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Platinum/Vulcan XC-72R Electrocatalyst 
Doped with Melamine for Polymer 
Electrolyte Membrane Fuel Cells

ABSTRACT

Polymer electrolyte membrane fuel cells are the common type of fuel cells for stationary and por-
table applications. The main purpose of fuel cell research and development studies is to develop 
low-cost, high-performance, and durable materials. For this purpose, higher performance is tar-
geted by reducing the cost of polymer electrolyte membrane fuel cell electrocatalysts. The use 
of carbon black in polymer electrolyte membrane fuel cells has been quite high in recent years. In 
this study, first platinum on carbon black electrocatalyst was synthesized via microwave irradia-
tion method and then melamine as nitrogen source at a mass ratio of (1:1) for melam ine:e lectr 
ocata lyst was prepared. Examining the physicochemical and electrochemical characterizations of 
the electrocatalyst is very important for understanding their performance, durability, and mate-
rial properties. Therefore, the synthesized electrocatalyst was characterized by using elemental 
analysis, inductively coupled plasma mass spectrometry and transmission electron microscope 
analysis. In addition, the fuel cell performance of the electrocatalyst was tested in a single fuel cell 
test hardware.
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INTRODUCTION

Fuel cells are systems that convert chemical energy directly into electricity.1 Fuel cells are divided into 
different groups according to the type of reactants used, electrolyte type, and operating temperatures.2,3 
Among the various fuel cells, polymer electrolyte membrane fuel cells (PEMFCs) stand out with their 
 features such as high power density,4 low operating temperatures (60-80°C),5 high reliability,2 fast  
start-up times, 5,6 and zero/low emissions.7 However, despite all these advantages, the main disadvan-
tage of PEM fuel cells is their cost. In recent years, scientists have carried out different studies in order to 
commercialize PEM fuel cell technology and increase its performance.

The PEM fuel cells are composed of PEMs to provide proton conductivity and electrocatalysts for half-
cell reactions.8 One of the reasons for using platinum-based electrocatalysts in PEM fuel cells is their 
oxygen reduction reaction (ORR) activities and their relatively high stability in the acidic and oxidizing 
environment of the PEMFC cathode.9 Due to the high cost of platinum (Pt), several studies were carried 
out in order to decrease the amount of Pt.10 The electrocatalyst preparation method affects the pore 
size, surface area, morphology and physical properties of the synthesized  electrocatalysts whereas the 
structure and composition of the support material and active catalytic component affects the chemi-
cal properties.11 Commonly used carbon supports provide new active sites to increase the catalytic 
activity.12 Pre-treatment of carbon materials can significantly increase their catalytic activity for ORR 
and change their electrochemical behavior.13-15 One of these pre-treatments is the doping of carbon 
materials with heteroatoms such as nitrogen. Nitrogen doping on carbon support materials can be 
performed using the pyrolysis method.16 In recent years, nitrogen-doped carbon materials have been 
widely used as support materials in fuel cell electrocatalysts for the homogeneous distribution of Pt 
nanoparticles. It was also suggested that nitrogen doping provides improvements for ORR in Pt/car-
bon (C)-based fuel cell electrocatalysts.17 Nitrogen doping with melamine has positive effects on the 
performance of supercapacitors and energy storage devices.18,19

In the literature, mostly nitrogen doping is applied to the electrocatalyst support materials. In this 
study, our goal is to reduce the amount of platinum electrocatalyst and increase the performance of the 
fuel cell by doping the electrocatalyst other than the support material. First, the carbon black support 
material (Vulcan XC-72R, VXR) was decorated with Pt nanoparticles by microwave irradiation method 
and Pt/VXR electrocatalyst was obtained. Pt/VXR was mechanically mixed with melamine due to its 
high nitrogen content of 66.7%20,21 at a mass ratio of 1:1 and after pyrolysis, the (Pt/VXR) + melamine-(1:1) 
electrocatalyst was obtained for PEMFC. 
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EXPERIMENTAL

Synthesis of Nitrogen-Doped Electrocatalyst
In the synthesis of nitrogen-doped electrocatalyst, first Pt 
nanoparticles were deposited on carbon black (Vulcan XC-72R, 
VXR) support material by microwave irradiation method. The 
nominal amount of Pt targeted on the support material is 20%. 
After the Pt reduction process on the support material, it was 
washed and then dried for 12 hours at 100°C. After drying, Pt/
VXR electrocatalyst and melamine were mixed mechanically with 
a mass ratio of 1:1 and then pyrolyzed for 2 hours at 900°C in a 
nitrogen gas environment. The synthesized electrocatalyst was 
used at the cathode side and commercial Pt/C electrocatalyst 
(Tanaka, 67%) was used at the anode side. The anode, cathode, 
and the membrane were hot pressed to prepare the membrane 
electrode assembly (MEA).

Characterizations
It is expected that the electrocatalysts prepared for use in the 
PEM fuel cell will have features such as high activity, high selectiv-
ity, and stability. It is very important to understand the physico-
chemical and electrochemical characterizations of the structures 
of the electrocatalysts in order to achieve these properties. In this 
study, the structures of the synthesized electrocatalysts were 
investigated using physicochemical and electrochemical charac-
terization techniques.

The LECO CHNS 628 model Elemental Analyzer was used to quan-
titatively determine the amount of nitrogen in the synthesized 
electrocatalyst. Inductively coupled plasma-mass spectrometry 
(ICP-MS) Agilent 7800 device was used to determine the amount 
of Pt over the support material, while Hitachi HighTech HT7700 
device was used for transmission electron microscope (TEM) 
analysis. Finally, the prepared electrocatalyst was turned into 
MEA and its performance was tested under atmospheric pres-
sure in a fuel cell station (HenatechTM, 600 W).

RESULTS AND DISCUSSION

Elemental Analysis Result
The nitrogen amount of the electrocatalyst was analyzed by 
using elemental analysis. Element analysis data are given in 

Table 1. According to this process, the nitrogen amount of (Pt/
VXR) + melamine-(1:1) electrocatalyst is obtained as 2.67%. From 
the results obtained, it is seen that the nitrogen doping process 
with the pyrolysis method is successful. The nitrogen amount 
change will significantly affect the activity of the electrocatalyst.22

Inductively Coupled Plasma-Mass Spectrometer Analysis 
Result
Inductively coupled plasma-mass spectrometer analysis was 
performed to obtain information about the Pt loading amount in 
the synthesized Pt/VXR + melamine-(1:1) electrocatalyst. The tar-
geted nominal amount of Pt on the support material in the pre-
pared electrocatalyst is 20%. The ICP-MS result is given in Table 2. 
According to this table, the loaded Pt (% by mass) amounts were 
obtained as 13.9% which was lower than the nominal value.

Transmission Electron Microscope Result
The Pt nanoparticle distribution over carbon support material 
and particle size of Pt nanoparticles in the synthesized electro-
catalyst were analyzed by TEM analysis. The TEM image of the 
electrocatalyst at 50 nm and the particle size histogram plot are 
given in Figure 1. Particle sizes were calculated from TEM images 
by using the ImageJ program. It was seen that the sizes of Pt 
nanoparticles loaded on the carbon support have an average 
of 7 nm.

Polymer Electrolyte Membrane Fuel Cell Test Results
(Pt/VXR) + melamine-(1:1) electrocatalyst was tested in a PEM 
fuel cell test station using a single fuel cell hardware. The polar-
ization curve for the corresponding electrocatalyst is given in 
Figure 2. It is more appropriate to evaluate the performance of 

Table 1. Elemental Analysis Result

Electrocatalyst
Elements, %

C (%) H (%) N (%) S (%)
(Pt/VXR) + melamine-(1:1) 78.46 1.2 2.67 0.43
Pt/VXR, platinum/Vulcan XC-72R.

Table 2. ICP-MS Result

Electrocatalyst Pyrolysis Temperature (°C) Pt (% by Weight)
(Pt/VXR) + melamine (1:1) 900 13.9
ICP-MS, inductively coupled plasma-mass spectrometry; Pt/VXR, platinum/Vulcan XC-72R.

Figure 1. (Pt/VXR) + melamine-(1:1) electrocatalyst (A) TEM image at 50 nm; (B) particle size histogram. Pt/VXR, platinum/Vulcan XC-72R; TEM, 
transmission electron microscope.
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the electrocatalyst layer at 0.6 V, as it generally strikes a balance 
between fuel cell efficiency and practical power output.23 For this 
reason, the current and power density values corresponding to 
the PEM fuel cell performance of the electrocatalyst prepared 
using Pt/VXR and melamine at a mass ratio of 0.6 V (1:1) and the Pt/
VXR values prepared without adding melamine in order to make 
comparisons are summarized in Table 3. According to the graph 
in Figure 2, the measured values of (Pt/VXR) + melamine-(1:1) elec-
trocatalyst at 0.6 V were obtained as 591.3 mA/cm2 current den-
sity and 353.6 mW/cm2 power density which was higher than the 
melamine-free electrocatalyst.

CONCLUSIONS
According to the elemental analysis results, nitrogen dop-
ing with the pyrolysis process was successful, but the Pt load-
ing on the support material was lower than the nominal value. 
In TEM analysis, it was observed that Pt nanoparticles showed 
a homogeneous distribution on the electrocatalyst surface. 
The PEM fuel cell performance test shows a current density of 
591.3 mA/cm2 and a power density of 353.6 mW/cm2 for the (Pt/
VXR) + melamine-(1:1) electrocatalyst based on values measured 
at 0.6 V. The melamine-free Pt/VXR catalyst synthesized under 
the same conditions (with the same Pt loading rate and pretreat-
ment) showed a current density of 513.2 mA/cm2 and a power 
density of 306.9 mW/cm2, according to the values measured at 
0.6 V. (Pt/VXR) + melamine-(1:1) catalyst showed better fuel cell 
performance than melamine-free Pt/VXR catalyst. According to 
the results obtained from the fuel cell performances, it can be 
said that nitrogen doping of the electrocatalyst seems to be a 
promising way.

Peer-review: Externally peer-reviewed. 

Author Contributions: Concept – P.Ç., A.B.Y.; Design – A.B.Y.; Supervision 
– A.B.Y.; Resources – P.Ç., Materials – P.Ç., A.B.Y.; Data collection and/or 
Processing – P.Ç.; Analysis and/or interpretation – P.Ç., A.B.Y.; Literature 
research – P.Ç.; Writing manuscript – P.Ç., A.B.Y.; Critical review – P.Ç., 
A.B.Y.

Acknowledgments: The authors thank the East Anatolia High Technology 
Application and Research Center (DAYTAM) for the ICP-MS and TEM char-
acterizations of the synthesized electrocatalyst and the Atatürk Univer-
sity Science Faculty Chemistry Department for elemental analysis.

Declaration of Interests: The authors declare that they have no compet-
ing interest.

Funding: The authors declared that this study has received no financial 
support.

REFERENCES
1. Alaswad A, Omran A, Sodre JR, et al. Technical and commercial chal-

lenges of proton-exchange membrane (PEM) fuel cells. Energies. 
2020;14(1):144. [CrossRef]

2. Mekhilef S, Saidur R, Safari A. Comparative study of different fuel cell 
technologies. Renew Sustain Energy Rev. 2012;16(1):981-989. 
[CrossRef]

3. Wilberforce T, El-Hassan Z, Khatib FN, et al. Development of Bi-polar 
plate design of PEM fuel cell using CFD techniques. Int J Hydrog 
Energy. 2017;42(40):25663-25685. [CrossRef]

4. Lee FC, Ismail MS, Ingham DB, et al. Alternative architectures and 
materials for PEMFC gas diffusion layers: a review and outlook. 
Renew Sustain Energy Rev. 2022;166:112640. [CrossRef]

5. Yu Y, Chen M, Zaman S, Xing S, Wang M, Wang H. Thermal manage-
ment system for liquid-cooling PEMFC stack: from primary configu-
ration to system control strategy. eTransportation. 2022;12: 
100165. [CrossRef]

6. Jiao K, Xuan J, Du Q, et al. Designing the next generation of proton-
exchange membrane fuel cells. Nature. 2021;595(7867):361-369. 
[CrossRef]

7. Thomas CE. Fuel cell and battery electric vehicles compared. Int J 
Hydrog Energy. 2009;34(15):6005-6020. [CrossRef]

8. Wang Y, Ruiz Diaz DFR, Chen KS, Wang Z, Adroher XC. Materials, 
technological status, and fundamentals of PEM fuel cells - a review. 
Mater Today. 2020;32:178-203. [CrossRef]

9. Borup RL, Kusoglu A, Neyerlin KC, et al. Recent developments in 
catalyst-related PEM fuel cell durability. Curr Opin Electrochem. 
2020;21:192-200. [CrossRef]

Figure 2. PEM fuel cell polarization curve. PEM, polymer electrolyte membrane.

Table 3. Current and Power Density Values at 0.6 V for (Pt/VXR) + Melamine-(1:1) 
Electrocatalyst

Electrocatalyst
@ 0.6 V

i (mA/cm2) P (W/cm2)
Pt/VXR + melamine-(1:1) 591.3 353.6
Pt/VXR 513.2 306.9
Pt/VXR, platinum/Vulcan XC-72R.



19

NanoEra 2023 3(1): 16-19 l doi: 10.5152/NanoEra.2023.1277591

10. Gasteiger HA, Kocha SS, Sompalli B, Wagner FT. Activity benchmarks 
and requirements for Pt, Pt-alloy, and non-Pt oxygen reduction 
catalysts for PEMFCs. Appl Cat B. 2005;56(1-2):9-35. [CrossRef]

11. Yu JS, Kang S, Yoon SB, Chai G. Fabrication of ordered uniform 
porous carbon networks and their application to a catalyst sup-
porter. J Am Chem Soc. 2002;124(32):9382-9383. [CrossRef]

12. Yu X, Ye S. Recent advances in activity and durability enhancement 
of Pt/C catalytic cathode in PEMFC: Part I. J Power Sources. 
2007;172(1):133-144. [CrossRef]

13. Jia N, Martin RB, Qi Z, Lefebvre MC, Pickup PG. Modification of carbon 
supported catalysts to improve performance in gas diffusion elec-
trodes. Electrochim Acta. 2001;46(18):2863-2869. [CrossRef]

14. Maruyama J, Abe I. Cathodic oxygen reduction at the interface 
between Nafion® and electrochemically oxidized glassy carbon sur-
faces. J Electroanal Chem. 2002;527(1-2):65-70. [CrossRef]

15. Šljukić B, Banks CE, Compton RG. An overview of the electrochemical 
reduction of oxygen at carbon-based modified electrodes. J Iran 
Chem Soc. 2005;2(1):1-25. [CrossRef]

16. Li X, Hou K, Qiu D, Yi P, Lai X. A first principles and experimental study 
on the influence of nitrogen doping on the performance of amor-
phous carbon films for proton exchange membrane fuel cells. Car-
bon. 2020;167:219-229. [CrossRef]

17. Zhou Y, Pasquarelli R, Holme T, Berry J, Ginley D, O’Hayre R. Improving 
PEM fuel cell catalyst activity and durability using nitrogen-doped 

carbon supports: observations from model Pt/HOPG systems. J 
Mater Chem. 2009;19(42):7830-7838. [CrossRef]

18. Salinas-Torres D, Léonard AF, Stergiopoulos V, Busby Y, Pireaux J-J, 
Job N. Effect of nitrogen doping on the pore texture of carbon xerogels 
based on resor cinol -mela mine- forma ldehy de precursors. Micropor 
Mesopor Mater. 2018;256:190-198. [CrossRef]

19. Le HNT, Jeong HK. Synthesis and characterization of nitrogen-doped 
activated carbon by using melamine. New Phys. 2015;65(1):86-89. 
[CrossRef]

20. Wang Y, Xuan H, Lin G, Wang F, Chen Z, Dong X. A melamine-assisted 
chemical blowing synthesis of N-doped activated carbon sheets for 
supercapacitor application. J Power Sources. 2016;319:262-270. 
[CrossRef]

21. Öztürk A, Bayrakçeken Yurtcan AB. Preparation and characterization 
of melamine-led nitrogen-doped carbon blacks at different pyrolysis 
temperatures. J Solid State Chem. 2021;296:121972. [CrossRef]

22. Özçelik N, Yurtcan AB. Effect of nitrogen doping amount on the 
activity of commercial electrocatalyst used in PEM fuel cells. Nano-
era. 2022;2(1):5-9.

23. Higgins DC, Chen Z. Recent progress in non-precious metal cata-
lysts for PEM fuel cell applications. Can J Chem Eng. 2013;91(12):1881-
1895. [CrossRef]


