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A high-efficient OER electrocatalyst based on Pd nanoparticles, Mn3O4 and carbon 

black has been designed and exhibited excellent OER activity.  
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Herein, we report the use of carbon black as conducting scaffold 

to support highly-active Pd and Mn3O4 nanoparticles, and 

demonstrate their enhanced electroactivity for oxygen evolution 

reaction (OER). Benefiting from the synergistic effect, the as-

prepared Pd-Mn3O4/carbon black catalyst showed substantially 

higher OER activity and stability than the Pd-Mn3O4 and Pd/C 

catalysts. 

The gas evolution by water electrolysis has attracted more and more 

attention due to the ever-increasing demand of sustainable and 

renewable energy sources.1-3 Water electrolysis is generally carried 

out in alkaline medium because alkaline medium creates possibility 

for cheap materials to be used as efficient electrodes. If electrical 

energy is provided by renewable energy sources, such as solar 

energy, wind energy or tidal energy, the hydrogen production is a 

carbon free energy carrier, which can be applied to connection with 

fuel cells to produce energy for a range of applications.4 However, 

the efficiency of water electrolysis in alkaline medium is severely 

limited by the large anodic overpotential of oxygen evolution 

reaction (OER).5, 6 To address this problem, considerable efforts 

have been devoted to explore the electrocatalysts with low OER 

overpotential, and great advances have been achieved.6-8 Noble 

metals such as Ru, Ir and Pd, etc. are widely emerging as the most 

promising electrocatalysts for OER because of their relatively low 

overpotential.4, 9-14 However, the scarcity and high cost of noble 

metals severely hinder their applications as electrocatalysts for OER 

in water electrolysis. 

In recent years, numerous efforts have been made to enhance 

the electrocatalytic activity of noble metal based catalysts and 

several strategies have been proposed.15, 16 Among them, modified 

noble metals such as Pt-TiO2, Au-CoOx and Au-IrO2 based on the 

bifunctional mechanism have been indicated one of the most 

effective method to improve the electrocatalytic activity as well as 

reduce the cost.17-19 On the other hand, recent reports have shown 

that some transition metal oxides such as Mn3O4, Co3O4, Co-Ni 

oxide, Ni-Fe oxide have high catalytic activity for OER.20-26 

Furthermore, supporting the catalysts on conductive and large-

surface carbon materials such as carbon nanotubes and graphene has 

been emerging as one of the most effective method to improve the 

electrocatalytic activity. For example, Suryanto et al. fabricated 

layer-by-layer graphene/cobalt oxide composites as the highly 

efficient and steady oxygen evolution catalysts compared to the 

Co3O4 catalysts alone.27 Wu et al. synthesized a hybrid consisting of 

Co3O4 nanocrystals supported on single-walled carbon nanotubes 

and found that Co3O4/SWNTs hybrid electrode for the OER exhibits 

much enhanced catalytic activity as well as superior stability 

compared with bare Co3O4.
28 However, to the best of our knowledge, 

the research on the synergetic effects of noble metals, carbon 

material and metal oxide towards OER is still rarely reported.29, 30 

In this paper, we focused on the development of high 

performance and low-cost electrocatalyst for OER based on Pd 

nanoparticles, Mn3O4 and carbon black. In comparison to Pt and Au, 

Pd has substantially higher catalytic activity for OER with lower 

price.9, 14, 31-33 Manganese-based materials have proven to exhibit 

high activity for OER.34-37 However, they suffer from relatively low 

electrical conductivity. Carbon black is an inexpensive and 

electrochemically stable conductor commonly used as conductive 

agent in various electrodes for its low cost, excellent electrical 

conductivity and good stability. Herein, we report the use of carbon 

black as conducting scaffold to support highly-active Pd and Mn3O4 

nanoparticles, and demonstrate their great potential as OER catalyst. 

Benefiting from the increased surface active oxygen species and 

surface area as well as improved conductivity, the as-prepared Pd-

Mn3O4/carbon black (denoted as Pd-Mn3O4/C) electrocatalyst 

showed substantially higher catalytic activity for OER than the Pd-

Mn3O4 and Pd/C catalysts. The Pd-Mn3O4/carbon black catalyst 

shows a lower onset potential of 63 mV and achieved a remarkably 

high current density of 5.0 mA cm-2 at 0.7 V (vs. SCE). Moreover, 

the Pd-Mn3O4/carbon black has excellent long-term stability.  

Pd-Mn3O4/C electrocatalyst was prepared by a two-step process. 

Firstly, Mn3O4/C powders were synthesized by intermittence 

microwave irradiation method with a homemade program-controlled 

microwave oven (1000 W, 2.45 GHz). Transmission electron 

microscopy (TEM) was performed to study its detailed    
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Figure 1. TEM images of (a) Mn3O4/C and (b) Pd-Mn3O4/C. 

microstructrure. As shown in Figure 1a, Mn3O4 has a high 

crystalline nature, and the parallel fringe with the spacing of 0.49 nm 

is correspond to the (101) plane of the cubic Mn3O4. The phase of 

the manganese oxide is characterized as Mn3O4, which is in 

accordance with the XRD result (Figure S1). Then, Pd nanoparticles 

was introduced into Mn3O4/C by reduction of Pd(NH3)4Cl2 solution 

on the Mn3O4/C powders using NaBH4 solution. Figure 1b shows the 

HRTEM image of the Pd-Mn3O4/C. The diameters of Pd 

nanoparticles range from 5 to 10 nm. From the enlarged image 

(Figure. S2), the parallel fringe with the spacing of 0.22 nm can be 

clearly observed, which is correspond to the (111) plane of the Pd. 

The co-existence of parallel fringe with a spacing of 0.22 nm for the 

(111) plane of the Pd and that with a spacing of 0.49 nm for the (101) 

plane of the cubic Mn3O4 indicates the successful synthesis of Pd-

Mn3O4/C electrocatalyst. 

The chemical bonding states in the Pd-Mn3O4/C were further 

analyzed by X-ray photoelectron spectroscopy (XPS). The XPS 

survey spectrum collected for the Pd-Mn3O4/C catalyst is shown in 

Figure 2a, confirming the existence of Pd, C, O and Mn in the 

product. The binding energy of C 1s peak locates at 284.8 eV is 

related to the graphitic carbon for carbon black. The binding energy 

of Pd 3d is presented in Figure 2b with a 3d5/2 of 336.2 eV and a 

3d3/2 of 341.6 eV, can be attributed to Pd0 species.38-40 All these data 

show that Pd species attached to the surface of carbon black exist in 

the form of Pd0. In Figure 2c, the XPS spectrum of Mn 2p binding 

energy shows that the binding energy values of Mn 2p3/2 and Mn 

2p1/2 are 641.5 eV and 653.4 eV, respectively. The value of Mn 2p3/2 

of 641.5 eV is corresponding to Mn3O4.
41, 42 In addition, it can be 

 
Figure 2. (a) XPS survey, (b) Core level Pd 3d XPS spectrum, (c) 

Core level Mn 2p XPS spectrum, and Core level O 1s XPS spectrum 

of the Pd-Mn3O4/C catalyst.   

observed that there is a spin–orbit splitting of 11.9 eV between the 

binding energy value of the Mn 2p3/2 and Mn 2p1/2, which is in 

accordance with the spectrum of Mn3O4.
41-44 This result further 

indicates that the as-prepared manganese oxide material is Mn3O4. In 

Figure 2d, the O 1s XPS spectrum of the catalyst shows two 

different peaks centered at 530.0 and 531.4 eV, which are 

corresponding to Mn−O−C bond and Mn−O−Mn bond, 

respectively.44  

In order to illustrate the advantages of the Pd-Mn3O4/C 

electrocatalyst, the OER activity of Pd/C, Mn3O4/C and Pd-Mn3O4/C 

is evaluated through linear sweep voltammetric (LSV) curves in 0.1 

mol L-1 KOH with a sweep rate of 0.001 V s-1. The total loading of 

catalyst combining Pd and Mn3O4 is 0.1 mg cm-2. As shown in 

Figure 3. (a) LSV curves with a sweep rate of 0.001 V s-1 and (b) 

Chronoamperometry curves at 0.7 V vs. SCE of Pd/C, Mn3O4/C, Pd-

Mn3O4, Pd-Mn3O4/C and Pt/C electrodes in 0.1 mol L-1 KOH. (c) 

Plots of onset potential and the current density at 0.7 V vs. SCE in 

LSV curves as a function of the Pd weight loading. 
 

Figure 3a, the Pd/C and Pd-Mn3O4 show higher activitives than 

Mn3O4/C. The onset potential is 0.568 V for the Pd/C and 0.533 for 
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the Pd-Mn3O4, while 0.582 V for the Mn3O4/C. The current density 

at 0.7 V for Pd/C and Pd-Mn3O4 is 2.8 and 2.6 mA cm-2, which is 

higher than that for the Mn3O4/C (1.4 mA cm-2). More importantly, 

in comparison to Mn3O4/C, Pd-Mn3O4, Pd/C and Pt/C, the Pd-

Mn3O4/C delivers substantially higher electrocatalytic activity, 

showing that the synergistic effect of Mn3O4 and C can greatly 

improve the electrocatalytic activity of Pd. The onset potential of Pd-

Mn3O4/C shifts negatively to 0.505V, which is significantly smaller 

than those of the Mn3O4/C, Pd-Mn3O4 and Pd/C. Additionally, it 

should be noted that the Pd mass loading in this Pd-Mn3O4/C 

catalyst is only 0.066 mg cm-2, much smaller than the Pd/C catalyst 

(Pd mass loading: 0.1 mg cm-2). Moreover, the Pd-Mn3O4/C catalyst 

has an excellent stability for OER. As shown in Figure 3b, the Pd-

Mn3O4/C catalyst exhibited a slower current decay over time than 

the Mn3O4/C, Pd-Mn3O4 and Pd/C. In additional, the Pd-Mn3O4/C 

catalyst showed much higher current densities than the Mn3O4/C, 

Pd-Mn3O4 and Pd/C, indicating that the Pd-Mn3O4/C catalyst has the 

best electroactive for OER. All these results fully support our 

assumption that supporting highly-active Pd on Mn3O4 and carbon 

black not only can significantly improve its electrocatalytic activity 

as well as stability, but also could obviously decrease the Pd loading 

without sacrifice of its activity.  

To study the effect of the Pd mass on the electrocatalytic activity, 

Pd-Mn3O4/C catalysts with various ratios have been synthesized by 

similar method. Figure 3c compares the onset potential and the 

current density at 0.7 V of LSV curves for the Pd-Mn3O4/C catalysts 

with different weight percent of Pd. The total loading of catalyst 

combining by Pd and Mn3O4 is 0.1 mg cm-2 for the Pd-Mn3O4/C 

electrode. The lowest onset potential of 0.505 V was achieved when 

the weight ratio for Pd to Mn3O4 is 2:1. This value is 63 mV lower 

than that for the Pd/C. The current density at 0.7 V of the Pd-

Mn3O4/C is 5.0 mA cm-2, which is 1.8 times higher than that of Pd/C 

and 1.3 times. More importantly, the enhanced performance is more 

remarkable than that of CoOx/Pd,18 NiO/Pd,45 and even more 

obvious than that of recent reported Co3O4/Au (the onset potential is 

30 mV lower than that for Co3O4).
46 In addition, it can be seen that 

the current density at 0.7 V increases with the increase Pd content 

but decreases again when it reaches a maximum value as the weight 

percent of Pd is 75% or weight ratio is 1: 3 for Mn3O4 to Pd. All 

these results indicate that Pd-Mn3O4/C catalysts with Pd to Mn3O4 

weight ratio of 2:1 to 3:1 have the best performance. 

 
Figure 4. Mechanism for OER on the Pd-Mn3O4/C.The schematic 

presentation of the plausible pathway of the OER. 

Although the real understanding of the mechanism for OER on the 

Pd-Mn3O4/C electrocatalyst is still undergoing, a general 

understanding is that the rate determining step is as following: 

Pd + OH-→ Pd-OH + e 

It means the efficient of OER is determined by the bound energy of 

Pd-OH and the Pd-OH is the active center of OER.47-50 For further 

understanding the intrinsic reaction of enhanced OER performance 

on the Pd-Mn3O4/C catalyst, the XPS data of pure Pd/C, Mn3O4/C 

and Pd-Mn3O4/C catalysts were compared in Figure S2. The XPS 

data show that the peak of Pd 3d of Pd-Mn3O4/C (335.8 eV) is 

slightly higher-shifted than that of pure Pd/C (335.6 eV), which 

indicates that the Pd of Pd-Mn3O4/C is more electron poor. 

Meanwhile, the peak of Mn 2p of Pd-Mn3O4/C (641.1 eV) is slightly 

lower-shifted than that of pure Mn3O4/C (641.3 eV). It is suggested 

that electron may donate from Pd to Mn3O4 and modify the 

electronic structure of Pd, which enhances the electro-activity of Pd. 

The presence of strong electrophilic Pd will accelerate to form the 

Pd-OH via nucleophilic reaction with OH- (Figure 4). This kind of 

synergistic effect between Pd and Mn3O4 is particularly important to 

improve the OER property of Pd-Mn3O4/C. 

Conclusions 

In summary, highly active Pd-Mn3O4/C composite Mn3O4 has 

been successfully developed and demonstrated as an excellent 

catalyst for efficient OER in alkaline solution. The Pd-Mn3O4/C 

catalyst obtained by the intermittent microwave heating method and 

chemical reduction exhibits substantially enhanced OER activity 

compared to the Mn3O4/C, Pd-Mn3O4 and Pd/C catalyst. The Pd-

Mn3O4/C catalyst shows a low onset potential of 63 mV and 

achieved a remarkably high current density of 5.0 mA cm-2 at 0.7 V 

(vs. SCE), which are superior or comparable to the recently reported 

noble metal based catalysts. Such the outstanding electrocatalytic 

activity is attributed to the synergetic effects of Pd, Mn3O4 and C 

that enables the composite has enhanced conductivity for charge 

transport and more active sites as well as surface area for OER 

reaction. This work provides new insights into using transition metal 

oxide and carbon materials as high performance electrocatalyst for 

OER in water electrolysis.  

This work was financially supported by the National Natural 

Science Foundations of China (20903028) and the Research 

Fund Program of Guangzhou Key chemical engineering and 

technology. 

 

Notes and references 
a Guangzhou Key Laboratory for Environmentally Functional Materials 

and Technology, School of Chemistry and Chemical Engineering, 

Guangzhou University, Guangzhou 510006, P. R. China. E-mail: 

cwxu@gzhu.edu.cn  
b MOE of the Key Laboratory of Bioinorganic and Synthetic Chemistry, 

School of Chemistry and Chemical Engineering, Sun Yat-Sen University, 

Guangzhou 510275, China. E-mail: luxh6@mail.sysu.edu.cn  

† Footnotes should appear here. These might include comments 

relevant to but not central to the matter under discussion, limited 

experimental and spectral data, and crystallographic data. 

Electronic Supplementary Information (ESI) available: [details of any 

supplementary information available should be included here]. See 

DOI: 10.1039/c000000x/ 

 

1. M. W. Kanan and D. G. Nocera, Science, 2008, 321, 1072-1075. 

2. V. Petrykin, K. Macounova, O. A. Shlyakhtin and P. Krtil, Angew. Chem. 

Int. Ed., 2010, 49, 4813-4815. 

3. S. Park, Y. Shao, J. Liu and Y. Wang, Energy Environ. Sci., 2012, 5, 

9331-9344. 

Page 4 of 5Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

mailto:cwxu@gzhu.edu.cn
mailto:luxh6@mail.sysu.edu.cn


COMMUNICATION Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is ©  The Royal Society of Chemistry 2012 

4. Y. Gorlin and T. F. Jaramillo, J. Am. Chem. Soc., 2010, 132, 13612-

13614. 

5. D. E. Hall, J. Electrochem. Soc., 1983, 130, 317-321. 

6. M. E. G. Lyons and M. P. Brandon, J. Electroanal. Chem., 2010, 641, 

119-130. 

7. M. G. Walter, E. L. Warren, J. R. McKone, S. W. Boettcher, Q. Mi, E. A. 

Santori and N. S. Lewis, Chem. Rev., 2010, 110, 6446-6473. 

8. D. K. Zhong and D. R. Gamelin, J. Am. Chem. Soc., 2010, 132, 4202-

4207. 

9. J. Singh, X. Zhang, H.-l. Li, A. Singh and R. Singh, Int. J. Electrochem 

Sci., 2008, 3, 416-426. 

10. R. E. Fuentes, J. Farell and J. W. Weidner, Electrochem. Solid-State Lett., 

2011, 14, E5-E7. 

11. W. Hu, Y. Wang, X. Hu, Y. Zhou and S. Chen, J. Mater. Chem., 2012, 22, 

6010. 

12. T. Reier, M. Oezaslan and P. Strasser, ACS Catal., 2012, 2, 1765-1772. 

13. Y. Zhang and T. Ren, Chem. Commun., 2012, 48, 11005-11007. 

14. G. Kwon, G. A. Ferguson, C. J. Heard, E. C. Tyo, C. Yin, J. DeBartolo, 

S. Seifert, R. E. Winans, A. J. Kropf, J. Greeley, R. L. Johnston, L. A. 

Curtiss, M. J. Pellin and S. Vajda, ACS Nano, 2013, 7, 5808-5817. 

15. R. Forgie, G. Bugosh, K. C. Neyerlin, Z. Liu and P. Strasser, 

Electrochem. Solid-State Lett., 2010, 13, B36-B39. 

16. G. Zhang, Z.G. Shao, W. Lu, G. Li, F. Liu and B. Yi, Electrochem. 

Commun., 2012, 22, 145-148. 

17. E. Kozlova, T. Korobkina and A. Vorontsov, Int. J. Hydrogen Energ., 

2009, 34, 138-146. 

18. B. S. Yeo and A. T. Bell, J. Am. Chem. Soc., 2011, 133, 5587-5593. 

19. C. Zhao, Y. E and L. Fan, Microchim. Acta, 2012, 178, 107-114. 

20. F. Jiao and H. Frei, Angew. Chem. Int. Ed., 2009, 48, 1841-1844. 

21. Y. Li, P. Hasin and Y. Wu, Adv. Mater., 2010, 22, 1926-1929. 

22. R. Liu, Y. Lin, L. Y. Chou, S. W. Sheehan, W. He, F. Zhang, H. J. Hou 

and D. Wang, Angew. Chem. Int. Ed., 2011, 50, 499-502. 

23. P. Du, O. Kokhan, K. W. Chapman, P. J. Chupas and D. M. Tiede, J. Am. 

Chem. Soc., 2012, 134, 11096-11099. 

24. M.-R. Gao, Y.-F. Xu, J. Jiang, Y.-R. Zheng and S.-H. Yu, J. Am. Chem. 

Soc., 2012, 134, 2930-2933. 

25. L. Trotochaud, J. K. Ranney, K. N. Williams and S. W. Boettcher, J. Am. 

Chem. Soc., 2012, 134, 17253-17261. 

26. J. Rosen, G. S. Hutchings and F. Jiao, J. Am. Chem. Soc., 2013, 135, 

4516-4521. 

27. B. H. R. Suryanto, X. Lu and C. Zhao, J. Mater. Chem. A, 2013, 1, 

12726-12731. 

28. J. Wu, Y. Xue, X. Yan, W. Yan, Q. Cheng and Y. Xie, Nano Res., 2012, 5, 

521-530. 

29. B. Unnikrishnan, Y. Umasankar, S.-M. Chen and C.-C. Ti, Int. J. 

Electrochem. Sci, 2012, 7, 3047-3058. 

30. X. Lu and C. Zhao, J. Mater. Chem. A, 2013, 1, 12053-12059. 

31. O. Diaz-Morales, F. Calle-Vallejo, C. de Munck and M. T. M. Koper, 

Chem. Sci., 2013, 4, 23342343. 

32. S. H. Othman, M. S. El-Deab and T. Ohsaka, Int. J. Electrochem. Sci., 

2011, 6, 6209-6219. 

33. B. S. Yeo, S. L. Klaus, P. N. Ross, R. A. Mathies and A. T. Bell, 

ChemPhysChem, 2010, 11, 1854-1857. 

34. S. Chen, T. Zhai, X. H. Lu, M. Z. Zhang, Z. Y. Li, C. W. Xu and Y. Tong, 

Int. J. Hydrogen Energ., 2012, 37, 13350-13354. 

35. M. S. El-Deab, M. I. Awad, A. M. Mohammad and T. Ohsaka, 

Electrochem. Commun., 2007, 9, 2082-2087. 

36. K. N. Ferreira, T. M. Iverson, K. Maghlaoui, J. Barber and S. Iwata, 

Science, 2004, 303, 1831-1838. 

37. M. M. Najafpour, T. Ehrenberg, M. Wiechen and P. Kurz, Angew. Chem. 

Int. Ed., 2010, 49, 2233-2237. 

38. K. Paredis, L. K. Ono, F. Behafarid, Z. Zhang, J. C. Yang, A. I. Frenkel 

and B. R. Cuenya, J. Am. Chem. Soc., 2011, 133, 13455-13464. 

39. T. Teranishi and M. Miyake, Chem. Mater., 1998, 10, 594-600. 

40. Z. Wang, S. Zheng, J. Cai, P. Wang, J. Feng, X. Yang, L. Zhang, M. Ji, F. 

Wu, N. He and N. Wan, Anal. Chem., 2013, 85, 11602-11609. 

41. D. P. Dubal, A. D. Jagadale and C. D. Lokhande, Electrochim. Acta, 

2012, 80, 160-170. 

42. S. Gao and K. Geng, Nano Energ., 2014, 6, 44-50. 

43. J. W. Lee, A. S. Hall, J.-D. Kim and T. E. Mallouk, Chem. Mater., 2012, 

24, 1158-1164. 

44. Y. J. Yao, C. Xu, S. M. Yu, D. W. Zhang and S. B. Wang, Ind. Eng. 

Chem. Res., 2013, 52, 3637-3645. 

45. B. S. Yeo and A. T. Bell, J. Phys. Chem. C, 2012, 116, 8394-8400. 

46. X. Lu, Y. H. Ng and C. Zhao, ChemSusChem, 2014, 7, 82-86. 

47. J. O. Bockris and T. Otagawa, J. Phys. Chem., 1983, 87, 2960-2971. 

48. J. O. M. Bockris, J. Electrochem. Soc., 1984, 131, 290-302. 

49. J. Kubisztal and A. Budniok, Int. J. Hydrogen Energ., 2008, 33, 4488-

4494. 

50. P. Rüetschi and P. Delahay, J. Chem. Phys., 1955, 23, 556. 

 

Page 5 of 5 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t


