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Abstract 

Non-precious metal catalysts (NPMCs) based such as iron (Fe) and cobalt (Co) catalysts 

have been widely studied in direct liquid fuel cells (DLFCs) application as cathode catalyst for 

oxygen reduction reaction (ORR), especially in direct methanol fuel cells (DMFCs). However, the 

performance of the single DMFC operation using the NPMCs at the cathode is remains low as 

compared with the conventional Pt/C catalyst. Therefore, the aim of this study is to achieve high 

performance in DLFC by applying the NPMC to the direct formic acid fuel cell (DFAFC) cathode. 

Fe– and Co–nitrogen doped−carbon nanotubes (NCNT) catalysts were synthesized and their ORR 

activity in acidic and alkaline medium was measured. As the application of such NPMC for 

DFAFC operation has not yet been reported, the fuel tolerance on the synthesized catalysts were 

investigated. Further, their performance in single DFAFC operation was evaluated and compared 

with the conventional Pt/C catalyst as well as the other DLFC operations. Fe−NCNT and 

Co−NCNT catalyst synthesized showed better fuel tolerance than the commercial Pt/C catalyst in 

both acidic and alkaline medium. In single DFAFC operation using both NPMCs in the cathode, 

higher performance achieved as compared with the other DLFCs reported in literatures. 
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Direct liquid fuel cells (DLFCs) are one of polymer-electrolyte membrane fuel cell (PEFC) 

type that are recently gain more interests due to their high energy density, simple structure and 

ease of fuel storage and transportation. In DLFC, liquid fuel is fed to the anode where the oxidation 

reaction occurs, while air or oxygen is fed to the cathode for the reduction reaction. There are 

several types of DLFC such as direct methanol fuel cell (DMFC), direct ethanol fuel cell (DEFC) 

and direct formic acid fuel cell (DFAFC). The large-scale commercialization of these DLFCs is 

hindered by their major challenges such as fuel crossover and high cost of platinum (Pt) based 

catalyst used for oxygen reduction reaction (ORR) in the cathode. For this reasons, non-precious 

metal catalysts (NPMCs) are widely investigated as an alternative for the conventional Pt-based 

catalyst in DLFC application. Fe− and Co− nitrogen doped−carbon (NC) catalyst that was proved 

to exhibits high methanol tolerance and promising as the cathode catalyst for DMFC. From the 

single DMFC performance test reported in literatures, the better methanol tolerance and higher 

stability of the TM−NC catalysts as compared to Pt/C catalyst was also evidenced especially at 

higher operating temperature and higher methanol concentration. However, their power density is 

remains low as summarized in Table 1. Therefore, the aim of this study is to achieve high 

performance in DLFC by applying the TM−NC as cathode catalyst in direct formic acid fuel cell 

(DFAFC) operation. As the application of the TM−NC catalyst in DFAFC has not yet been studied, 

the fuel tolerance on the TM−NC catalyst in acidic and alkaline medium were determined in this 

study. Further, the single DFAFC performance test was conducted and the result achieved was 

compared with the DFAFC operation using conventional Pt/C cathode catalyst and the other DLFC 

operation reported in other studies.  
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Table 1 Comparison of single DMFC performance using Fe- or Co-N-C and Pt/C cathode 

catalyst 

Reference Operating 

temperature 

(°C) 

Methanol 

concentration 

(M) 

Oxygen flow rate  Cathode 

catalyst 

Open 

circuit 

voltage 

(OCV) 

Maximum 

power density 

(mW cm-2) 

 

D. Sebastian 

et al. 2016 

90 5 

 

100 ml min-1 

(humidified) 

 

Fe−NC 

 

0.75 

 

35 

Pt/C ~0.60 65 

 

D.Sebastian et 

al. 2017 

 

90 

 

5 

 

100 ml min-1 

(humidified) 

 

Fe−NC 

 

- 
~62 

Pt/C - ~60 

 

D. Sebastian 

et al. 2017 
90 10 

 

100 ml min-1 

(humidified) 

Fe−NC 
 

0.82 

 

60 

Pt/C 0.50 ~42 

 

D. Sebastian 

et al.2017 
110 17 

 

100 ml min-1 

(humidified) 

 

Fe−NC 

 

0.78 

 

58 

Pt/C 0.45 26 

Osmieri et al. 

2017 
90 2 

 

200 Nml min-1 

(dry) 

 

Fe−NC 

 

0.70 

 

19.6 

Pt/C 0.60 30.9 

 

The methodology for this study involves the catalyst preparation, physical and 

electrochemical characterization of the prepared catalyst and single cell performance 

measurement. Herein, Fe–NCNT and Co–NCNT were synthesized using the conventional method 

by pyrolysis of multi-walled carbon nanotubes, dicyandiamide, and metal salt in a N2 atmosphere 

at 800°C for 2 h. X-ray diffraction (XRD) analysis and X-ray photoelectron spectroscopy (XPS) 

were used to determine the crystallite structure, elemental surface composition and nitrogen-

carbon binding configuration in the catalyst prepared. Electrochemical measurement was done by 

using conventional three-electrode electrochemical cell to determine the ORR activity of the 

catalysts. Then, single cell performance test was conducted by using the TM−NC catalyst 

synthesized as the cathode catalyst in hydrogen-fed polymer electrolyte fuel cell (PEFC) and 

DFAFC operation, the electrochemical measurement and single cell testing were also carried out 

for the commercial Pt/C catalyst for comparison.  
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First, the effect of pyrolysis step and acid treatment of the catalysts on the ORR activity in 

acidic and alkaline medium are investigated. The ORR activity curves obtained from the 

electrochemical measurement in acidic and alkaline medium are shown in Figure 1. Different 

pyrolysis steps show different effect on ORR activity in acidic and alkaline medium. It was found 

that, Fe–NCNT catalyst is more active than Co–NCNT catalyst in acidic medium whereas Co–

NCNT catalyst is more active in alkaline medium. Even though both catalysts showed lower ORR 

activity than that commercial Pt/C catalyst in, they exhibited higher formic acid and formate 

tolerance than the Pt/C catalyst in acidic and alkaline medium, respectively as shown in Figure 2 

and Figure 3. The commercial Pt/C catalyst showed an oxidation peak in the presence of formic 

acid and formate indicates low tolerance toward the fuels. For durability test, Co–NCNT catalyst 

exhibited excellent stability in both acidic and alkaline medium whereas Fe–NCNT catalyst shows 

comparable stability with that commercial Pt/C catalyst.   

 

(a) Acidic medium 
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(b) Alkaline medium 

 

Figure 1 RDE polarization curve of ORR on Fe−NCNT, Co−NCNT and commercial Pt/C 

catalyst in (a) 0.5 M H2SO4 and (b) 0.1 M KOH at rotations rate of 1900 rpm and potential scan 

rate of 10 mVs-1 
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(b) Co−NCNT1 

 

(c) Pt/C 

Figure 2 ORR activity curve for (a) Fe−NCNT1 (b) Co−NCNT1 and (c) Pt/C catalyst (50 

wt. %) in O2-saturated 0.5 M H2SO4 with and without formic acid (HCOOH) at rotation rate of 

1900 rpm 
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(a) Fe−NCNT2A 

 

(b) Co−NCNT2 
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(c) Pt/C 

 

Figure 3 ORR activity curve for (a) Fe−NCNT2A, (b) Co−NCNT2 and (c) commercial 

Pt/C catalyst (50 wt. %) in O2-saturated 0.1 M KOH with and without sodium formate 

(HCOONa) at rotation rate of 1900 rpm 

 

Next, the Fe−NCNT and Co−NCNT catalysts that exhibited highest ORR activity were 

applied to the cathode DFAFC and the single cell performance test was conducted. Single cell tests 

with hydrogen–oxygen (PEFC) and DFAFC operations were conducted under various operating 

conditions to compare the performance of the cells using the prepared catalysts and the 

conventional Pt/C catalyst. From the polarization and power density curves result in PEFC 

operation as shown in Figure 4 (a), the performances of PEFC with both Fe–NCNT and Co–NCNT 

catalysts were significantly lower than Pt/C catalyst, 94.9 mW cm−2 for Fe–NCNT and 164.0 mW 

cm−2 for Co–NCNT at 60°C.  
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Nevertheless, the Co–NCNT catalyst showed the maximum power density of 142.4 mW 

cm−2 in DFAFC operation at 60°C and 5 M formic acid. This value is the highest as compared with 

the Fe–NCNT and Pt/C catalyst as shown in Figure 4 (b). The DFAFC operation using Co–NCNT 

as the cathode catalyst was further tested at different operating condition to find the optimum 

operating condition. The performance was measured at 30 °C and 60 °C operating temperature, 

with formic acid concentration from 3 M to 10 M and different oxygen flow rates (300, 500 and 

700 ml min-1). The maximum power density achieved was summarized in Figure 5. It was observed 

that the optimum operating condition for DFAFC using the Co–NCNT as the cathode catalyst is 

at 60 °C operating temperature, 7 M formic acid and 700 ml min-1 oxygen flow rate with maximum 

power density of 160.7 mW cm−2.  

 

(a) PEFC operation 
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(b) DFAFC operation 

Figure 4 Polarization curve and power density curve for the (a) PEFC and (b) DFAFC operation 

using Fe–NCNT, Co–NCNT, and commercial Pt/C as the cathode catalysts at 60°C operating 

temperature 

 

Figure 5 Maximum power density as a function of formic acid concentration at 30°C and 60°C 

operating temperatures and different oxygen flow rates in DFAFC operation 
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The performance result obtained in this study was compared with the other studies done in 

DLFC, particularly DMFC as summarized in Table 2. It was found that the maximum power 

density achieved in this study is the highest as compare to the other reported studies using Fe− and 

Co−NC for the cathode catalyst. It can be concluded that, the Fe–NCNT and Co–NCNT catalysts 

used in this study showed high performance in the DFAFC operation and thus, high performance 

in DLFC operation achieved in this study. However, it is necessary to further optimize the other 

MEA fabrication parameters such as the catalyst loading and ionomer loading on the cell 

performance in future work. The performance of single direct formate fuel cell (DFFC) using those 

catalysts at the cathode also should be measured as they show good ORR activity and fuel tolerance 

in alkaline medium.  

Table 2 Summary of performance for DMFC with Fe– and Co–based catalysts at the cathode 

Operation Cathode 

catalyst 

Open 

circuit 

voltage (V) 

Max. power 

density 

(mWcm-2) 

Feed 

concentration 

(M) 

Oxygen/ air  Operating 

temperature 

(°C) 

Reference 

DMFC Fe–NCB 

4 mg cm−2 

0.82 60 10 Humidified oxygen 

 100 ml min−1 

90 Sebastian et 

al. 2017 

DMFC Fe–NCNT 

2.5 mg cm−2 

0.57 7.7 2 Dry oxygen 

200 Nml min−1 

3 bar backpressure 

90 Osmieri et 

al. 2017 

DMFC Fe−NMPC 

2.5 mg cm−2 

0.64 22.6 2 Dry oxygen 

200 Nml min−1 

3 bar backpressure 

90 Osmieri et 

al. 2017 

DMFC Co–NC 

10 mg cm−2 

~0.50 53.2 2 Oxygen 

100 ml min−1 

60 Y. Wei 

2012 

DFAFC Fe–NCNT 

4.6 mg cm−2 

0.63 71.5 5 Dry Oxygen 

500 ml min−1 

60 This study 

DFAFC Co–NCNT 

3.3 mg cm−2 

0.70 160.7 7 Dry oxygen 

700 ml min−1 

60 This study 

        

 




