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Alkaline direct ethanol fuel cells (ADEFCs) are a fascinating 

option for applications as energy-converting equipment. They are 

alternative high energy density fuel cells and particularly useful as 

portable power sources. Fuel cells convert chemical energy from a 

fuel into electricity through a chemical reaction. They differ from 

batteries as they require a continuous source of fuel and oxygen or 

air to sustain the chemical reaction. The fuel comprises ethanol, an 

alkaline solution and air. Ethanol is economical and environmen-

tally friendly with low market preparation [1] and no need of com-

pression for storage and transfer [2]. It is oxidised at the anode 

side creating carbon dioxide and power by means of an electro-

oxidation reaction. One advantage of ADEFCs is that they can 

operate at lower temperatures, however, a significant disadvantage 

is the high cost of platinum-based electrocatalysts [3]. Many re-

searchers have investigated methods to reduce material cost and 

enhance the performance of the electrocatalyst. Performance loss 

for operational ADEFCs is caused by exposure to pollutants. The 

ethanol can crossover from the anode to the cathode side and be-

comes adsorbed on the surface of the electrocatalyst, thus blocking 

and preventing the adsorption of new oxygen atoms. Koscher and 

Kordesh [4] studied oxygen reduction reaction (ORR) on Pt and 

Ag electrocatalysts in 9 M KOH in the presence of methanol at 

353 K. The Pt electrocatalyst displayed no significant drop in per-

formance even at low methanol content, while the Ag electrocata-

lyst performed well at high methanol concentration. A mixed cath-

ode of Ag catalyst with polytetrafluoroethylene (PTFE) as a hy-

drocarbon binder was examined to investigate the long-term effect 

at 343 K under oxygen atmosphere with Hg/HgO as a reference 

electrode [5]. Fang et al. synthesised a KMn8O16 electrocatalyst by 

means of a one-step hydrothermal reaction. The quantity of elec-

tron exchange was 3.98 at 0.5 V vs. Hg/HgO. Under alkaline elec-

trolyte in the presence of methanol, the KMn8O16 catalyst dis-

played resistance towards methanol oxidation [6]. The reactions 

pathways of an alkaline direct ethanol fuel cell are shown below 

[7]: 

Anode: CH3CH2OH+12OH- → 2CO2+9H2O+12e- E0 = -0.74V 

Cathode: 3O2+6H2O+12e- → 12OH- E0 = 0.40V 

Over all reaction: CH3CH2OH+3O2 → 2CO2+3H2O E0 = 1.24V 

Significant research regarding ADEFCs has explored non-noble 

metal electrocatalysts to reduce the expense of platinum-based 

catalytic materials and enhance ethanol-tolerance in the cathode. 
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According to the results, this study investigated Ag/C, Mn3O4/C 

and AgMnO2/C catalysts in 0.1 M KOH solution with different 

ethanol-containing electrolytes at various temperatures. 

A colloidal method was used to produce Ag/C [8]. A 20 wt % 

Ag/C catalyst was prepared from a mixture of 599 mg of trisodium 

citrate dehydrate (2.32 x 10-3 mol) and 69.3 mg AgNO3 (4.08 x 10-4 

mol) dissolved in 50 ml ultrapure water in the first beaker. The 

solution was blended until it was clear and then 15.5 mg of NaBH4 

(4.10 x 10-4 mol) was dissolved in 50 ml ultrapure water in the 

 

Figure 1. Transmission electron microscopy (TEM) and Energy-dispersive X-ray spectroscopy (EDX) for Ag/C, Mn3O4/C and AgMnO2/C 

catalysts 

 

Table 1. Summary of cyclic voltammetry parameters. 

Procedure Potential range 

(V) vs.RHE 
Cycles Scan rate 

(mV s-1) 
Purge 

Cleaning 0.20-1.40 10 50 N2 

Base CV 0.20-1.40 3 10 N2 

Banckground for ORR 0.20-1.20 2 10 N2 

Base CV 0.20-1.40 3 10 O2 

ORR* 1.20-0.20 2 10 O2 

ORR** (with 0.5MEtOH) 1.20-0.20 2 10 O2 

ORR** (with 1.0MEtOH) 1.20-0.20 2 10 O2 

*0, 400, 600, 900, 1200, 1600 and 2000 rpm, **0 and 1600 rpm 

 



 201 

second beaker. A droplet of NaBH4 solution was added to the solu-

tion in the first beaker and the colloid solution displayed a yellow-

ish-brown Ag nanomaterial. After 15-20 min, the entire NaBH4 

solution was gradually added to the quickly blended Ag solution 

which became dark brown. The Ag nanomaterial was then blended 

and scattered around for 15-30 min. Next, 176 mg of Vulcan XC-

72R carbon black was scattered in 3 x 10-5 m3 of ultrapure water 

with an ultrasonic probe for 10 min. This was added and stirred 

slowly to bond to the Ag nanoparticles and form the supported 

active nanomaterial. Ag was precipitated on the carbon black and 

the blend was mixed for 3h. The suspension was centrifuged at 

11400 rpm for 10 min and ultrapure water was used twice to filtrate 

and wash the Ag molecules. The Ag/C catalyst was dried overnight 

in an oven at 363 K and the yield obtained was between 88% and 

93%. 

Vulcan XC-72R 140 mg scattered in 300 ml of ethanol-water 

blended solution (8:2 v/v) was mixed to set up the MnO2/C catalyst 

[8]. Then, 198 mg of Mn(NO3)2×4H2O was added and mixed over-

night at 333 K. Finally, the Mn(NO3)2/C was calcined at 673 K in a 

furnace for 2 h under N2 atmosphere (heating rate of 278 K min-1) 

to remove the slurry solvent. 

A mixture of AgNO3 and KMnO4 (molar ratio of 1:1) was dis-

solved in ultrapure water at 353 K and acidified with a drop of 65% 

HNO3 to obtain the AgMnxOy catalyst [8-10] The solution was then 

gradually cooled to 273 K and the suspension precipitated as dark-

blue needles. AgMnxOy was filtrated, washed with iced ultrapure 

water and dried. Next, 462 mg of AgMnxOy dissolved in 150 ml 

ultrapure water at 313-323 K was used to synthesize the 

AgMnO2/C catalyst and Vulcan XC-72R carbon black was added. 

The black slurry was scattered with ultrasonic for 15 min. and then 

the water was gradually evaporated at a constant temperature of 

333 K. Finally, the AgMnO2/C was calcined in a tubular furnace 

for 2 h at 673 K under N2 atmosphere with a heating rate of 278 K 

min-1. 

Transmission electron microscopy (TEM) was used to determine 

the morphology of the Ag/C, Mn3O4/C and AgMnO2/C catalysts 

and energy dispersive X-ray spectroscopy (EDX) measured the 

component compositions of all electrocatalysts. X-ray diffraction 

(XRD) was done using a X’ Pert MPD, Philips diffractometer. 

In this research, electrochemical measuring techniques were 

conducted together with standard three-electrode configurations at 

different temperatures, such as 303, 313, 323 and 333 K, including 

0.1 M KOH as alkaline electrolyte. A reference electrode was a 

reversible hydrogen electrode (RHE) and a platinum cathode was 

utilized as the counter electrode. The working electrode was a rotat-

ing disk electrode (RDE) with glassy carbon substrate. Regarding 

the impacts of various centralizations of EtOH, a reasonable 

amount was added into the working electrolyte (see Table 1). In 

addition, Nanopure water (18 MΩ-cm, Barnstead Nanopure) was 

used for setting up 0.1 M KOH and purity nitrogen (N2) and oxy-

gen (O2) were also utilized. Moreover, Ag/C, Mn3O4/C and 

AgMnO2/C were utilized as catalysts. The catalyst-loading on the 

tip of the working electrode (RDE) was 56 μg cm-2. Electrochemi-

cal analyses were done from potentiostat/galvanostat as Autolab. 

 

Figure 2. X-ray spectroscopy (XRD) for (A) AgMnO2/C and (B) Mn3O4/C catalysts 
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The experimental procedure for ORR at 303, 313, 323 and 333 

K, as shown in Table 1.  

Three morphologies, including dark spherical, gray spherical, 

and branch-like particles, were indicated by the transmission elec-

tron microscopy (TEM). The dark spherical particles ought to be 

Ag or Mn as metal and gray spherical particles as carbon black, 

while the branch-like particles were likely manganese oxides [11]. 

The EDX examination showed the majority of Ag and Mn metal, 

which were approx. 11.6% and 13.6%, respectively (Figure 1). 

XRD peak of peak of AgMnO2/C consisted Ag, AgMnO2 and 

Mn3O4, with using JCPDS files no. 01-071-3762, 00-060-0300 and 

01-075-1560, respectively. The diffraction spectra of Mn3O4/C 

contained carbon and Mn3O4, with using JCPDS files no. 01-071-

4630 and 01-075-1560, respectively (Figure 2). 

The CV curves showed Ag/C, Mn3O4/C and AgMnO2/C electro-

catalysts in N2 saturation. A monolayer of Ag2O was formed on the 

surface of RDE during the oxidation of Ag as shown in Figure 3A 

and 3C. In the bulk, AgOH and Ag2O were formed [8]. The Ag 

 

Figure 4. Linear potential scan curves of AgMnO2/C, Mn3O4/C, 

Ag/C and Pt/C electrocatalysts on a rotating disk electrode (RDE) 

0.1 M of KOH in O2 saturated electrolyte at (A) 313 K and (B) 333 

K, with a sweep rate of 10 mV s-1 and rotation rate of 1600 rpm. 

 

 

 

Figure 3. Cyclic voltammograms for the (A) Ag/C, (B) Mn3O4/C 

and (C) AgMnO2/C catalysts in 0.1 M KOH with N2 saturated at 

sweep rate 10 mV s-1 at 303, 313, 323 and 333 K. 
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Figure 5. Oxygen reduction reaction potential scan curves of AgMnO2/C on rotating disk electrode in O2 saturated 0.1 M KOH at 303, 313, 

323 and 333 K with a sweep rate of 10 mV s-1. Koutecky-Levich plots of AgMnO2/C at the different potential at 303, 313, 323 and 333 K. 
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oxidation peak showed at potential 1.3V. The Mn3O4/C observed 

the peak of Mn(OH)2 change to Mn2O3 and MnOOH at potential of 

about 0.7 V to 0.9 V, respectively (Figure 3B). The oxidation peak 

showed approximately 1.0 V as the oxidation of MnOOH to MnO2. 

AgMn3O4/C electrocatalysts exhibited overlap of the oxidation 

peak of AgOH, Ag2O and Mn3O4 [8]. The reduction peak of the 

AgMn3O4/C at 333 K was higher than the reduction peak at 303 K 

(see Figure 3C). The AgMnO2/C electrocatalysts are believed to be 

advantageous for improving the ORR activity.  

The initial ORR polarisation curve of the catalysts showed a 

well-defined diffusion-limiting current at E = 0.20-0.70 V, with 

potential between 0.70 < E < 0.90 V displayed in a region under 

mixed kinetic-diffusion control [12]. The performance of the 

AgMnO2/C electrocatalyst was compared with the Pt/C electrocata-

lyst, which were found to be higher diffusion-limiting current at 

313 K and 333 K (see Figure 4). These results are interesting since 

the AgMnO2/C electrocatalyst is totally Pt-free. A comparison of 

the cost for the Ag-based electrocatalyst showed it to be much less 

than the Pt/C electrocatalysts. 

The reduction of oxygen dissolved in KOH saturated solution as 

supporting electrolyte. The rotating disk electrode for different 

rotation rate of AgMnO2/C electrocatalysts are shown in Figure 5. 

In each case, the most of oxygen reduction reaction curves obtained 

parallel curves. Koutecky-Levich curves for different potentials on 

the AgMnO2/C electrocatalysts present linear and mostly parallel 

conducted from different rpm, which usually taken to imply first-

order kinetics depending on oxygen and indicates the current is a 

diffusion controlled. The ORR can be represented by Koutecky-

Levich Equation [14] as: 

where il is the diffusion limiting current, n is the number of elec-

trons transfer in the reduction of oxygen, F is the Faraday constant 

(96,485 C mol-1), A is the geometric surface area of RDE (A = 1.96 

x 10-5 m2), CO is the bulk concentration of the oxygen, DO is the 

diffusion coefficient of the oxygen, n is the kinematic viscosity of 

the working electrolyte and w is the angular rotation rate of the 

electrode (ω = 2πf/60) at 303, 313, 323 and 333 K [5, 13]. The 

value of n are collected from Chatenet and coworker at the different 

temperatures [15]. 

 

 
(1) 

 
(2) 

 

Figure 6. (A) Kinematic viscosity curve of the various tempera-

tures and (B) Oxygen diffusion curve of the various temperatures 
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Figure 7. Tafel plots of oxygen reduction for Ag/C, Mn3O4/C and 

AgMnO2/C electrocatalysts in 0.1 M KOH at temperatures of 303, 

313, 323 and 333 K. 

 

 

Table 2. The value of oxygen solubility (CO), the value of oxygen 

diffusion (DO) and the kinematic viscosities (n) at 303, 313, 323 

and 333 K. 

T, ºC CO, mol cm-3 DO, cm2s-1 n, cm2s-1 

30 1.13 × 10-6 2.24 × 10-5 0.0093 

40 1.03 × 10-6 2.85 × 10-5 0.0074 

50 9.36 × 10-7 3.56 × 10-5 0.0060 

60 8.58 × 10-7 4.39 × 10-5 0.0049 
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Figure 8. Linear potential scan curves of Pt/C, Ag/C, Mn3O4/C and AgMnO2/C on rotating disk electrode in O2 saturated : (A) 0.1 M KOH 

with 0.5 M EtOH at 303 K, (B) 0.1 M KOH with 1.0 M EtOH at 303 K, (C) 0.1 M KOH with 0.5 M EtOH at 313 K, (D) 0.1 M KOH with 

1.0 M EtOH at 313 K, (E) 0.1 M KOH with 0.5 M EtOH at 323 K, (F) 0.1 M KOH with 1.0 M EtOH at 323 K, (G) 0.1 M KOH with 0.5 M 

EtOH and (H) 0.1 M KOH with 1.0 M EtOH at 333 K with sweep rate 10 mV s-1 and rotation rate 1600 rpm.  
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The collected data is calculated with the Arrhenius equation 

following [16]: 

 
where ν is kinematic viscosities, A is a pre-exponential factor 

and B is the activation energy. The value of A is 8.72 x 10-6 cm2 s-1 

and B is 2114 K in 0.1M KOH (Eq. (4) and Figure 6A). The n val-

ues are shown in Table 2. The DO is calculated from oxygen diffu-

sion in KOH working electrolyte (approximate oxygen diffusion in 

H2O = oxygen diffusion in KOH solution), shown in Figure 6B 

with the different temperatures [17]. The values are fitted curve 

with the Arrhenius equation (Eq. (5) and Figure 6B) [16]. 

 
The value of A is 3.83 x 10-2 cm2 s-1 and B is -2255 K. As seen in 

Table 2, the value of DO in KOH solution at different temperature. 

The value of CO is determined from Eq. (6) [18]. 

 
where caq is mol of O2/kg of H2O, PO2 is pressure in atm and k is 

given by Eq. (6). Assumption of oxygen solubility (CO) in H2O is 

equal oxygen solubility (CO) in KOH solution. The CO, DO and n 

values are shown in Table 2. 

The information of each Koutecky-Levich curve determined 

number of electrons transfer from a slope of different catalysts at 

0.3 V (see Table 3). The kinetic current ik can be calculated by Eq. 

(8), where io is the observed current and id is the limiting current 

that can be obtained directly obtained from the ORR curve. 

 
The number of electrons transfer are measured from different 

rotation speeds with Koutecky-Levich equation for AgMnO2/C 

catalysts. The Koutecky-Levich curves exhibited good linear fitting 

for each potential of all catalyst. The number of electron transfer in 

0.1 M KOH for AgMnO2/C and Pt/C are n ≈ 4 at 303 K (Table 3). 

According to the value of oxygen solubility (CO) and kinematic 

viscosities (n) are reduced. On the other hand, the value of oxygen 

diffusion (DO) is increased at high temperature (see Table 2) [19]. 

The performance of the electrocatalysts is evaluated from kinetic 

current density (ik), as seen in Figure 7. At temperature 333 K, all 

of electrocatalysts display higher mass activity than at temperature 

303 K. The average Tafel slope for AgMnO2/C, Ag/C, and 

Mn3O4/C are 39.17 mV dec-1, 62.97 mV dec-1, and 81.69 mV dec-1, 

respectively. 

The effect of various ethanol-containing electrolytes on the per-

formance of oxygen reduction on Pt/C working electrode is shown 

in Figure 8. The results of the linear potential scan curves on the 

surface of Pt/C electrocatalyst are exhibited the ethanol oxidation 

in the presence of ethanol. 

The opposite way, other electrocatalyst as Ag/C, Mn3O4/C and 

AgMnO2/C are ethanol-tolerant result for oxygen reduction reac-

tion in the presence of different concentrations of ethanol. This 

confirms the result of the AgMnO2/C electrocatalyst showing sig-

nificantly enhancement of its ORR activity. 

With the presence of ethanol in KOH electrolyte, the Ag/C, 

Mn3O4/C and AgMnO2/C present ethanol-tolerant for oxygen re-

duction reaction. In this manner, in alkaline fuel cells, all electro-

catalysts keep an ethanol oxidation reaction from ethanol crossover 

at the cathode side. Most consequences of ORRs affirm that the 

AgMnO2/C fundamentally changes the present activity. 
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