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Abstract
Optimal preparation guidelines of a cathode catalyst layer by non-precious metal catalysts were evaluated based on electrochemical 

performance in single-chamber microbial fuel cells (MFCs). Experiments for catalyst loading rate revealed that iron(II) phthalocyanine 
(FePc) can be a promising alternative, comparable to platinum (Pt) and cobalt tetramethoxyphenylporphyrin (CoTMPP), including ef-
fects of substrate concentration. Results showed that using an optimal FePc loading of 1 mg/cm2 was equivalent to a Pt loading of 0.35 
mg/cm2 on the basis of maximum power density. Given higher loading rates or substrate concentrations, FePc proved to be a better 
alternative for Pt than CoTMPP. Under the optimal loading rate, it was further revealed that 40 wt% of FePc to carbon support allowed 
for the best power generation. These results suggest that proper control of the non-precious metal catalyst layer and substrate concen-
tration are highly interrelated, and reveal how those combinations promote the economic power generation of single-chamber MFCs.
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1. Introduction

Microbial fuel cells (MFCs) have received much attention 
due to advantages such as renewable energy production, direct 
electricity generation, simultaneous organic removal, and low 
temperature operation, which offer promising benefits for the 
sustainable recycling of organic wastes and wastewaters from 
human origin [1, 2].

Analogous technologies stemmed from elementary two-
chamber MFC have many possible uses in the field of environ-
mental science and engineering, and have been intensively in-
vestigated for various applications [2-4]. Such technologies are 
gradually becoming competitive to other physico-chemical en-
ergy conversion technologies, as the overall material costs asso-
ciated with them drop. In the case of typical two-chamber MFCs, 
the cathode electrode, which is generally loaded with platinum 
(Pt), and the proton exchange membrane (PEM) were pointed 
out as the primary sources of cost [5]. Although a single-chamber 
MFC could completely reduce expenses from the PEM [6], the 

excellent performance of Pt was determined to be completely ir-
replaceable [7]. Despite the preference, however, exponentially 
rising costs for scaling-up made researchers investigate appro-
priate alternatives to Pt, such as iron(II) phthalocyanine (FePc) 
[8], cobalt tetramethoxyphenylporphyrin (CoTMPP) [9], acti-
vated carbon [10], stainless steel [11], nickel [12], and even mi-
croorganisms, as a biocatalyst material [13], which might reduce 
expense while maintaining performance.

The N4-chelate of transition metals on carbon support were 
regarded as one of the potential candidates that could replace 
Pt [8]. In particular, it was confirmed that the activity and long-
term stability of the catalysts could be improved significantly 
by heat treatment at high temperatures [14]. Given this charac-
teristics, the pyrolyzed metals porphyrin and phthalocyanine 
were studied as non-Pt-based cathode catalysts for a number of 
years. FePc- and CoTMPP-based cathode catalysts were tested as 
promising candidates, especially due to their promising oxygen 
reduction reaction [15].

One of biggest issues when applying non-precious metal cat-
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and washed with deionized water. Finally, the carbon-supported 
metal was heated under argon gas at 800°C for 2 hr, before it was 
ball-milled. To produce carbon supported CoTMPP catalyst, we 
dissolved CoTMPP and carbon powder in acetone according to 
experimental design (Table 1). The mixture was stirred for 20 hr 
to keep its homogeneity, and then filtered to remove impurities. 
The purified mixture was heated to 800°C supplying argon gas 
flow for 2 hr and then ball-milled before use. As a control cata-
lyst, commercial 10 wt% Pt on Vulcan XC-72 was used directly.

2.2. Cathode Electrode Preparation 

To investigate the electrochemistry of the prepared cata-
lysts on the surface of the cathode, 30 wt% wet-proofed carbon 
cloth (type B, E-TEK; projected surface area = 12 cm2) was used 
as a backbone cathode electrode. To supply sufficient oxygen, 
a diffusion layer was prepared following procedures described 
elsewhere [6, 17]. On the other surface of carbon cloth, we ap-
plied different loading of metal catalysts, as listed in Table 1. The 
carbon-supported catalysts of FePc and CoTMPP were mixed 
with 5% Nafion solution (Aldrich) according to the experimen-
tal design, and then painted on the carbon cloth to be 1 mg/cm2 
(FePc1 and CoTMPP1), 3 mg/cm2 (FePc3 and CoTMPP3), and 5 
mg/cm2 (FePc5 and CoTMPP5). To compare the electrochemical 
performance between the non-precious metal and precious Pt, a 
Pt control experiment (PtMFC) was conducted simultaneously, 
using the Pt loading rate of 0.35 mg/cm2. A bare cathode without 
any catalyst was also tested for each substrate concentration as a 
control experiment (CMFC).

At the best catalyst loading, we blended CoTMPP or FePc 
with carbon black powder to differentiate weight percentage of 
metal catalysts to be 20, 40, and 60 wt%, which will eventually 
show different thickness of catalyst layer on the cathode. Small 
weight percentage means higher amount of carbon black power, 
equivalent to a thicker catalyst layer on the surface.

2.3. MFC Set-up and Operation Procedures

Single-chamber MFCs were designed using 250 mL square 
bottles (Nalgene 2016; Thermo Scientific, Waltham, MA, USA). 
An anode of graphite felt (4 cm × 5 cm; National Electric Car-
bon Products, Greenville, SC, USA) was installed in the middle 
of the bottles by a titanium wire. Each cathode as well as anode 
was connected with the titanium wire, equipped with pluggable 
bulkhead connectors, and wired to an external resistance (1,000 
Ω) constituting a closed electrical circuit. All MFCs were inocu-
lated using activated sludge from a wastewater treatment plant 
that had a volatile suspended solid concentration of 3.5 g/L.

After inoculation, the external resistance was shifted from 
1,000 Ω to 100 Ω. The initial media solutions contained 16.2 mM 
of acetate (≅ 1 g COD/L), 50 mM of phosphate buffer, 5.8 mM 
of NH4Cl, 1.7 mM of KCl, a trace metal salt, and vitamin solu-
tion [17]. Initial pH was adjusted to 7 using 1 M HCl and H2SO4 
solutions. All the MFCs were operated in duplicate at a constant 
temperature (35°C) and the average values were reported.

2.4. Analysis 

The performance of each MFC was monitored by analyzing 
electrical data using a multimeter (model 2700; Keithley Instru-
ments, Cleveland, OH, USA) and samples (2 mL) taken from a 
sampling port. Current (I, A) were calculated by I = E/R where R 

alysts is to incorporate materials appropriately, and to find op-
timal guidelines for cathode preparation. However, incoherent 
blending techniques were used for constituents of the catalytic 
layer were used: for example, Zhao et al. [15] used 2 mg/cm2 of 
FePc and CoTMPP, Harnisch et al. [16] employed 3 mg of FePc/
Vulcan XC-72 mixture on a 1 cm2 graphite foil, whereas Cheng 
et al. [9] used 0.6 mg/cm2 of CoTMPP. Nonetheless, the catalyst 
loading rate has a direct impact on both electrochemical perfor-
mance and material cost, yet little attention has been paid to the 
optimal blending of catalytic constituents.

The present paper investigates criteria for selecting a prop-
er catalyst loading on a cathode surface for FePc and CoTMPP. 
Experimental results show how the catalyst loading rates and 
substrate concentration simultaneously affect the power perfor-
mance in single chamber MFCs. On the basis of obtained criteria 
it then describes the proper weight percentage (wt%) between 
the non-precious metal catalysts and carbon supports. This 
combination of two mechanistically distinct preparations may 
form an optimal guideline in blending catalytic materials for 
cathodes of single-chamber MFCs.

2. Materials and Methods

2.1. Preparation Procedure of Carbon Supported Metal 
Catalysts

Commercially available catalysts, CoTMPP (Aldrich, St. Louis, 
MO, USA) and FePc (Aldrich) were used in this experiment to 
create carbon supported CoTMPP and FePc and a Pt catalyst 
(10 wt% Pt on Vulcan carbon; E-TEK, Natick, MA, USA) was pur-
chased for the control experiment. All the procedures for cata-
lysts preparation are described elsewhere [9, 15]. For the produc-
tion of carbon supported FePc catalyst, FePc was dissolved in 
concentrated H2SO4 (98%), and carbon powder (Vulcan XC-72; 
Cabot Corp., Billerica, MA, USA) was added to the mixture while 
stirring to meet the loading conditions of experimental design 
(Table 1). The resulting mixture was then poured into cold water 
and stirred overnight. The carbon-supported metal was filtered 

Table 1. Experimental design for optimal dose of cathode catalyst 
using non-precious metals

Substrate 
concentration

(mg COD/L)

Pt control
(mg/cm2)

FePc
(mg/cm2)

CoTMPP
(mg/cm2)

1 0.35  0a  0a

1 1
3 3
5 5

2 0.35  0a  0a

1 1
3 3
5 5

3 0.35  0a  0a

1 1
3 3
5 5

COD: chemical oxygen demand, Pt: platinum, FePc: iron(II) phtha-
locyanine, CoTMPP: cobalt tetramethoxyphenylporphyrin, MFC: 
microbial fuel cell.
aControl MFC for each condition.
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cm2 was revealed as the optimal operating conditions for both 
FePc (3.0–3.5 and 14–17 W/m2) and CoTMPP (2.4–3.2 and 12–15 
W/m2). As the catalyst loading for the cathode increased up to 5 
mg/cm2, the power density diminished about 19% for FePc and 
6% for CoTMPP. The maximum power densities of FePc1-MFC 
and FePc3-MFC were almost equal (3.5 W/m3); however, FePc1-
MFC was superior to FePc3-MFC in the higher current region 
than 12 A/m3 (Fig. 2) and this was also the case between Co-
TMPP3-MFC and CoTMPP5-MFC. In addition, as the substrate 
concentration increased, the power densities based on reactor 
volume reduced by about 16% for FePc and 24% for CoTMPP, 
respectively. These results imply that catalysis by either FePc or 
CoTMPP is sensitive to both catalyst loading and substrate limi-
tation. In contrast with the traditional one-way optimization of 
catalyst loading, these findings provide evidence for the simul-
taneous consideration of catalyst and substrate characteristics 
that can significantly influence electrochemical performance. 
Statistical analysis using Pearson correlation support that the 
electrochemical performance of CoTMPP is more positively cor-
related to catalyst loading rates (correlation coefficient = 0.55, p 
= 0.06) than that of FePc, meaning stable power generation of 
FePc rather than CoTMPP. For substrate concentration, both cat-
alysts showed a negative correlation (-0.27 for FePc and -0.33 for 
CoTMPP), indicating that potential inhibition tends to decrease 
power generation as the substrate concentration increases.

3.2. Feasibility of Non-precious Metal Catalysts

To examine the feasibility of optimized FePc and CoTMPP 
loading, the power performances of FePc and CoTMPP were 
compared with that of PtMFC. PtMFC showed the highest per-
formance (3.9 and 19 W/m2) at 1,000 mg COD/L (Fig. 2). Despite 
the highest performance in power density, the performance of 
FePc was only 9% (10%, cathode area basis) less than that of 
Pt, while CoTMPP was 18% (22%, cathode area basis) lower. It 
is known that the loading of Pt showed a positive linear rela-
tionship with power as a cathode catalyst [9], which contrasted 
with the results of this study. In cases of FePc and CoTMPP, it 
was found that the optimum point of catalyst loading exists for 
MFCs, as shown earlier in chemical fuel cells [18]. The differ-
ences in open circuit voltage (OCV) between PtMFC (0.71–0.74 
V) and other MFCs (0.66–0.72 V) were not significant, and also 
support that OCV of FePc and CoTMPP are within the range of 

is the resistance (Ω) and E is the voltage (V). The power output 
of the cells (P, W) was calculated as P = IV. A variable external 
resistance (10–106 Ω) was used to obtain polarization curves, 
and each resistor was changed every 20 min. The power density 
(W/m3) and current density (A/m3) were computed based on 
the reactor working volume (m3). Additionally for power output 
presentation, the power per unit cathode area (m2) was also re-
ported. After samples were filtered through a 0.45 μm membrane 
filter (Whatmann, Florham Park, NJ, USA) of cellulose acetate, 
the samples were analyzed for the determination of acetate 
(HAc) concentration using a high-performance liquid chroma-
tography system (SpectraSYSTEM P2000; Thermo Scientific), 
equipped with an ultraviolet (210 nm) detector, and a 300 mm 
× 7.8 mm Aminex HPX-97H column. Sulfuric acid (0.005 M) was 
used as a mobile phase at a flow rate of 0.6 mL/min.

3. Results and Discussion

3.1. Effects of Catalyst Loadings and Substrate Concen-
trations

Fig. 1 presents the dynamics of maximum power densities 
obtained from the polarization analyses for various non-pre-
cious metal loadings (0–5 mg/cm2) at different substrate con-
centrations: 1,000, 2,000, and 3,000 mg COD/L (Fig. 2). These 
results compare how FePc and CoTMPP catalyze the power gen-
eration in single chamber MFCs. It is clear that FePc-MFCs gen-
erated 2.3–4.1 fold higher power densities (2.3–3.5 W/m3) than 
did CMFCs (0.7–1.2 W/m3) at each operating condition, while 
CoTMPP-MFCs showed slightly lower power densities (2.1–3.2 
W/m3) than those of FePc-MFCs. The corresponding power 
output based on the cathode surface area were 11–17 W/m2 for 
FePc-MFCs, 10–15 W/m2 for CoTMPP-MFCs, and 3.4–5.8 W/m2 
for CMFCs. Even though non-precious metal catalyst increased 
the maximum power densities, too much loading did not always 
lead to enhanced performance. For both FePc and CoTMPP-MF-
Cs, a loading of 1 mg/cm2 showed the best performance in terms 
of power generation, and regardless of the substrate concentra-
tion, while higher loadings (>3 mg/cm2) had slightly decreased 
power generation for both catalysts (approximately 23% for FePc 
and 13% for CoTMPP).

From the absolute value of maximum power density, 1 mg/

Fig. 1. Dynamics of maximum power densities according to catalyst loading rates (0–5 mg/cm2) and various substrate concentrations (1,000–
3,000 mg/L as HAc) during the batch microbial fuel cell operation using iron(II) phthalocyanine (FePc, a) and cobalt tetramethoxyphenylpor-
phyrin (CoTMPP, b) as non-precious metal catalysts. HAc: acetate acid.

a b
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Fig. 2. Polarization analyses according to catalyst loading rates and different substrate concentrations: 1 g COD/L (a, b), 2 g COD/L (c, d), and 3 
g COD/L (e, f ). Pt: platinum, C: control, FePc: iron(II) phthalocyanine, CoTMPP: cobalt tetramethoxyphenylporphyrin, COD: chemical oxygen 
demand.

Fig. 3. Coulombic efficiencies (CE) according to substrate concentrations (1,000–3,000 mg/L as HAc) during the batch microbial fuel cell op-
eration using iron(II) phthalocyanine (FePc, a) and cobalt tetramethoxyphenylporphyrin (CoTMPP, b) as non-precious metal catalysts under 
various catalyst loading rates. Pt: platinum, C: control, COD: chemical oxygen demand, HAc: acetate acid.

a b
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tal catalyst blend, deposited on the cathode surface. Thus it was 
evaluated how the weight percentage of the non-precious metal 
over the total catalyst blend affects the overall power genera-
tion of MFCs. In this study, 20, 40, and 60 wt% of FePc (20FePC, 
40FePc, and 60FePc) and CoTMPP (20CoTMPP, 40CoTMPP, and 
60CoTMPP) were tested at the optimal catalyst loading (1 mg/
cm2), respectively. Lower weight percentages of catalysts indicate 
a thicker catalytic layer depth than the cases of higher percent-
ages, due to the larger amount of carbon support.

Fig. 4 demonstrates the performance difference in the pow-
er density curves. For FePc, the thicker catalyst layer (20 wt%) 
showed a significant decline in power generation, especially in 
the higher range of current density than 15 A/m3. This may indi-
cate that the thick catalyst layer can interrupt the electron trans-
fer and electrochemical reaction in the cathode, possibly due to 
the water generated from the catalyst layer. For both catalysts, 
it was commonly shown that 40 wt% of metal catalyst was the 
most favorable content (Fig. 3), and the maximum power den-
sities were 3.7 W/m3 (18 W/m2) for 40FePc-MFC and 3.6 W/m3 

(17 W/m2) for 40CoTMPP-MFC, respectively. These results also 
support that 40 wt% is highly appreciable for the non-precious 
metal catalysts, when compared with 10 wt% of Pt. For 60FePc 
and 60CoTMPP, however, the obtained maximum power densi-
ties were significantly reduced to 3.2 and 2.7 W/m3 (15 and 13 
W/m2), respectively. This phenomenon was more severe for CoT-
MPP, suggesting that the higher percentage of metal catalysts 
(>40 wt%) is not advantageous in power generation, because a 
significant decrease in total conductive area of the carbon sup-
port may reduce electrochemical performance, as previously in-
dicated by Siswana et al. [20].

All of this data evidence indicates that charge transfer is dras-
tically limited by the thickness or surface area of the catalytic 
layer. Thus, it was confirmed that the quantitative difference of 
carbon support limits power generation, and that an optimal 
blend of non-precious metal catalyst and carbon support which 
achieves the best power generation should be used in a single-
chamber MFC.

4. Conclusions

These findings contribute to the understanding that match-
ing catalyst loading rate of cathode and substrate concentration 

relevant variability, for which standard deviations were ±0.35 and 
±0.26 V, respectively [19].

At substrate concentrations higher than 2,000 mg COD/L, the 
power generation of FePc1-MFC (3.0 W/m3) was highly prefer-
able as it was compared to that of PtMFC. FePc3- and FePc5-MF-
Cs maintained higher voltages at a higher current density, which 
means that higher FePc loading (>3 mg/cm2) could be more 
advantageous than Pt for the treatment of highly concentrated 
wastewater (>3,000 mg COD/L).

 It was identified that the FePc and CoTMPP loading rate (1 
mg/cm2) was comparable to 0.35 mg/cm2 Pt, and higher loading 
rates were found to be suitable for the representation of concen-
trated wastewater treatment. These results provide a quantita-
tive framework to help predict the effects of alternative catalyst 
loading and substrate concentration, or both, on the power gen-
eration of MFCs.

3.3. Relationships of Coulombic Efficiencies to Catalyst 
Loadings and Substrate Concentrations 

Fig. 3 compares coulombic efficiency (CE) along with the 
variation of substrate concentration. In most cases, main sub-
strate HAc was almost completely removed (>99%) for all the 
operating conditions; however, CE showed a clear difference be-
tween FePc and CoTMPP. The CE of FePc-MFC increased with 
the substrate concentration, in a similar with the trend of the 
CE of PtMFCs. Also, the CE of FePc1-MFC, showing the highest 
performance among all the MFCs tested, increased from 24% at 
1,000 mg COD/L to 48% at 3,000 mg COD/L, while the CE of PtM-
FC only increased up to 27% at the same range of substrate con-
centration. The CEs of FePc3-MFC and FePc5-MFC increased 
similarly from 20% to 25%, respectively. For CoTMPP, however, 
the substrate concentration had no significant effect on the CEs. 
Although obtained CEs stabilized despite the loading rates of 
CoTMPP, all the CEs of CoTMPP-MFCs showed lower values than 
PtMFCs, and inferior results to those of FePc-MFCs as well.

3.4. Variation of Metal Loading on Carbon Supports

Keeping the catalyst loading rate for the cathode constant, the 
amount of carbon support (Vulcan XC-72 in this study) can alter 
the overall thickness of the catalyst layer. This characteristic can 
be represented as the weight percentage of catalysts over the to-

a b

Fig. 4. Effect of weight percentages of non-precious metal catalysts at a constant catalyst loading rate (1 mg/cm2): iron(II) phthalocyanine (FePc, 
a) and cobalt tetramethoxyphenylporphyrin (CoTMPP, b).
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porosities in microbial fuel cells. Biosens. Bioelectron. 
2011;30:49-55. 

11. Zhang F, Saito T, Cheng S, Hickner MA, Logan BE. Microbial 
fuel cell cathodes with poly(dimethylsiloxane) diffusion lay-
ers constructed around stainless steel mesh current collec-
tors. Environ. Sci. Technol. 2010;44:1490-1495.
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generation using an activated carbon and metal mesh 
cathode in a microbial fuel cell. Electrochem. Commun. 
2009;11:2177-2179.

13. He Z, Angenent LT. Application of bacterial biocathodes in 
microbial fuel cells. Electroanalysis 2006;18:2009-2015.

14. Gojkovic SL, Gupta S, Savinell RF. Heat-treated iron(III) tetra-
methoxyphenyl porphyrin chloride supported on high-area 
carbon as an electrocatalyst for oxygen reduction. Part III. 
Detection of hydrogen-peroxide during oxygen reduction. 
Electrochim. Acta 1999;45:889-897.

15. Zhao F, Harnisch F, Schroder U, Scholz F, Bogdanoff P, Her-
rmann I. Application of pyrolysed iron(II) phthalocyanine 
and CoTMPP based oxygen reduction catalysts as cathode 
materials in microbial fuel cells. Electrochem. Commun. 
2005;7:1405-1410.

16. Harnisch F, Wirth S, Schroder U. Effects of substrate and me-
tabolite crossover on the cathodic oxygen reduction reaction 
in microbial fuel cells: platinum vs. iron(II) phthalocyanine 
based electrodes. Electrochem. Commun. 2009;11:2253-2256.

17. Nam JY, Kim HW, Lim KH, Shin HS. Effects of organic load-
ing rates on the continuous electricity generation from fer-
mented wastewater using a single-chamber microbial fuel 
cell. Bioresour. Technol. 2010;101 Suppl 1:S33-7. 

18. Ma J, Wang J, Liu Y. Iron phthalocyanine as a cathode cat-
alyst for a direct borohydride fuel cell. J. Power Sources 
2007;172:220-224.

19. Larrosa A, Lozano LJ, Katuri KP, Head I, Scott K, Godinez 
C. On the repeatability and reproducibility of experimental 
two-chambered microbial fuel cells. Fuel 2009;88:1852-1857.

20. Siswana M, Ozoemena KI, Nyokong T. Electrocatalytic be-
haviour of carbon paste electrode modified with iron(II) 
phthalocyanine (FePc) nanoparticles towards the detection 
of amitrole. Talanta 2006;69:1136-1142. 

in single-chamber MFCs is highly interrelated for economic 
power generation, especially when non-precious metal catalysts 
are used. FePc has significantly better potential than CoTMPP as 
an alternative material, as it is comparable. Given 1 mg FePc/cm2 
and 1,000 mg COD/L, power generation, the CE and economical 
feasibility of FePc-MFC were similar to those of the PtMFC. For 
higher loading and substrate concentration, FePc-MFC shows 
better performance. Also, weight percentages of non-precious 
metals on carbon supports show a distinct impact on the per-
formance of single-chamber MFCs, as an important design pa-
rameter.
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