaltoporphyrin. 
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Fig. 1  SEM images of (A) PSS-rGO and (B) CoTHPP/PSS-rGO (1:1) are under 

higher ×50000 magnification; TEM images of (C) PSS-rGO ,(D) CoTHPP/PSS-rGO 

(1:1) and (E) CoTHPP are under higher magnification (×40000, ×80000 and ×60000 

respectively). 

 

   The formation of the M-THPP/PSS-rGO hybrid should be related to the following 

facts. The negatively charged PSS modified on graphene can not only prevent the 

graphene sheets from stacking, but also adsorb the positively charged metal ions by 

electrostatic interaction. Meanwhile, the adsorbed metal ions react with metal-free 

porphyrin molecules under the solvothermal conditions, M-THPP is synthesized and 
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in situ coated on PSS-rGO. The M-THPP molecules that adsorbed on graphene can be 

served as “nuclei” for π-π assembly between M-THPP moieties and PSS-rGO sheets, 

leading to the formation of a randomly aggregated mico/nano hybrid. 

   The unusual interactions between metalloporphyrins and PSS-rGO sheets were 

monitored by UV-vis spectrometer and X-ray photoelectron spectrometer (XPS), 

respectively. Fig. 2a shows UV-vis spectra of PSS-rGO, CoTHPP and 

CoTHPP/PSS-rGO in alcohol solution. It can be seen that bare PSS-rGO shows a 

distinct absorption peak at 267 nm, the CoTHPP displays a strong Soret band peak at 

432 nm, and two weaker Q band peaks at 543 nm and 584 nm, respectively. However, 

the CoTHPP/PSS-rGO composite exhibits a Soret band absorbance (436 nm) with a 

red-shift of 4 nm compared with CoTHPP. Furthermore, the Soret band absorbance of 

other M-THPP/PSS-rGO composites also displays different degrees of red-shift 

(Supplementary Fig. S1). These results indicate there were π-π interactions between 

M-THPP moieties and PSS-rGO sheets.  
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Fig. 2  (a) UV-vis absorption spectra of PSS-rGO, CoTHPP and CoTHPP/PSS-rGO, 

respectively; (b) XPS spectra of PSS-rGO and CoTHPP/PSS-rGO. 

 

Except for UV-vis spectra, the interactions between metalloporphyrin moieties and 

PSS-rGO sheets were confirmed by XPS. By comparison of XPS survey spectra of 

PSS-rGO and M-THPP/PSS-rGO, we can confirm the presence of metalloporphyrins 

in M-THPP/PSS-rGO as the characteristic N1s peaks exist in all composites (shown 

in Fig. 2b and Supporting Information Fig. S2). In addition to the N1s signals, various 

metal 2p signals in Fig. 2b and Fig. S2 are also visible due to the metallic center of 

porphyrin. Fig. 3a, b shows the N1s high-resolution XPS spectra for 

CoTHPP/PSS-rGO and CoTHPP. From decomposition of the N1s XPS spectrum, the 
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spectrum for cobaltoporphyrin can be well fitted to two peaks with roughly equal 

area. The higher binding energy signal corresponds to pyrrolic-like nitrogen, the 

lower binding energy signal to pyridine-like nitrogen [63,64]. In contrast to CoTHPP, 

for CoTHPP/PSS-rGO, the N1s peaks of the pyrrolic- and pyridine-like nitrogen 

atoms shift to higher binding energies by 0.16 eV and 0.44 eV, respectively (Fig. 3a, 

b). From Fig. 3c, d, it can be seen that, compared with free CoTHPP, the binding 

energies of Co2p in CoTHPP/PSS-rGO shift from 781.29 eV (2p3/2) and 796.38 eV 

(2p1/2) [65] to 781.76 eV (2p3/2) and 797.62 eV (2p1/2), respectively. For other 

M-THPP/PSS-rGO composites, the same phenomenon as CoTHPP/PSS-rGO can also 

be observed (Supplementary Fig. S3). Such a pronounced shift of either N1s or metal 

2p in binding energy further demonstrates that there exist strong electronic 

interactions between metalloporphyrin moieties and PSS-rGO sheets.  

390 400 410 420
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Binding Energy / eV

400.4 eV
398.03 eV 

b

 

 

 

400.56 eV
399.47 eV

N1s

a

760 780 800 820
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Co2p
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Fig. 3  High-resolution N1s and Co2p XPS spectra of (a), (c) CoTHPP/PSS-rGO and 

(b), (d) CoTHPP, respectively. 
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3.2  Electrochemical behavior of M-THPP/PSS-rGO in the oxygen reduction 

reaction 

Fig. 4a shows the Cyclic voltammetry curves of CoTHPP/PSS-rGO and 

THPP/PSS-rGO modified electrodes in either N2 or O2 saturated 0.1 M NaOH 

solution. As shown in Fig. 4a, in the presence of N2 saturated, no distinguished 

current response can be seen on THPP/PSS-rGO when the potential was cycled 

between −0.8 and 0.40 V vs. SCE. In contrast, the Cyclic voltammetry curve of 

CoTHPP/PSS-rGO presents a pair of nearly symmetrical redox peaks (0.1 V vs. SCE), 

which should be attributed to the redox transformation of CoN4 center. In Fig. 4a, 

however, a well-defined oxygen reduction peak (-0.24 V vs. SCE ) can be found on 

the CoTHPP/PSS-rGO composite when the Cyclic voltammetry was conducted in 

O2-saturated 0.1 M NaOH solution, suggesting the high catalytic activity of the 

CoTHPP/PSS-rGO composite toward the ORR. 

Supplementary Fig. S4 displays the cyclic voltammogram curves of 

CoTHPP/PSS-rGO with different mass ratio of THPP to PSS-rGO in O2-staturated 

0.1 M NaOH solution. In Fig. S4, when the initial ratio of THPP to PSS-rGO was 2:1, 

the peak potential (Ep) and peak current density of the ORR on CoTHPP/PSS-rGO 

can be observed to be around -0.34 V vs. SCE and 1.98 mA cm
-2

, respectively. When 

the mass ratio of THPP to PSS-rGO varies from 2:1 to 1:1, the cathodic peak potential 

for oxygen reduction gradually shifts to more positive value from -0.34 V to -0.24 V 

vs. SCE, the peak current density also increases to 3.32 mA cm
-2

. Whereas, when the 

mass ratio of THPP to PSS-rGO varies from 1:1 to 1:6, the peak current density 
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increases slowly, but the Ep shifts to more negative value. Therefore, the 

CoTHPP/PSS-rGO composite with 1:1 mass ratio of THPP to PSS-rGO was 

employed in the following study because of the most positive Ep and higher peak 

current density. 

Fig. 4b depicts the Cyclic voltammetry curves of CoTHPP/PSS-rGO, PSS-rGO 

and CoTHPP modified GC electrodes in either N2 or O2 saturated 0.1 M NaOH 

solution, respectively. As is shown that, the ORR Ep of CoTHPP/PSS-rGO is 103 mV 

and 197 mV vs. SCE more positive than those of PSS-rGO and CoTHPP, respectively, 

and the current density on CoTHPP/PSS-rGO is more than twice as large as those on 

PSS-rGO and CoTHPP. The results strongly indicate that the catalytic activity of 

CoTHPP was greatly improved by using graphene as a support, suggesting the 

synergistic effect of CoTHPP and PSS-rGO toward the ORR.  
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Fig. 4  Cyclic voltammetry curves of (a) CoTHPP/PSS-rGO and THPP/PSS-rGO in 

either N2 or O2 saturated 0.1 M NaOH solution. (b) CoTHPP/PSS-rGO, CoTHPP and 

PSS-rGO in either N2 or O2 saturated 0.1 M NaOH. Scan rate: 100 mV s
-1

. 

 

3.3  Mechanism of oxygen reduction on M-THPP/PSS-rGO composites 

In order to verify the ORR mechanism quantitatively, our materials were loaded onto 
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GC electrodes for rotating-disk electrode (RDE) measurements. Fig. 5a shows RDE 

curves for CoTHPP/PSS-rGO at various rotation speeds (from 100 to 2500 rpm). The 

limiting current depicts a typical increase with rotation speeds owing to shortened 

diffusion layer [16]. Similar studies for other catalysts, including FeTHPP/PSS-rGO, 

MnTHPP/PSS-rGO, NiTHPP/PSS-rGO and PSS-rGO, are given in the supplementary 

section (Fig. S5 a1, a2, a3, a4). Fig. 5b shows a series of RDE curves of different 

catalysts including a commercial Pt/C (20 wt %) measured in O2-saturated 0.1 M 

NaOH at the scan rate of 10 mV s
-1

 and rotation speed of 1600 rpm. To compare the 

activity of different catalysts with each other, the half-wave potential of each catalyst 

was estimated by determining the maxima of the derivatives of the reduction current 

(see table 1 for details). Notably, the CoTHPP/PSS-rGO is the most active catalyst 

among fabricated catalysts due to the high half-wave potential (-0.22 V vs. SCE), 

followed by MnTHPP/PSS-rGO (-0.32 V vs. SCE), FeTHPP/PSS-rGO (-0.38 V vs. 

SCE) and NiTHPP/PSS-rGO (-0.40 V vs. SCE), but not outperform commercial Pt/C 

catalyst (-0.20 V vs. SCE). The electrocatalytic activity of these hybrids appears thus 

to be greatly affected by the nature of the central metal. In addition, we also compare 

our catalyst with some recently reported similar hybrid materials using graphene and 

MN4 complexes that have admirable performance for the cathodic ORR (seen in 

Supporting Information Table S1). In general, the performance of our 

CoTHPP/PSS-rGO catalyst is comparable with, or even better than those of the 

previous reports in terms of the onset potential, half-wave potential and limiting 

current density. 
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To shed light on the electrochemical kinetics of catalysts in the ORR, Tafel analysis 

was performed on these samples. Fig. S6 presents the Tafel curves which were 

derived from the polarization curves of Fig. 5b with the rotation rate of 1600 rpm. It 

can be seen that different catalysts will lead to different Tafel slope values. The Tafel 

slopes on various samples were listed in Table 1. Obviously, the Tafel slope on 

CoTHPP/PSS-rGO catalyst gives the smallest value in the low or high overpotential 

region. Generally, in the low overpotential region, the first electron transfer is the 

rate-determining step, and the oxygen reduction process is controlled by the kinetics 

of the surface reaction [67]. In the high overpotential region, the reaction rate is 

dominated by the diffusion limitation inside the material, which is commonly 

interpreted in terms of a two-electron transfer reaction as the rate-determining step 

[57]. 

On the basis of RDE voltammograms, we can calculate the number of electrons 

transferred (n) according to the Koutecky-Levich equation [33,37,51,68]: 

1/2

L K K

1 1 1 1 1

BJ J J Jω
= + = +

                                                                   (1) 

2/3 1/6

0 0B 0.62nFC D υ
−

=

                                               (2) 

where J is the measured current density (mA cm
-2

), JK and JL are the kinetic and 

diffusion-limited current densities, respectively, n is the electron transfer number for 

the reaction. F is the Faraday constant (96,500 C mol
-1

). D0 is the diffusion coefficient 

for oxygen in solution (2.0×10
-5 

cm
2 

s
-1

), υ is the kinematic viscosity of the electrolyte 

solution (0.001 cm
2 

s
-1

), C0 is the concentration of O2 in the air-saturated solution 

(0.25 mM), and ω is the rotation speed (rpm s
-1

). All the parameters are invariant over 
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the potential range with the exception of n value. By plotting the graph between J
-1

 

and ω
-1/2

, n value can be determined based on the slope of Koutecky-Levich plots. 

Fig. 5c displays the Koutecky-Levich plots of CoTHPP/PSS-rGO for the ORR at 

fixed potentials of -0.4 V, -0.5 V, -0.6 V and -0.7 V vs. SCE, respectively, which were 

derived from RDE curves of CoTHPP/PSS-rGO obtained at various rotation speeds. 

Similar Koutecky-Levich plots for other catalysts are given in Supplementary Fig. S5 

b1, b2, b3, b4. According to the Koutecky-Levich equation, the calculated n values 

for the ORR on M-THPP/PSS-rGO are shown in Fig. 5d. As Fig. 5d shown, however, 

the average electron transfer number n on most of M-THPP/PSS-rGO composites 

presents even bigger number than 4 over all the potential range. The reason, according 

to previous study [53,66], might be that the oxygen reduction pathways occurring on 

our materials were very complicated, involving not only the ORR but also the redox 

process of porphyrin ring. This means that the Koutecky-Levich equation was not 

reliable to accurately evaluate the electron transfer number per O2 molecule. 
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Fig. 5  (a) Linear sweep voltammograms of CoTHPP/PSS-rGO at different rotating 

speeds; (b) Linear sweep voltammograms of PSS-rGO, M-THPP/PSS-rGO and Pt/C 

at the rotation speed of 1600 rpm. (c) Koutecky-Levich plots of CoTHPP/PSS-rGO 

and (d) electron transfer number of PSS-rGO and M-THPP/PSS-rGO at fixed 

potentials of -0.4 V, -0.5 V, -0.6 V and -0.7 V vs. SCE, respectively.  

 

Table 1.  Electrocemical parameters for oxygen reduction estimated from 

polarization curves at 1600 rpm. 

 

                                                         Tafel plot slopes (mV dec-1) 

catlyst E1/2 /V vs. SCE JL/mA cm-2  low η              high η 

PSS-rGO -0.34 3.51 139 538 

NiTHPP/PSS-rGO -0.40 5.16 117 484 

MnTHPP/PSS-rGO -0.32 5.11 113 449 

FeTHPP/PSS-rGO -0.38 6.15 83 454 

CoTHPP/PSS-rGO -0.22 5.16 61 366 

Pt/C -0.20 5.33 61 227 

 

   To accurately confirm the ORR mechanism of M-THPP/PSS-rGO composites, 
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rotating ring disk electrode (RRDE) technique was employed. The electron number (n) 

and the hydrogen peroxide ion yield (% HO2
-
) during the ORR can be determined by 

the following equations [46,54,69] : 

r
2

d r

/
% HO  = 200

/
I N

I I N
−

×
+  

                                              (3) 

d

d r

4
/

I
n

I I N
= ×

+

                                                       (4) 

where N = 0.37 is the collection efficiency, Id is the disk current, and Ir is the ring 

current.  

Fig. 6a shows the Id and Ir for FeTHPP/PSS-rGO, CoTHPP/PSS-rGO, 

NiTHPP/PSS-rGO and MnTHPP/PSS-rGO, respectively. The corresponding Ir for the 

oxidation of hydrogen peroxide ion (HO2
-
) was measured with a Pt ring electrode at 

the polarized potential of 0.10 V vs. SCE. On the basis of Id and Ir, the electron 

transfer number (n) was calculated to be 3.69-3.80 for FeTHPP/PSS-rGO, 3.79-3.83 

for CoTHPP/PSS-rGO, 3.19-3.72 for MnTHPP/PSS-rGO and 2.65-2.82 for 

NTHPP/PSS-rGO over the potential range from -0.8 V to +0.20 V vs. SCE (Fig. 6b). 

Fig. 6c displays the percentage of hydrogen peroxide ion yielded on the 

MTHPP/PSS-rGO composites in the same potential range. The trends in Fig. 6b and c 

indicate the ORR mechanism is strongly potential-dependent. Notably, the 

CoTHPP/PSS-rGO composite with n = 3.79-3.83 and % HO2
- 
= 8.60-10.70 %, 

exhibits much higher activity over the whole potential range, emphasizing that the 

ORR process on CoTHPP/PSS-rGO proceeds mainly via a direct four-electron 

pathway. 
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Fig. 6  (a) RRDE tests of the ORR on M-THPP/PSS-rGO in O2-saturated 0.1 M 

NaOH at a rotation speed of 1600 rpm. The ring electrode is polarized at 0.1V vs. 

SCE. Scan rate: 10 mV s
−1

. (b) Electron transfer number and (c) Hydrogen peroxide 

ion percentage of CoTHPP/PSS-rGO, FeTHPP/PSS-rGO, MnTHPP/PSS-rGO and 

NiTHPP/PSS-rGO as a function of electrode potential. 

 

3.4  Study of stability and the methanol crossover effect 

The long-term stability of catalysts is one of the major concerns in current DMFC 

technology. The stability of M-THPP/PSS-rGO and Pt/C was assessed through 

chronoamperometric measurements for 12 h in an O2-saturated 0.1 M NaOH aqueous 
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solution at the rotation rate of 1600 rpm. As revealed in Fig. 7, the 

chronoamperometric response for CoTHPP/PSS-rGO exhibits a very slow attenuation 

with the highest current retention (75 %). In contrast, the corresponding current loss 

for Pt/C catalyst shows a fast decrease with the lowest retention (46 %) under the 

same conditions. Fig. 8 shows the Cyclic voltammetry curves of CoTHPP/PSS-rGO 

(a) and Pt/C (b) in O2-saturated 0.1 M NaOH aqueous solution, in the 

presence/absence of 3 M methanol. In the absence of methanol, the obvious ORR 

peaks at -0.24 V and -0.21 V vs. SCE can be observed for CoTHPP/PSS-rGO and 

Pt/C. After adding 3 M methanol, for Pt/C, the ORR peak current obviously decreases 

and a new oxidation peak at 0.0 V vs. SCE appears (Fig. 8b), while there is no notable 

change in both peak potential and peak current for CoTHPP/PSS-rGO (Fig. 8a). We 

thus believe that our CoTHPP/PSS-rGO catalyst possesses excellent stability and can 

eliminate the negative effects of the methanol crossover. 
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Fig. 7  The chronoamperometry curves of Pt/C and M-THPP/PSS-rGO in 

O2-saturated 0.1 M NaOH with the rotation speed of 1600 rpm. 
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Fig. 8  Cyclic voltammetry curves of CoTHPP/PSS-rGO (a) and Pt/C (b) at the scan 

rate of 100 mV s
-1 

in O2-saturated 0.1 M NaOH solution with and without 3 M 

CH3OH. 

 

4.  Conclusions 

In summary, we fabricated novel M-THPP/PSS-rGO composites via in situ 

solvothermal synthesis method. The SEM and TEM results demonstrated CoTHPP 

moieties were tightly anchored on the PSS-rGO surface. UV-vis and XPS spectra 

results suggested there were strong π-π interactions between M-THPP moieties and 

PSS-rGO sheets. Electrochemical measurements results disclosed that, among 

fabricated electrocatalysts, CoTHPP/PSS-rGO possessed high electrocatalytic activity, 

the best long-term stability, excellent tolerance to the crossover effect of methanol, 

especially, the more efficient 4-electron pathway toward the ORR in alkaline solution, 

which could be anticipated for the mass-production as the cathode catalyst candidate 

for alkaline direct methanol fuel cell. 
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Graphical Abstract 

 

 

 

A series of novel non-noble-metal catalysts for ORR, based on metalloporphyrins 

grown on poly(sodium-p-styrenesulfonate) modified reduced graphene oxide sheets, 

have been successfully fabricated using an in situ solvothermal synthesis method. 
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