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Abstract  

Direct alcohol fuel cells (DAFCs) represent the best alternative to batteries for portable and 

auxiliary power units application due to the high energy density of short chain alcohols. Currently, 

the utilization of the best platinum group metal (PGM) cathode catalysts is limited, not only by a 

high cost and scarce resources, but also by the inefficient oxygen reduction reaction (ORR) when 

permeated alcohols adsorb on the catalytic active sites. In this work, a highly active Fe-N-C catalyst 

derived from the pyrolysis of nicarbazin (a nitrogen charge transfer organic salt) and an iron 

precursor has been investigated to get insights on the extraordinary tolerance to the presence of 

alcohols (methanol and ethanol) of such a PGM-free catalyst. Density functional theory (DFT) 

calculations demonstrate for the first time that Fe-N4 and Fe-N2C2 active sites preferentially adsorb 

oxygen with much higher energy than methanol, ethanol and ethanolic compounds (0.73-1.16 eV 

stronger adsorption), while nitrogen-carbon related sites (pyridinic and graphitic nitrogen) are 

much less selective towards ORR. Half-cell electrochemical characterization showed that the Fe-N-

C catalyst overcomes Pt ORR activity in acidic medium with methanol or ethanol concentrations as 

low as 0.01 M. The feasibility of DAFCs operation based on high methanol (up to 17 M) and 

ethanol (up to 5 M) concentration thanks to the utilization of Fe-N-C cathode catalyst is 

demonstrated. A new strategy is proposed for DAFCs where using Pt only at the anode and Fe-N-C 

at the cathode allows extending the device energy density compared to PGM-based catalysts at 

both electrodes. 

Keywords: Electrocatalysis; oxygen reduction reaction; alcohol tolerance; fuel cell; density 

functional theory. 
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1. Introduction 1 

High energy density systems capable of producing electricity from renewable sources are 2 

demanded by society to overcome the problems associated with the production and use of 3 

current power supply devices [1,2]. The ever-increasing market of small portable electronic 4 

devices (1-50 W) such as smartphones, laptop computers, tablets, drones, global 5 

positioning systems (GPS), modules, as well as auxiliary power units for 6 

telecommunication, wireless devices and campers (<1.5 kW), together with the need for 7 

environmentally friendly and sustainable processes and products, have stimulated the 8 

search for improved power supply systems [3]. Direct alcohol fuel cells (DAFCs) perfectly 9 

match the demanding requirements of energy density (pure methanol and ethanol have 10 

6100 and 8040 mWh g-1, respectively), good power density and easy and fast recharging 11 

[4]. 12 

Despite the great efforts addressed to developing oxygen reduction reaction (ORR) 13 

catalysts [5,6], there are yet important barriers to overcome for the commercialization of 14 

DAFCs, such as their high cost (more than 50% derived from the use of noble metal 15 

catalysts) [7] and the limited power density at high alcohol concentration [4]. Optimum 16 

alcohol concentration is found in the range of 1-2 M, which implies dilution with water and 17 

consequently much lower energy density and water management requirements [3,8]. 18 

DAFC systems capable of working with high fuel concentration would mean a significant 19 

step forward towards high capacity electrical systems. Unfortunately, the higher the 20 

alcohol concentration, the worse the influence of permeated fuel on performance due to 21 

the crossover effect [9,10]. In the case of ethanol as fuel, the breakdown of C-C bond is 22 

additionally a relevant concern to increase efficiency [11].   23 
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Platinum group metal-free (PGM-free) catalysts based on transition metal – nitrogen – 24 

carbon material system (M-N-C where M = Fe, Co, Mn, etc.) have shown a very high activity 25 

towards the ORR [12–14]. Other than this, a much less investigated property of the M-N-C 26 

catalysts is their extraordinary tolerance to the presence of alcohols like methanol or 27 

ethanol. Since their application in DAFC cathodes has been much less studied compared to 28 

H2-fed polymer electrolyte fuel cell activities [15,16], very little is known about the causes 29 

for the high selectivity to ORR in the presence of alcohols. Recent papers from our groups 30 

indicate an enormous advantage of employing Fe-N-C in terms of selectivity to ORR [17–31 

19], but the causes are still unclear as well as the consequences for the implementation in 32 

high energy systems based on fuel cells. 33 

Herein, we investigate the ORR selectivity of a Fe-N-C catalyst derived from the pyrolysis of 34 

a nitrogen-containing charge transfer organic salt: nicarbazin (N,N′-bis(4-Nitrophenyl)urea 35 

compound with 4,6-dimethyl-2-pyrimidinone) and Fe salt, denoted as Fe-NCB. Accordingly, 36 

computational calculations on adsorption energies are carried out for the first time to 37 

assess the basis of alcohol tolerance properties in such PGM-free catalyst, being further 38 

corroborated by electrochemical experiments. 39 

2. Methodology and materials 40 

2.1. Catalyst synthesis 41 

The Fe-NCB catalyst was synthesized by a previously described method.[20] First, a 42 

calculated amount of silica (Cab-O-Sil® M5P, surface area 125 m2 g-1, dried at 85°C) was 43 

dispersed in water using a high energy ultrasound bath. Then, a suspension of nicarbazin 44 

(Nicarbazin, Sigma-Aldrich) in water was added to the silica dispersion and sonicated for 20 45 

minutes in an ultrasound bath. Finally, a solution of iron nitrate (Fe(NO3)3·9H2O, Sigma-46 
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Aldrich) in water was added to the silica-nicarbazin (SiO2-NCB) dispersion and ultrasonically 47 

treated for 1 hour (the total metal loading on silica was calculated to be ~26 wt%). The 48 

viscous gel of silica and Fe-NCB was dried overnight at 85°C. The obtained solid was ground 49 

to a fine powder in an agate mortar and then subjected to heat treatment (HT). The 50 

general conditions of HT were ultrahigh purity (UHP) nitrogen (flow rate of 100 mL min-1) 51 

and 10°C min-1 temperature ramp rate. The temperature and duration of HT were selected 52 

as 950 °C and 30 minutes, respectively. After pyrolysis, silica was leached using 25 wt% HF 53 

overnight. Finally, the Fe-NCB catalyst was washed with deionized water until neutral pH 54 

was achieved and then dried at 85°C. A second HT was performed at 950°C, 45 min in 55 

reactive (NH3) atmosphere. 56 

 57 

2.2. Physico-chemical characterization 58 

X-ray photoelectron spectroscopy (XPS) analyses were acquired on a Kratos Axis Ultra DLD 59 

X-ray photoelectron spectrometer using an Al Kα source monochromatic operating at 150 60 

W with no charge compensation. Survey and high-resolution spectra were acquired at pass 61 

energies of 80 eV and 20 eV, respectively from three areas from sample. Acquisition time 62 

for survey spectra was 2 minutes, for C1s and O1s spectra - 5 minutes, for N1s and Fe2p – 63 

30 minutes. Data analysis and quantification were performed using CasaXPS software. A 64 

linear background subtraction was used for quantification of C1s, O1s and N1s spectra, 65 

while a Shirley background was applied to Fe2p spectra. Sensitivity factors provided by the 66 

manufacturer were utilized. A 70% Gaussian/30% Lorentzian line shape was utilized in the 67 

curve-fit of N1s. 68 

 69 
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2.3. Computational methods 70 

Electronic structure calculations were performed using generalized gradient approximation 71 

(GGA) to density functional theory (DFT) with the Perdew-Burke-Ernzerhof (PBE) functional 72 

[21,22] and projector augmented-wave pseudopotentials [23,24] as implemented in 73 

Vienna Ab initio Software Package (VASP) [25–28]. The electronic energies were calculated 74 

using 3x3x1 k-point Monkhorts-Pack [29] mesh and tetrahedron method with Blöchl 75 

corrections [30]. Plane-wave basis cut-off was set to 700 eV. Extended surfaces were 76 

modelled using super-cells with the dimensions of 17.04 Å x 17.04 Å, γ = 60ͦ and a vacuum 77 

region of 20 Å. Active sites of the Fe-NCB catalyst were modelled by removing one C atom 78 

from the graphene in the case of graphitic nitrogen sites and two adjacent C atoms in the 79 

case of Fe-N4, Fe-N2C2, and pyridinic sites, respectively. The resulting vacancy in the case of 80 

graphitic nitrogen was filled with one nitrogen atom, while in the case of Fe-N4, Fe-N2C2, 81 

and pyridinic site, internal edges are substituted with four or two nitrogen atoms, 82 

respectively. The resulting structures were further coordinated to Fe atom to obtain Fe-N4 83 

and Fe-N2C2 structures. During the optimization, all atoms were allowed to relax until the 84 

convergence in energy was 1·10-5 eV. The lattice was kept fixed at the DFT optimized value 85 

for graphene, with C-C distance of 1.42 Å. Adsorption energies (ΔEad) of oxygen, methanol, 86 

ethanol, acetic acid, and acetaldehyde were calculated using the following formula: 87 

 88 

Δ𝐸𝐸𝑎𝑎𝑎𝑎 = 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠+𝑎𝑎𝑎𝑎 − �𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝐸𝐸𝑎𝑎𝑎𝑎 � 89 

 90 

where Esurface+ad is the energy of a corresponding species adsorbed on the Fe-N-C surface, 91 

Esurface is the energy of the clean surface, and Ead is the energy of oxygen, methanol, 92 

ethanol, acetic acid, and acetaldehyde in the gas phase. In each case we considered several 93 
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possible adsorption positions/configurations and the results reported in this work 94 

correspond to the most preferable adsorption orientation. 95 

 96 

2.4. Electrochemical characterization 97 

Electrochemical studies were carried out in a three-electrode cell at room temperature. 98 

The working electrode consisted of a thin film catalyst deposited on a glassy carbon disk (5 99 

mm) of rotating disk electrode (RDE). The catalytic layer was deposited following this 100 

recipe: first preparing 3 mg mL-1 ink by sonicating the catalyst in isopropyl alcohol/water 101 

(3/1, v/v) solution and Nafion® (Ion Power, 5 wt%). A calculated volume of this ink was 102 

deposited onto the RDE to the desired mass loading according to previous works [17,31] 103 

(600 µg cm-2 for the Fe-NCB catalyst, 15 wt% Nafion®; and 50 µg Pt cm-2 for the 40 wt% 104 

Pt/C commercial catalyst, Johnson Matthey, 30 wt% Nafion®). 0.5 M H2SO4 was used as 105 

base electrolyte, the reference electrode was a mercury/mercury sulphate (Hg|Hg2SO4, sat. 106 

K2SO4) electrode and a high surface graphite rod was used as counter electrode. A 107 

Metrohm Autolab potentiostat/galvanostat was used to carry out the electrochemical 108 

measurements. Linear sweep voltammetry curves were carried out in the potentiostatic 109 

mode with a scan rate of 5 mV s-1 and at rotation rates from 100 rpm to 2500 rpm. The 110 

tolerance of the catalysts to the presence of methanol and ethanol was evaluated by 111 

adding increasing aliquots of the alcohols to the base electrolyte, saturated with oxygen, 112 

for concentrations from 0.001 M to 2 M. The ORR response in the presence of alcohols was 113 

evaluated at a rotation speed of 1600 rpm. 114 

 115 

 116 

 117 
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2.5. Direct alcohol fuel cell tests 118 

Cathode electrodes were prepared by spraying a catalytic ink on a commercial hydrophobic 119 

gas diffusion layer (GDL-LT, E-TEK). The catalyst ink was prepared sonicating the catalyst in 120 

an isopropyl alcohol/water mixture (3/1, v/v) and Nafion® solution. Cathode electrodes 121 

were prepared using the PGM-free catalyst (Fe-NCB) with loading values in the interval 4-8 122 

mg cm-2. The Nafion® content in the catalytic layer was 45 wt% in all cases. For comparison 123 

purposes, a cathode based on commercial 40 wt% Pt/C (Johnson Matthey) was prepared 124 

following the same procedure (1 mg Pt cm-2, 33 wt% Nafion®). Anode electrodes based on 125 

PtRu black (Pt:Ru 1:1, Johnson Matthey) were prepared according to the procedure 126 

described in a previous report [18]. The catalytic layer was composed of 85 wt% catalyst 127 

and 15 wt% Nafion® ionomer, spread onto a commercial gas diffusion layer (GDL-HT, E-128 

TEK). The noble metal (Pt+Ru) loading at the anode was in the interval from 1 to 4 mg cm-2. 129 

Membrane electrode assemblies (MEAs) were assembled by a hot-pressing procedure at 130 

130 °C and 30 kg-f cm-2 during 10 minutes, and subsequently installed in a 5 cm2 fuel cell 131 

test fixture (Fuel Cell Tech., Inc.). In the various MEAs, the membrane was maintained 132 

constant: a Nafion® 115 membrane (~130 µm) was used as the solid electrolyte. The cell 133 

hardware was connected to a Fuel Cell Tech., Inc. test station. In the case of single cell 134 

polarization experiments, aqueous methanol (from 1 M to 17 M) or aqueous ethanol (from 135 

1 M to 5 M) solutions were pre-heated at the same temperature of the cell and fed to the 136 

anode chamber of the DAFC through a peristaltic pump; oxygen, pre-heated at the same 137 

temperature of the cell (100% relative humidity), was fed to the cathode. Reactant flow 138 

rates were 2 and 100 mL min−1 for alcohol/water mixture and oxygen stream, respectively. 139 

The cell temperature was measured by a thermocouple embedded in the cathodic graphite 140 

plate, close to the MEA.  141 
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Steady-state galvanostatic polarization experiments in DAFC configuration were performed 142 

with an Agilent electronic load at various conditions of temperature (from 30°C to 110°C) 143 

and alcohol concentration (from 1 M to 17 M). Alcohol cross-over was determined by 144 

electrochemical methods, using ad hoc MEAs based on Pt/C cathode, as described 145 

elsewhere [32]. Durability tests were carried out in the potentiostatic mode at 0.3 V and 146 

90°C feeding 5 M methanol (DMFC) or 3 M ethanol (DEFC) to the anode and fully 147 

humidified oxygen to the cathode under the same conditions of polarization experiments. 148 

Every 10 hours a polarization curve was registered to assess the performance variation 149 

with time. 150 

3. Results and discussion 151 

3.1. Tolerance to the presence of alcohols 152 

Figure 1 shows the effect of methanol and ethanol concentration on the ORR polarization 153 

curves (half-cell configuration) for the Fe-NCB catalyst (red lines in the figure). A 154 

commercial Pt/C catalyst (grey lines in the figure) is included for the sake of comparison. 155 

The effect of three alcohol concentrations (2, 20, 200 mM) is depicted. Negative current 156 

values account for the ORR, whereas positive oxidation currents account for the oxidation 157 

reaction of alcohols (methanol, MOR, or ethanol, EOR). It is noteworthy that the presence 158 

of either methanol or ethanol does not significantly affect the ORR polarization curve of 159 

the Fe-NCB catalyst, even with concentrations as high as 200 mM. As shown in the 160 

supplementary information, the high tolerance to the presence of both alcohols is 161 

maintained even at concentrations achieving 2 M, with less than 10 mV shift of the ORR 162 

half-wave potential (Figures S1a and S1b).  163 

 164 
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 165 

 166 

Fig. 1 Oxygen reduction reaction (ORR) activity for the PGM-free catalyst (Fe-NCB) and a commercial Pt/C 167 
catalyst and effect of (a) methanol and (b) ethanol concentration on the polarization response in RDE half-cell 168 

configuration. O2-saturated 0.5 M H2SO4, 1600 rpm, 600 µg cm-2 (Fe-NCB) and 50 µg cm-2 Pt (Pt/C). 169 

 170 

Whereas, the commercial Pt/C catalyst exhibits a dramatic variation of the ORR behaviour 171 

(Figure 1), because it is also a good catalyst for the MOR and EOR, and strongly chemisorbs 172 

alcohols [33]. Indeed, methanol and ethanol compete with oxygen for the Pt active sites as 173 

a function of voltage and alcohol concentration. The ORR half-wave potential is, in the case 174 

of the Pt/C catalyst, shifted up to 300 mV (2 M methanol, Figure S1c) and 430 mV (2 M 175 

ethanol, Figure S1d) to more negative values. These experiments indicate a very good ORR 176 
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activity of Fe-NCB in the presence of both methanol and ethanol, the so-called good 177 

tolerance to the presence of alcohols. The whole set of polarization curves are included in 178 

the Figure S1 of the supplementary information. 179 

A proper analysis of the advantageous application of the PGM-free formulation with 180 

respect to the classical Pt/C catalyst can be more easily understood by analysing Figure 2. 181 

The potential gap between the Fe-NCB and the Pt-based catalysts is represented as a 182 

function of the alcohol concentration in the electrolyte, under identical conditions. The 183 

half-wave potential, i.e. the potential at half the diffusion limiting current, is an excellent 184 

indicator of ORR activity of a catalyst and is commonly used to assess catalytic performance 185 

in the mixed catalytic-diffusion region. A positive gap must be interpreted as favourable 186 

conditions for Fe-NCB, whereas a negative gap means that Pt/C utilization is more 187 

advantageous for the ORR. At very low alcohol concentration, there is about 75 mV gap 188 

indicating that Pt is yet more active for the ORR than Fe-NCB. Whereas, when the alcohol 189 

concentration approaches 10-2 mol L-1, the gap is reduced to zero and, afterwards, at 190 

higher concentration, the gap dramatically increases over 100 mV, favourable for the use 191 

of the PGM-free catalyst. It is also interesting to remark that the potential gap is higher in 192 

the case of ethanol compared to methanol at equal concentrations.  193 

 194 
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 195 

Fig. 2 ORR half-wave potential (E1/2) gap between the Fe-NCB catalyst and a commercial Pt/C catalyst as a 196 
function of alcohol concentration in the electrolyte (O2-saturated 0.5 M H2SO4). 197 

 198 

The results in half-cell configuration point out that, above a certain concentration of 199 

crossovered alcohol at the cathode compartment, the utilization of Fe-NCB catalyst is 200 

preferred because the catalytic sites remain highly active for the oxygen reduction with a 201 

negligible effect of the presence of alcohols. 202 

 203 

3.2. Adsorption of organic species calculated by DFT 204 

The concerns on alcohol crossover in DAFCs are not only related to the loss of fuel from the 205 

anode to the cathode through the membrane (lowering the fuel efficiency), but to the 206 

dramatic decay of cathode performance due to the adsorption of alcoholic species on Pt 207 

catalytic active sites, hindering the adsorption of oxygen [9,10]. Density functional theory 208 

(DFT) calculations were carried out, aimed at better investigating the relative importance 209 

of the adsorption of different organic molecules on the ORR catalytic activity. For the Fe-210 

NCB catalyst, four species were taken into account as active sites for the ORR according to 211 

the literature [34–37]: Fe-N4, Fe-N2C2, pyridinic nitrogen and graphitic nitrogen. The 212 
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possible adsorbates, other than molecular oxygen, were considered to be methanol 213 

(CH3OH), ethanol (CH3CH2OH), acetic acid (CH3COOH) and acetaldehyde (CH3CHO). 214 

Methanol and ethanol are the fuels that permeate from the anode to the cathode side. 215 

Figure 3 shows, as an example, a representation of the structures regarding the Fe-N4 and 216 

the Fe-N2C2 sites as well as the preferred orientation for the adsorption of oxygen and the 217 

two alcohol molecules. In the ethanol oxidation reaction (EOR), CO2 is not the only 218 

oxidation product, but it is a minor subproduct together with acetic acid and acetaldehyde 219 

[38]. These two organic compounds can also permeate through the membrane to the 220 

cathode compartment [39] and, even if in much smaller concentration than ethanol, they 221 

may adsorb on the catalyst active sites, contributing to the decrease of cell performance. 222 

 223 

 224 

Fig. 3 DFT optimized structures of Fe-N4 and Fe-N2C2 sites with adsorbed methanol and ethanol. Atoms 225 
belonging to one unit cell are shown (C cyan, N blue, Fe pink, O red, H white). 226 

 227 
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Table 1 summarizes the theoretical calculations on adsorption energies associated to the 228 

different molecules on the above cited ORR active sites, calculated as described in the 229 

experimental section. 230 

According to DFT, the adsorption energies of molecular oxygen on Fe-N4 and Fe-N2C2 are -231 

1.01 and -1.68 eV, respectively, quite more negative than those calculated on graphitic 232 

nitrogen (-0.13 eV) and pyridinic nitrogen (-0.06 eV). Thus, the adsorption of oxygen occurs 233 

preferably on Fe-based active sites compared to nitrogen-carbon moieties (Figure S2). 234 

Methanol and ethanol adsorb significantly more weakly than oxygen on Fe-N4 and on Fe-235 

N2C2 sites (Figures S3 and S4). The net difference in adsorption energy between oxygen 236 

and the alcohols is 1.16 eV in the case of Fe-N2C2 sites, where oxygen preferably adsorbs. 237 

On Fe-N4 sites, this difference is slightly lower (0.79 eV). It appears that methanol and 238 

ethanol are not adsorbed on graphitic nitrogen (barely 0.01 eV, Figure S5), so even if the 239 

adsorption of oxygen is weaker than on Fe-based sites, alcohols seem to not compete with 240 

oxygen, although the adsorption energy is quite lower compared to Fe-based active sites. 241 

 242 

Table 1 Adsorption energies (eV) of different species on Fe-N4, Fe-N2C2, pyridinic nitrogen (N pyrid), graphitic 243 
nitrogen (N graph) sites as obtained using DFT with PBE functional and comparison with platinum. 244 

 Fe-N4 Fe-N2C2 N pyrid N graph Pt 

O2 -1.01 -1.68 -0.06 -0.13 -0.44 to -0.81 

[40] 

CH3OH -0.22 -0.52 -0.28 +0.01 -0.28 [41] 

CH3CH2OH -0.17 -0.57 -0.27 -0.01 -0.23 to -0.81 

[42] 

CH3COOH -0.25 -0.68 -0.41 -0.03 +0.17 [42] 

CH3CHO -0.28 -0.61 -0.15 -0.03 -0.35 [42] 

 245 
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Interestingly, the case of pyridinic nitrogen (Figure S6) is quite different; there is a 246 

preferable adsorption of methanol (-0.28 eV) and ethanol (-0.27 eV) on this active site 247 

compared to molecular oxygen (-0.06 eV). This means that an ORR catalyst characterized 248 

by only pyridinic nitrogen active sites would not be tolerant to the presence of alcohols, 249 

whereas Fe-N4, Fe-N2C2 and, in a lower extent, graphitic nitrogen, would exhibit a high 250 

tolerance to alcohols and a high selectivity towards the ORR. 251 

Regarding the effect of eventual traces of acetic acid or acetaldehyde, the adsorption 252 

energies of both ethanolic residues on the ORR active sites are also summarized in Table 1. 253 

The adsorption energies of these molecules are even more negative than those of ethanol 254 

on Fe-N4 (-0.25 eV and -0.28 eV), Fe-N2C2 (-0.68 and -0.61 eV) and graphitic nitrogen (-0.03 255 

eV). Still, there is a preferential adsorption of oxygen on Fe-based sites. In the case of 256 

pyridinic nitrogen, the adsorption of of ethanolic residues is stronger than that of oxygen, 257 

especially for acetic acid (-0.41 eV), adsorbing much stronger than ethanol. 258 

From a cross analysis of the electrochemical results in half-cell configuration concerning 259 

alcohol tolerance properties and the DFT computational calculations on adsorption 260 

energies, it appears that the Fe-NCB catalyst herein investigated might be characterized by 261 

a significant density of active sites of the Fe-N2C2 or the Fe-N4 types. 262 

The interaction of platinum with oxygen, methanol, ethanol, and other small molecules has 263 

been extensively studied in previous works. For example, adsorption energies calculated 264 

for oxygen on Pt(111) surface range between -0.44 and -0.81 eV depending on the DFT 265 

functional [40,43,44]. While it was found that acetic acid does not chemisorb on the 266 

Pt(111) surface, the adsorption energies calculated for methanol, ethanol and 267 

acetaldehyde range between -0.23 and -0.81 eV [42,45]. Therefore, it is expected that the 268 

interaction of alcohols with the Pt surface will be comparable or slightly less stronger than 269 
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the interaction of oxygen, indicating that the blocking effect by these organic molecules 270 

could be much less pronounced on Fe-NCB catalyst than on a platinum one. 271 

 272 

3.3. DMFC and DEFC performance analysis 273 

The Fe-NCB catalyst was evaluated at the cathode side of a DMFC and a DEFC. A wide 274 

range of operating conditions and electrode loadings were investigated to best cover the 275 

potential applicability of the PGM-free formulation on DAFCs. In particular, high alcohol 276 

concentrations were studied aimed at getting insights on the suitability of Fe-NCB cathode 277 

catalyst in high energy density DAFCs. The effect of electrode catalyst loadings on the 278 

polarization and power density curves is shown in Figure 4 at high alcohol concentration 279 

(10 M methanol and 5 M ethanol). In DMFC (Figure 4a), two cathode loadings (Fe-NCB, 4 280 

and 8 mg cm-2) and two anode loadings (PtRu, 1 and 4 mg cm-2) were tested on the basis of 281 

our previous experience [17,31,46]. There is an increase of performance in terms of 282 

maximum power density from 50 to 60 mW cm-2 when increasing the PtRu loading at the 283 

anode from 1 to 4 mg cm-2. However, it appears that a high Fe-NCB loading (8 mg cm-2) 284 

influences negatively the polarization curve at current densities higher than 200 mA cm-2. A 285 

thicker cathode electrode might cause water saturation and flooding, hindering the 286 

diffusion of oxygen to the active sites [47]. The open circuit potential (OCP) was 0.8 V for 287 

the MEAs with 1 mg PtRu cm-2 at the anode and slightly higher (0.82 V) for a loading of 4 288 

mg PtRu cm-2. Despite the relatively high OCP, polarization curves exhibit a sharp decrease 289 

of voltage at low current density coming from the contribution of the sluggish kinetics of 290 

both anodic and cathodic reactions, especially the alcohol electro-oxidation at the anode, 291 

causing significant overpotentials. The polarization and power density curves of a Pt-292 

cathode-based MEA are also included in Figure 4. The highest impact of the high tolerance 293 
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to alcohols of the Fe-NCB catalyst is clearly seen at the low current density zone. The OCP 294 

for the MEA with the Pt/C cathode is as low as 0.5 V, which means a loss of voltage of 295 

about 300 mV compared to the Fe-NCB based MEAs. The low performance in the activation 296 

controlled region for the Pt/C cathode is clearly a result of the high methanol crossover 297 

influencing oxygen reduction active sites availability. As the current increases, the 298 

performance of the Fe-NCB cathode-based MEAs becomes lower than that of the Pt/C, 299 

which may be attributed to a combination of two effects: a thicker cathode electrode, 300 

hindering oxygen diffusion; and the well-known decrease of crossovered methanol with 301 

current. However, the voltage efficiency in the high current density region is very low (< 0.2 302 

V) and is not of practical interest. 303 

In DEFC configuration, two anode catalyst loadings were tested (PtRu, 2 and 4 mg cm-2). 304 

Figure 4b shows the results obtained at high ethanol concentration (5 M). An increase of 305 

performance is observed using higher PtRu loading. It must be pointed out that even 306 

though PtRu is known to be very active for the EOR [48], it is not the very best formulation 307 

to attain high performances. Indeed, better performances have been reported using PtSn 308 

anode catalysts [49,50]. Nevertheless, we preferred to adopt this commercial catalyst at 309 

the anode for sake of comparison, which could be transferred to a more performing MEA 310 

with more active anode catalysts. 311 
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 312 

 313 

Fig. 4 Effect of electrodes composition and loading on the performance of (a) DMFC and (b) DEFC. The legend 314 
shows cathode (left) and anode (right) loadings. Operating conditions: 90°C, 10 M methanol (a) or 5 M 315 

ethanol (b) at the anode (2 mL min-1) and fully humidified oxygen at the cathode (100 mL min-1). Membrane: 316 
Nafion® 115. 317 

 318 

A bar chart showing the maximum power density values in DAFCs is represented in Figure 5 319 

on the basis of fuel concentration, cell temperature and catalysts loadings. An MEA based 320 

on Pt/C cathode is included for comparison. Regarding Fe-NCB MEAs, a moderate increase 321 

of power density with the methanol concentration in DMFC is observed as a general trend 322 
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(Figure 5a). Instead, the opposite trend is exhibited in DEFC configuration, with a slight 323 

decrease of performance when feeding high ethanol concentration (Figure 5b). The MEAs 324 

based on Pt/C cathode show a larger decrease of power density with alcohol concentration 325 

compared to Fe-NCB cathodes (DMFC and DEFC). It is remarkable that using Fe-NCB 326 

cathode configuration is much better than Pt/C working with high alcohol concentration, 327 

even if the maximum power density represents a condition for relatively high current 328 

density and low voltage, in which alcohol crossover effects are less detrimental compared 329 

to high voltage operation. The advantageous use of highly tolerant PGM-free cathode is 330 

further accentuated under higher voltage operation, i.e. high energy efficiency. This is 331 

derived from the negligible effect of alcohol concentration on the polarization curves at 332 

high voltage (Figures S7 and S8), attributed to the high tolerance to the presence of 333 

alcohols of the Fe-NCB catalyst. 334 

 335 
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 336 

Fig. 5 Maximum power densities in (a) DMFC and (b) DEFC configurations as a function of electrode loadings, 337 
operating temperature and alcohol concentration at the anode. 338 

 339 

Table 2 summarizes some important features concerning the performance analysis carried 340 

out in this investigation. As described in the introduction section, one of the main 341 

disadvantages of highly concentrated fuel solutions is the consequent increase of 342 

permeation rate to the cathode compartment exacerbated by the swelling of the polymer 343 

which increases its porosity [10]. Just to illustrate this, crossover experiments were carried 344 

out using ad hoc MEAs based on the same Nafion® membrane, and Pt/C and PtRu catalysts 345 

at the cathode and anode sides, respectively. The crossover equivalent current, associated 346 

to the oxidation of permeated alcohol at Pt/C at the cathode, is a good indication of this 347 

well-known phenomenon [51]. A variation of methanol molarity from 1 M to 10 M (10-fold) 348 

results in an increase of methanol crossover current from 118 to 591 mA cm-2 (5-fold). In 349 

the case of ethanol, even if it is not completely oxidized to CO2 at the cathode, an increase 350 

of concentration from 1 M to 5 M (5-fold) leads to an increase of the equivalent crossover 351 

current density from 70 to 183 mA cm-2 (2.6-fold). The effect of crossover on cell 352 

performance is clearly deduced from the variation of cell potential (E) as summarized in 353 
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Table 2. Using the conventional Pt/C cathode, the cell potential decreases 110 mV (DMFC) 354 

and 90 mV (DEFC) when increasing the alcohol concentration from the lowest to the 355 

highest tested levels. Whereas, the cells equipped with the Fe-NCB cathode show only a 356 

decrease of 20 mV (DMFC) and 30 mV (DEFC). This is a corroboration of the high tolerance 357 

of the Fe-NCB catalyst to the presence of alcohols and alcoholic residues, as discussed in 358 

previous sections, under more realistic conditions. As a consequence, a high tolerance of 359 

the Fe-NCB cathode catalyst allows operating at high fuel concentrations while maintaining 360 

a high performance. 361 

 362 

Table 2 Fuel energy density*, crossover of methanol (CH3OH) and ethanol (C2H5OH) through Nafion® 115 363 
membrane (60°C) and effect on cell potential (E at 10 mA cm-2 and 60°C) for the most performing MEAs. 364 

Fuel molarity Fuel energy 

density* / 

mWh g-1 

Crossover 

equivalent 

current / 

mA cm-2 

E for the 

Fe-NCB 

based MEA 

/ V 

E for the 

Pt/C based 

MEA / V 

1 M CH3OH 194 118 0.52 0.51 

2 M CH3OH 391 205 0.52 0.47 

5 M CH3OH 1003 413 0.51 0.43 

10 M CH3OH 2097 591 0.50 0.40 

1 M C2H5OH 385 70 0.46 0.44 

2 M C2H5OH 781 104 0.46 0.40 

3 M C2H5OH 1187 140 0.45 0.37 

5 M C2H5OH 1960 183 0.43 0.35 

* In the case of ethanol, full conversion to CO2 is considered. For further information regarding the influence of  365 
EOR selectivity on the fuel energy density, please see Figure 6 and Table S1 of the supporting Information. 366 

 367 

The fuel energy density of both methanol and ethanol is also reported in Table 2 on the 368 

basis of alcohol concentration in water. It is important to remark that, even if pure ethanol 369 

(8040 mWh g-1) presents a higher energy density than pure methanol (6100 mWh g-1), the 370 
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inefficient oxidation of the former to CO2 giving acetaldehyde and acetic acid reduces 371 

significantly the practical fuel energy density as illustrated in Figure 6 (it can be even 83% 372 

lower if full conversion to acetaldehyde occurs). The selectivity of ethanol oxidation to CO2, 373 

acetic acid and acetaldehyde relies on several factors like anode composition (PtSn, PtRu, 374 

etc.), operating temperature, alcohol concentration and voltage/current, among others. 375 

Some works report the effect of such parameters on product distribution in DEFCs, using 376 

PtRu at the anode [48,52,53], like in the MEAs of the present investigation. In any case, it is 377 

clear from the energy density values of Table 2 that using high alcohol concentration in 378 

water is mandatory for prolonged operation of DAFCs. 379 

 380 

 381 

Fig. 6 Fuel energy density diagram as a function of EOR selectivity to CO2, acetic acid and acetaldehyde. Data 382 
for PtRu and PtSn from refs. [48,54,55,52,53]. Red lines indicate the energy content percentage, where 100% 383 

represents full conversion to CO2. Upper-right corner graph: dependence of energy density for 100% 384 
conversion to CO2 with ethanol concentration in water. 385 
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DMFC polarization and power density curves were also recorded at very high methanol 387 

concentration (17 M, 3888 mWh g-1) and high temperature (110°C), as depicted in Figure 7. 388 
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water (17.1 M). The Pt/C cathode-based MEA shows a very low OCP of 0.45 V. In 390 

consequence, the entire polarization curve is significantly affected by the low potential in 391 

the activation controlled zone (low current density), performing 26 mW cm-2 as maximum 392 

power density. It is noteworthy that the two MEAs based on Fe-NCB cathodes exhibit a 393 

very high OCP (0.76-0.78 V) despite the high methanol concentration at the anode and the 394 

high cell temperature. As a matter of fact, the maximum power densities reach 41 and 58 395 

mW cm-2 for the MEAs (Fe-NCB cathode) based on low and high loaded PtRu anode, 396 

respectively. The higher power density of the Fe-NCB based MEAs is ascribed to the better 397 

behaviour in the activation controlled zone, directly related to the extraordinary alcohol 398 

tolerance properties of the PGM-free catalyst. This fact highlights the importance of 399 

searching alcohol tolerant cathode formulations towards highly performing DAFCs in high 400 

energy density systems. 401 

 402 

Fig. 7 DMFC polarization and power density curves at high temperature (110°C) and high methanol 403 
concentration (17 M) for three MEAs as indicated in the legend (left: cathode; right: anode). 404 

 405 
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The power density plotted against the fuel energy density is represented in Figure 8 as a 407 

Ragone-like plot for the experiments in DAFCs carried out in the present work. An ideal 408 

DAFC-based powering system should provide both high power (W) and high energy (Wh). 409 

The results obtained with the Fe-NCB based cathode are indicated by the areas filled with 410 

diagonal strips, while the results related to the Pt/C cathode are indicated by the 411 

shadowed areas (light orange for DMFC and light yellow for DEFC). The upper line of the 412 

areas (red) represents the experiments at 110°C, whereas the lower line (blue) refers to 413 

30°C tests. It must be pointed out here that the cost of an MEA is highly influenced by the 414 

amount of platinum in the electrodes, being the most expensive component in a large-415 

scale production process. Thus, the maximum power density normalized by the total 416 

amount of Pt offers a very good idea of the cost-efficiency of the DAFC system. 417 

 418 

Fig. 8 Ragone-like plot of the DMFC and DEFC experimental results and the fuel energy density according to 419 
alcohol concentration. In the case of DEFC, the energy density has been calculated considering EOR energy 420 

efficiency of 33%, in line with previous publications [54]. 421 
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It is deduced from Figure 8 that a great advantage is gained with the implementation of the 424 

Fe-NCB catalyst at the cathode, especially for systems based on high energy density of the 425 

fuel (top right area of the figure). A remarkable difference is observed in terms of peak 426 

power density (W gPt-MEA-1) among the two MEA configurations, above all considering that 427 

the graph is plotted in double-logarithmic scale. At low temperature (30°C), close to 428 

ambient, both DMFC and DEFC performances are significantly enhanced when using the 429 

Fe-NCB cathode. The improvement is even larger operating with high fuel energy density. 430 

At high temperature (110°C), the highest differences are found when feeding the cell with 431 

high alcohol concentration. For example, producing 100 mW gPt-MEA-1 in a DMFC with a Pt-432 

cathode MEA is constrained to operate at 110°C and methanol concentration not higher 433 

than 2M (391 mWh g-1), whereas using the Fe-NCB cathode allows operating at the same 434 

temperature but with 10 M methanol (2097 mWh g-1), meaning more than 5-fold increase 435 

in energy content (i.e. 5-fold longer duration of the fuel reservoir). Similar conclusions can 436 

be extracted by analyzing DEFC data. From these results, it appears that a good strategy for 437 

the commercialization of DAFCs is using noble metals only at the anode side (in 438 

combination with other cheaper ad-metals like Ru or Sn) and highly tolerant PGM-free 439 

catalysts (M-N-C) at the cathode electrode. 440 

 441 

3.4. Durability investigation 442 

Durability tests were carried out on fresh MEAs with the Fe-NCB catalyst at the cathode 443 

side and PtRu at the anode (Figure 9). They consisted of 444 

potentiostatic/chronoamperometric curves at 0.3 V, keeping the cell temperature at 90°C 445 

and feeding 5 M methanol in DMFC configuration (Figure 9a) or 3 M ethanol in the DEFC 446 

experiment (Figure 9b). 447 
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The variation of performance with time of an MEA in a DAFC relies on several factors 448 

including cathode, anode and membrane degradation phenomena. In particular, the 449 

degradation processes occurring at the cathode side are known to be accelerated by high 450 

temperature, high cathode potential, low pH, and high oxygen/water concentration. 451 

In DMFC (Figure 9a), the current density shows initially a rapid decrease of performance, 452 

with a loss of power density of about 2.5 % h-1, and then the degradation is decelerated to 453 

about 0.3 % h-1. The average rate of performance loss is 0.67 % h-1. This is higher than the 454 

loss of performance of an MEA based on Pt/C under similar conditions (Figure S9): 0.45 % 455 

h-1 [17]. Nevertheless, high temperature post-treatments of Fe-N-C catalysts have been 456 

demonstrated to significantly enhance the resistance to degradation at the cathode [46].  457 

In DEFC, the performance variation with time is shown in Figure 9b. In the initial 3 hours of 458 

the experiment a rapid decrease of performance was registered, followed by a smoother 459 

decay. The first 10 hours account for a loss rate of 3.5 % h-1. Then, the degradation of the 460 

MEA is much slower, with a rate of about 0.2 % h-1 at the end of the test (similar to DMFC 461 

rate). The variation of performance with time in the case of DEFC is similar to that obtained 462 

for a Pt/C cathode-based MEA under the same conditions (Figure S9). 463 

 464 
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 465 

Fig. 9 Durability tests carried out at 0.3 V and 90°C for the Fe-NCB catalyst used at the cathode side. (a) DMFC 466 
configuration: 5 M methanol fed to the anode (2 mL min-1) and fully humidified oxygen to the cathode (100 467 
mL min-1), cathode loading: 4 mg Fe-NCB cm-2, anode loading: 1 mg PtRu cm-2. (b) DEFC configuration: 3 M 468 
ethanol fed to the anode (2 mL min-1) and fully humidified oxygen to the cathode (100 mL min-1), cathode 469 
loading 4 mg Fe-NCB cm-2, anode loading: 2 mg PtRu cm-2. Nafion® 115 membrane. The reversible loss is 470 

calculated as the difference of the current densities measured in the polarization curve at 0.3 V and 471 
measured in the chronoamperometric curve right after the polarization. 472 

 473 

In an attempt to rationalize the contribution of the cathode to the overall performance 474 

loss, XPS analyses were carried out on the Fe-NCB electrode after the durability tests and 475 

on a fresh electrode for the sake of comparison. The N1s spectra are shown in Figure 10. 476 

Fresh cathode has typical distribution of nitrogen species with protonated (401.9 eV) and 477 

hydrogenated (401 eV) nitrogens being the largest contributors [56]. Graphitic nitrogen 478 

contributes to both peaks at 401.9 eV and 403.0 eV. Oxidized nitrogen (NOx) appears at 479 

highest binding energy around 405 eV. The sites that demonstrate highest adsorption of 480 

oxygen contribute to lower binding energy range. The peak at 398.5 eV has contribution 481 

from pyridinic nitrogen and Fe-N2C2 sites, while Fe-N4 sites contribute to peak at 399.9 eV. 482 

It appears that nitrogen speciation barely changes after the durability tests (Table 3) with 483 

some decrease of protonated and graphitic nitrogen and increase in relative amount of 484 

active sites exposed at the surface of catalyst layers. The irreversible performance decay 485 
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with time could be thus more related to the degradation of other MEA components in this 486 

particular case, like the anode or the membrane. It is well known that Ru is susceptible to 487 

leaching out the anode [57].  488 

 489 

Fig. 10 XPS analyses performed on the cathodic electrode (a) at the beginning of life and (b) at the end of 490 
DMFC durability test. Shadowed areas correspond to pyridinic nitrogen (light green) and N-Fe (light blue). 491 

 492 

Table 3 N speciation (at%) from XPS analysis of fresh and used electrode (after 100 h in DMFC potentiostatic 493 
operation). 494 

 N pyrid 

398.5 eV 

N-Fe 

399.9 eV 

N hydro 

401.0 eV 

N proton 

401.9 eV 

N graph 

403.0 eV 

NOx 

405.0 eV 

Fresh 7.1 8.3 25.6 31.7 21.1 6.2 

Used 10.4 18.4 21.4 30.1 17.8 2.0 

 495 

 496 
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3.5. Outlook 497 

Cost-effective PGM-free catalysts have become of paramount interest for the development 498 

of highly efficient and performing power sources like fuel cells. Other than a low cost, these 499 

active catalysts exhibit an extraordinary tolerance to some small organic molecules like 500 

methanol and ethanol. This property makes them very attractive to solve one of the most 501 

important problems concerning direct alcohol fuel cells (DAFCs): low performance when 502 

increasing the energy density of the fuel. Insights on the causes of high tolerance for Fe-N-503 

C catalysts indicate the best route towards optimization of DAFCs components, in 504 

particular with regard to the best active sites required at the cathode side. The calculations 505 

are corroborated with tests in single cell, with performances as high as 60 mW cm-2 with 506 

high methanol concentration of 10 M (up to 17 M by increasing the temperature). The 507 

work indicates that using noble metals only at the anode side is the most convenient 508 

strategy for cost-effective and high energy density systems based on DAFCs. 509 

4. Conclusions 510 

The oxygen reduction electrochemical activity of a PGM-free catalyst based on iron − 511 

nitrogen – carbon (Fe-N-C) has been investigated in the presence of methanol and ethanol. 512 

Computational calculations by DFT demonstrated that Fe-N4 and Fe-N2C2 sites exhibit a 513 

significantly stronger adsorption of oxygen compared to alcohols and ethanolic 514 

intermediates like acetic acid and acetaldehyde, in contrast to commonly used Pt-based 515 

catalysts, which experience competition of alcohols and oxygen for the active sites. The 516 

preferred adsorption of oxygen on Fe-N-C catalyst has been proven to positively and 517 

greatly influence the behaviour at the cathode of DAFCs. A promising strategy consisting of 518 

using noble metals at the anode side and the Fe-N-C catalyst at the cathode side is here 519 



30 
 

proposed and demonstrated to broaden the energy density of power supply sources based 520 

on highly efficient DAFCs. 521 

 522 
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