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H I G H L I G H T S  

• Addition of H2SO4 in methanol feed boosts DMFC power density using Pt/C catalyst. 
• Power density is not dependent on H2SO4 concentration using PGM-free catalyst for ORR. 
• Addition of H2SO4 does not affect short-term cell performance. 
• Catalysts morphology and composition are not affected by H2SO4 presence.  
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A B S T R A C T   

Direct methanol fuel cells (DMFCs) are promising electrochemical systems capable of producing electricity from 
the electrochemical oxidation of methanol and the reduction of oxygen. In this work, the effectiveness of the 
addition of sulfuric acid as a supporting electrolyte for methanol fuel composition was assessed. The results 
showed that the peak of power curve in DMFCs with Pt/C cathode electrocatalysts increased progressively from 
70 mW cm− 2 (0 mM of H2SO4) to 115 mW cm− 2 with a concentration of 100 mM of H2SO4. These results 
underlined the positive effect of the addition of a supporting electrolyte in the methanol aqueous solution on the 
electrochemical output that was enhanced. Platinum group metal-free (PGM-free) electrocatalysts based on Fe- 
Nx-C type were also tested being insensitive to methanol crossover and oxidation at the cathode. DMFC with 
Fe–N–C cathode catalysts result in a performance of 21.5 mW cm− 2. In these operating conditions, the addition of 
supporting electrolyte does not seem to bring excessive advantage. Short stability tests are presented and an 
overall assessment of the resistances within the system is also discussed.   

1. Introduction 

Direct Methanol Fuel Cells (DMFCs) show excellent energy perfor
mance delivering power output capable of powering e.g. portable elec
tronics or back-up emergency systems [1–3]. The main advantage 
compared to hydrogen fuel cells is the fact that methanol is in liquid 

form and therefore does not present specific problems during trans
portation [4]. The research in DMFC is mainly devoted in improving 
anode and cathode electrocatalysts and in parallel optimize the polymer 
electrolyte membrane [5,6]. Concerning the anode electrocatalysis, 
great effort is allocated in improving the methanol electrooxidation ki
netics by developing Pt alloys capable of mitigating the effect of CO 
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poisoning, the intermediate that is formed during MeOH oxidation and 
poison and deactivate the Pt catalytic centre [7]. Pt–Ru was found to be 
the most efficient and effective among the Pt-alloy family of electro
catalysts, especially for an equimolar composition and has been largely 
exploited in the last 30 years [8,9]. Beside of the anode electrocatalyst 
also the cathode plays a critical role, as the oxygen reduction reaction 
(ORR) is a sluggish reaction that occurs at large overpotentials that are 
detrimental to the overall cell efficiency. The ORR electrocatalysis has 
been largely investigated for its significant role in determining the en
ergy performance of polymer electrolyte membrane (PEM) fuel cells 
[10–12]. The advancements done in ORR electrocatalysis for PEM fuel 
cells are often translated within DMFCs systems. Pt based materials are 
the most used electrocatalysts and typically Pt nanoparticles supported 
on carbon blacks (Pt/C) can be extremely efficient. Despite being the 
most used, Pt/C cathode electrocatalysts are not necessarily the most 
logical solution. So far, typical electrocatalyst loadings in DMFC can be 
as high as 2–5 mg cm− 2 at the anode and 1 mg cm− 2 at the cathode [13, 
14]. Considering a power system capable of delivering reasonable power 
output (e.g. 100 W), the overall system would have a PGM loading that 
can easily exceed 4 g and generally 30–40 g per kW are required. This 
PGM content is not acceptable for this technology significantly affecting 
the price of the system. Moreover, this large usage introduces treats to 
the resilience of the technology concerning the dependence of Critical 
Raw Materials (CRMs) [15]. This aspect has been importantly brought to 
the public attention by the European Commission that periodically 
release a list of CRMs [15]. PGMs are among the most critical of those 
resources, not only for scarcity, but also for the concentration of the 
resources in the hands of a few countries, a fact that might create issues 
to the supply chain. 

Recently, the use of PGM-free ORR electrocatalysts integrated into 
the cathode have been proposed for PEMFC. While the performance 
achieved are not yet at the same level of Pt based materials, it has been 
demonstrated that these materials can effectively employed in practical 
systems [16,17]. Among these PGM-free electrocatalysts materials the 
one belonging to the family of the TM-Nx-C (x = 2,3,4) which are 
transition metals (TM) such as Fe, Co, Ni, Mn, et coordinated with ni
trogen in pyridinic environment embedded in a carbon matrix and 
located in the plane or in the edge of the plane are the most promising. 
These PGM-free electrocatalysts can be single TM (monometallic), 
bimetallic (TM1-TM2-N-C) or even trimetallic (TM1-TM2-TM3-N-C) 
[17–22]. Interestingly these PGM-free electrocatalysts offer a huge 
advantage for DMFC compared to Pt based materials [23]. Indeed, they 
are not active toward the oxidation of methanol [24,25]. This fact in
dicates that even in the presence of significant methanol crossover in the 
cell, no appreciable drop in the open circuit potential of the cell occurs 
[16]. Remarkably, such drops are one of the major drawbacks of DMFC 
equipped with Pt cathodes [26]. 

The DMFC performance is also significantly affected by the concen
tration of the fuel [27–29]. This is for two reasons: 1) higher concen
trations result in higher crossover and 2) methanol concentration may 
alter the kinetics and the thermodynamics of the electrochemical 
oxidation [26]. The first point has been already covered when discussing 
the role of the cathode and has only a negative relationship with con
centration. Namely, the higher is the concentration, the higher is the 
crossover [29]. This results in a drop of the cell efficiency for the loss of 
the fuel and a further drop in the efficiency for the possible open circuit 
potential reduction due to the catalytic activity of the cathode toward 
methanol oxidation. The second point is related to the ratio between 
methanol and water. The stoichiometric ratio methanol:water should be 
17 M, however due to issues related to crossover, the methanol con
centration is usually reduced to few M [26]. Moreover, the methanol 
oxidation has a quite complex reaction mechanism resulting in sluggish 
kinetics. To accelerate it, higher loading of Pt–Ru/C is used significantly 
increasing the overall cost of the device without being necessarily effi
cient [30]. 

The role of a potential support electrolyte on the performance has 

been seldom considered, especially in acidic environment. This role is 
extremely relevant in alkaline environment where the electrolyte is 
supported by the addition of hydroxide. For example, in alkaline direct 
alcohol fuel cells, it has been demonstrated that, for kinetics reasons, 
ethanol oxidation goes faster for equimolar alcohol and hydroxide 
concentrations [22,31]. Only a few studies have assessed the effect of 
H2SO4 as supporting electrolyte on the electrochemical oxidation of 
methanol [32–34]. Sulfuric acid was typically used as source of sulphate 
ions approaching the behaviour of sulfonic groups in Nafion® despite 
dissolved ions in the electrolyte have very different mobility with 
respect sulfonic groups in a membrane [35]. Recently, kinetics electro
chemical studies substituted perchloric acid (HClO4) to sulfuric acid 
because sulphate anions can be strongly adsorbed to the Pt nanoparticles 
surface hampering methanol adsorption and, therefore, influencing 
methanol electro oxidation rate. Anyway, Wang and Baltruschat 
demonstrated that, even if methanol electro oxidation rate is higher in 
perchloric acid solution than in sulfuric acid one due to stronger 
adsorption of sulphate anions on Pt surface, current efficiency related to 
CO2 production was not significantly influenced [33]. 

However, the addition of a supporting electrolyte has also been 
considered for improving the overall ionic conductivity of the system. Li 
et al. [36] in 2004 used the addition of H2SO4 to the electrolyte of 
microdirect methanol fuel cell where the electrode was not in me
chanical contact with the membrane. In that work, Li and co-workers 
demonstrated that the addition of H2SO4 was effective to allow the 
exploitation of extended electrodes in microdevices. 

Based on these considerations, we are presenting this research study 
with the intention of assessing the effectiveness of the addition of sul
furic acid as a supporting electrolyte for methanol fuel composition. The 
fundamental idea is to evaluate the performance enhancement and the 
effect that the use of acid fuel may have on the stability of the electro
catalyst, particularly at the cathode. Indeed, as recently reported, the 
use of cathode PGM-free materials has been proposed as a crossover 
insensitive alternative to the Pt based materials [23]. Importantly, 
PGM-free electrocatalysts might show lower stability toward the acidic 
environment especially in conditions where the acidic groups are not 
only anchored to the membrane and ionomer but are diluted in the fuel 
solution. 

In this work, an initial screening of Pt/C and Fe–Mn–N–C electro
catalysts is reported using rotating disk electrode (RDE) to evaluate the 
effect of methanol over the electrocatalytic activity towards ORR. These 
electrocatalysts are then integrated in the cathode architectures and 
tested in DMFC with addition of increasing concentration of sulfuric acid 
as supporting electrolyte. An extensive discussion of the electrochemical 
performance is presented supported by a meticulous study on the 
impedance spectroscopy identifying each contribution and relate them 
to the electrochemistry output. Durability tests were also carried out and 
reported. 

2. Materials 

2.1. Electrocatalyst fabrication 

PGM-free electrocatalyst was fabricated using a simplistic method
ology to dually functionalize the commercially available carbon black 
(Ketjenblack EC-600JD, KJ Black) with iron phthalocyanine (FePc) and 
manganese phthalocyanine (thermos scientific, MnPc). Briefly, 80 wt% 
of KJ Black was thoroughly mixed with 10 wt% of FePc and 10 wt% of 
MnPc by subjecting the mixture to a round of ball milling (EMAX, Retsch 
Gmbh, Germany) for 1 h at 500 rpm under ambient conditions. Next, the 
obtained powder was transferred to a clean ceramic boat and pyrolyzed 
at 600 ◦C for 1 h while keeping the heating/cooling ramp rates at 
300 ◦C/hr in a split-type horizontal tube furnace (Nabertherm) with a 
quartz tube. Pyrolysis was carried out under a slightly reducing atmo
sphere comprising of 5% hydrogen balanced with argon and the flux was 
maintained at 100 cm3 min− 1 throughout the process. As the operational 
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temperature dropped to room temperature, the produced electrocatalyst 
(KJB-FeMn) was then taken out from the furnace and subsequently 
analyzed without any further processing. 

2.2. Electrodes used and membrane electrode assembly integration 

For Pt-based electrocatalysts, in-house prepared gas diffusion elec
trodes were used. The catalytic ink was deposited by spray coating 
technique onto a commercial gas diffusion layer Sigracet-24 BC (from 
the SGL group). The catalytic ink was obtained by mixing the electro
catalyst, with 33 wt% of dry Nafion ionomer (5 wt% hydro-alcoholic 
solution IonPower-LQ1105), and 20 wt% of ammonium carbonate that 
acts as a pore-former, as described elsewhere [37,38]. For the cathode, a 
40% Pt/C (Alfa Aesar) as electrocatalyst and the Pt loading 0.5 mg cm− 2 

was used. For the anode, a 60%Pt–Ru/C (Alfa Aesar) was used as elec
trocatalyst and the Pt loading of 2.3 mg cm− 2 was maintained. 

PGM-free electrocatalyst cathode electrode was prepared as follows: 
the ink was prepared by mixing 150 mg of the as-synthesized catalyst 
into a solvent containing 2.6 ml (2.41 g) of 5 wt% Nafion and 7 ml of 
Isopropyl alcohol. The obtained mixture was then subjection to probe 
sonication for 30 min and subsequently the vial containing ink was 
placed in the bath sonicator for the next 2 h at ambient conditions. Once 
the homogenized ink was achieved, 8 ml of it was drop casted on 25 cm2 

commercial carbon paper gas diffusion layer (Toray TGP-H-120) to 
make the cathode electrode with loading of 5 mg cm− 2. In order to allow 
a fast evaporation of the solvent, the carbon paper was in contact with a 
hot plate with temperature set at 80 ◦C. Finally, the cathode electrode 
was fully dried at 80 ◦C. 

Membrane Electrode Assembly (MEA) was fabricated by mechanical 
pressing anode, cathode and the proton exchange membrane that was a 
commercial Nafion® 115. The latter was humidified in deionized water 
for 15 min before each measurement. Silicone gaskets (with thickness of 
0.01′′) were placed to seal MEA. Cell was assembled by applying a torque 
of 4 Nm. 

3. Methods 

3.1. Surface morphology and chemistry 

SEM investigations were performed in a TESCAN GAIA3 2016 dual 
beam electron microscope equipped with a Triglav electron column. 
High magnification images (20–500 kx) have been acquired with the 
column operating in the field immersion mode to collect simultaneously 
the secondary and primary electrons signals with the in-column de
tectors secondary and backscattered detectors. For imaging, the electron 
energy was 5 kV and the working distance approximatively 2 mm. Low 
magnification images have been acquired with the column operating in 
the analysis mode (no immersion field) to allow a larger field of view 
and for a better sampling of the catalytic layer for the energy dispersive 
microanalysis. For EDX analysis, the electron energy was set to 20 kV to 
allow a significant X-ray emission yield at the Pt L lines. EDX data were 
collected with an EDAX Octane Elite SDD detector with a Ametek 40 nm 
Silicon carbide window and a detector active area of 70 mm2. 

3.2. Electrocatalytic activity testing using rotating disk electrode 

For the execution of electrochemical studies, first, a conductive ink 
of the electrocatalyst was prepared similar to our previously reported 
methods [39,40]. In brief, 5 mg of the electrocatalyst was mixed with a 
solvent containing 985 μl of isopropanol (Alfa Aesar) and 15 μl of 5.0 wt 
% Nafion® D-520 (Alfa Aesar). The suspension was agitated with a 
probe sonication for 15 min followed by bath sonication for 30 min to 
obtain a homogenized ink. The oxygen reduction reaction (ORR) was 
examined through a rotating disk electrode (RDE, Pine WaveVortex) 
with a three three-electrode symmetry attached to a Pine bipotentiostat. 
The working electrode was configured by precisely drop-casting the 

electrocatalyst ink on the glassy carbon disk of the RDE electrode (E5 
series with 0.1963 cm2 surface area) with the loading of 0.6 mg cm− 2 for 
PGM-free and 0.2 mg cm− 2 for Pt/C electrocatalyst. In addition, a 
saturated calomel electrode (SCE) was used as a reference while the 
counter electrode was platinum wire. Linear sweep voltammograms 
(LSVs) were obtained within a potential window of 1000 mV to − 250 
mV vs SCE in oxygen-rich 0.5 M H2SO4 electrolyte while rotating RDE at 
the speed of 1600 rpm. The methanol tolerance of the electrocatalyst 
was examined by incrementally adding methanol into the base elec
trolyte from 1 mM to 100 mM concentration. Finally, all the potential 
values were converted to reversible hydrogen electrode (RHE) potential. 

3.3. Testing in direct methanol fuel cell 

The influence of sulfuric acid and different cathodic electrocatalysts 
on DMFC performance was studied in a single module fuel cell. Elec
troChem Inc. hardware was used and consisted of two gold current 
collectors and graphite plates with serpentine flow field (used in 
counter-flow configuration) and an active area of 1 cm2. DMFC char
acteristics were evaluated by feeding 2 M aqueous solution of methanol 
at the anode with a flow rate of 3 mL min− 1 and humidified oxygen 
(99.5% purity, RH = 100%) with a flow rate of 50 mL min− 1 at the 
cathode (backpressure: 41 kPa). Several concentrations (0.001 M, 0.01 
M and 0.1 M) of H2SO4 in the anodic aqueous solution were tested. 
Polarization curves were recorded with potentiostatic mode with an 
acquisition time of 100 s. Every point of the polarization curve was re
ported as the average of the recorded current values. All DMFC tests 
were performed at 70 ◦C using a Parstat 4000 potentiostat (Princeton 
Applied Research, AMETEK). 

Before any test, the cell was activated through a conditioning pro
cess. This step is necessary to provide maximum and constant perfor
mance over time. Time required for conditioning is closely related to the 
MEA studied. When Pt/C electrocatalyst was at the cathode side con
ditioning time was 5 h, while it was 1 h or 5 h for the PGM-free 
electrocatalysts. 

EIS measurements were carried out by superimposing an ac voltage 
signal of 10 mV to the dc voltage signal of 0.5 V (activation region in the 
polarization curve) and of 0.25 V (ohmic region in the polarization 
curve) in the frequency range of 100 kHz to 10 mHz. ZSimpWin software 
was used to fit the obtained EIS spectra with a suitable equivalent 
electrical circuit (EEC). 

A short stability test was performed to verify the DMFC performance 
over time. A constant cell voltage of 0.5 V was applied for 10 h, using the 
same operating conditions as for DMFC testing. 

4. Results and discussion 

4.1. The effect of methanol on the ORR kinetics on PGM and PGM-free 
electrocatalysts 

The ORR was investigated using RDE technique and the results are 
illustrated in Fig. 1 where methanol was stepwise added to the working 
electrolyte (0.5 M H2SO4). In the case of Pt/C (Fig. 1a), a categorical 
oxidation peak can be seen as the methanol was added to the base 
electrolyte. Increasing the methanol concentration from 1 mM to 100 
mM steadily intensified of oxidation peak, indicating the least methanol 
tolerance of Pt/C. On the other hand, KJB-FeMn did not show a signif
icant poisoning effect due to methanol. However, E1/2 and limiting 
current density were slightly reduced with subsequent methanol addi
tions. KJB-FeMn electrocatalyst demonstrated a half wave potential (E1/ 

2) ca. 0.69 V, 0.66 V, 0.65 V and 0.64 V vs RHE at the methanol con
centration of 0 mM, 1 mM, 10 mM and 100 mM, respectively. 
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4.2. DMFC testing 

4.2.1. Results with Pt electrocatalyst and dependence on H2SO4 
concentration 

Fig. 2a and b shows the cell voltage and the power density vs the 
current density curves related to MEA with Pt and KJB-FeMn electro
catalysts at the cathode, respectively, recorded with different concen
trations of H2SO4 in the anodic feed methanol solution. 

Regarding polarization curves measured using Pt/C electrocatalyst 
at the cathode, first effect that can be noted about sulfuric acid presence 
in methanol aqueous solution is that OCV value slightly increased, from 
≈650 mV without H2SO4 to ≈710 mV with a 0.1 M H2SO4 concentra
tion. This value is anyway far from electromotive force (emf) value, i.e. 
1210 mV, due to the high methanol crossover from the anodic to the 
cathodic side that the polymeric membrane utilized, Nafion® 115, 
experienced. Methanol crossover creates mixed potentials responsible 
for the lower value recorded compared to the theoretical value. It can be 
noticed that a gradual increase in the peak of power density was ob
tained as the concentration of sulfuric acid in the anode feed increased; 
an overall increase of 64% can be estimated with the addition of a 
concentration of 0.1 M H2SO4 compared with 2 M methanol aqueous 
solution, reaching 115 mW cm− 2 as maximum power density peak. 

It is noteworthy to mention that the major effect of H2SO4 presence 
was on the overall ionic conductivity of the cell. In fact, it could be noted 
that the slope of the linear part of the polarization curves (ohmic region) 
decreased with increasing sulfuric acid concentration in the methanol 
aqueous solution anodic feed. 

4.2.2. Results with PGM-free cathode electrocatalyst 

4.2.2.1. Effect of conditioning time. The effect of conditioning time was 

evaluated for KJB-FeMn (i.e. PGM-free) electrocatalyst. In contrast to Pt 
electrocatalyst, conditioning process resulted to be detrimental for KJB- 
FeMn performance output. In fact, initial OCV and power density peak 
values (685 mV and 18 mW cm− 2, respectively) decreased after 5 h 
conditioning, being 645 mV and 14 mW cm− 2, respectively (see Fig. S1). 
This result could be explained by considering possible dissolution phe
nomena of the metallic centers (Fe and Mn) that can happen in acidic 
conditions, as those in DMFC, since these metals are not thermody
namically stable in acid solutions [41]. 

4.2.2.2. Effect of addition of sulfuric acid. As it can be noted from po
larization curves reported in Fig. 2b, recorded OCV values were not far 
from those recorded with Pt electrocatalyst at the cathode. OCV value is 
directly related to the sensitivity of the PGM-free electrocatalyst to 
methanol crossover and its electrooxidation. It is reported in literature 
that methanol crossover decreases the performance of the ORR, by 
limiting oxygen availability on the active sites. Moreover, it has been 
proposed that the MOR at the cathode occurs through an electro
chemical mechanism, thus increasing the cathode overpotential [42]. In 
the case of KJB-FeMn electrocatalyst, ORR is also characterized by a 
higher charge transfer resistance with respect to the Pt/C case. There
fore, close OCV values can be explained by considering a lower sensi
tivity to methanol crossover compensated by a more sluggish ORR. It is 
also noteworthy to mention that huge differences in OCV values using 
PGM-based and PGM-free electrocatalysts can be typically found when 
methanol concentration higher than 2 M are used [43]. 

Regarding power density values, they were much lower by using 
KJB-FeMn catalyst, being the maximum 21.5 mW cm− 2 with 0.1 M 
H2SO4 concentration in methanol aqueous solution. 

Differently than in the case of Pt, it is important to note that, both 
OCV values and power densities, did not show a significant dependence 

Fig. 1. ORR measurements in O2-saturated 0.5 M H2SO4 using RDE electrode rotating at 1600 rpm where methanol was sequentially added to the base electrolyte 
from 1 mM to 100 mM concentration. To obtained LSVs (at 5 mV s− 1) electrocatalyst loading on RDE was 0.2 mg cm− 2 for Pt/C (a) while KJB-FeMn (b) was tested 
with loading of 0.6 mg cm− 2. 

Fig. 2. Polarization curves and power density curves recorded at 70 ◦C with different concentrations of sulfuric acid in the anodic feed (2 M aqueous methanol 
solution). (a) Pt catalyst and (b) KJB-FeMn catalyst at the cathode. 
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on the presence of sulfuric acid in anodic feed. By looking at the po
larization curves, it is worth noting that these worst performances were 
mainly due to major activation losses linked to KJB-FeMn at the cathode 
with respect to those estimated by using Pt for the oxygen reduction 
reaction. Nevertheless, a power density peak value of 21.5 mW cm− 2 is 
considerable if compared to data reported in literature for PGM-free 
ORR electrocatalyst used in DMFC with comparable operating condi
tions [21,22,24,44]. These results demonstrate the potentiality of this 
electrocatalyst. 

4.2.3. EIS analysis 
Previous reported results can be also confirmed and rationalized by 

looking at EIS spectra shown in Fig. 3a–d recorded for Pt and KJB-FeMn 
electrocatalysts, without and with sulfuric acid (0.1 M) at the anode, at 
0.5 V as cell voltage. 

Electrochemical behavior of DMFCs was modelled by considering the 
equivalent electrical circuit (EEC) reported in the inset of Fig. 3a. EEC 
comprised ohmic resistance, RΩ, taking into account membrane 
(Nafion® 115) resistance and all the other ohmic resistances (e.g. 
methanol aqueous solution resistance), in series with two more complex 
circuits, modelling anode and cathode and respective reactions kinetics. 
In fact, for both electrodes, a parallel between Rct and Q was considered, 
representing the charge transfer resistance related to the specific elec
trodic reaction and a constant phase element used to model for a non 
ideal double layer capacitance, respectively. In the case of EIS spectra 
recorded at a cell voltage of 0.25 V, to model anode and its reaction 
kinetics, a series between an inductance and a resistance was added to 
the EEC used (see Fig. S3). In fact, an inductance was needed to model 
the adsorption of CO species (preferentially) on Pt that is involved in the 
complex multistep reaction mechanism of methanol oxidation [45]. 
Ohmic resistance and kinetics fitting parameters of EIS spectra recorded 
at 0.5 V and 0.25 V are reported in Table 1, whilst all the fitting pa
rameters regarding all the spectra related to the cell operating with both 
electrocatalyst types and sulfuric acid concentrations are reported in 
Table S1 and Table S2. 

Rct,C resulted to be one order of magnitude higher with respect to Rct, 

A when KJB-FeMn electrocatalyst was used for cathodic reaction. In 
turn, Rct,A resulted to be one order of magnitude higher with respect to 

Rct,C when Pt electrocatalyst was used for cathodic reaction, confirming 
that higher activation overpotential values are needed to activate ORR 
when KJB-FeMn electrocatalyst was used. Rct,C was determined by 
comparing the obtained values with those reported in previous studies 
related to H2-fed low T fuel cells for ORR [46]. It is noteworthy to 
mention that, when Pt was used at cathode, increasing the concentration 
of sulfuric acid led to a decrease of Rct,A and Rct,C at higher current 
density values (i.e. dc cell voltage = 0.25 V, see Table 1b). It is also 
noteworthy to mention that, at 0.25 V, the overvoltage values related to 
both electrodic reactions, which can be estimated as emf – IR, are as high 
as to have fully activated reactions, resulting in comparable values of Rct, 

C and Rct,A. This can be also explained by considering a possible change 
in the rate determining step for electrooxidation of methanol at this so 
high overvoltage value, making fast an intrinsic sluggish reaction as 
MOR is. On the contrary, no clear trend was assessed when KJB-FeMn 
was used by changing the H2SO4 concentration, in agreement with po
larization curves shown in Fig. 2b. In fact, in the latter case, the overall 
performance is controlled by the worse kinetics at the cathode, thus the 
effect of sulfuric acid presence is not so evident. 

Results of short stability test, carried out at 0.5 V for 10 h, for both 
DMFCs employing Pt and KJB-FeMn electrocatalysts at the cathode are 
reported in Figs. 4 and 5, respectively. Cell voltage of 0.5 V was chosen 
since it was reported that a constant cell voltage of 0.5 V is the most 
severe condition to test DMFC components [47] and, recently, 0.5 V has 
been indicated as the operating cell voltage for the maximum efficiency 
of a DMFC [48]. 

When Pt was used as electrocatalyst at the cathode (see Fig. 4), 
regardless on the anodic feed composition, current density value 
reached an almost constant value after ~ 30 min whilst transitory phase 
resulted to be longer when KJB-FeMn electrocatalyst was used (see 
Fig. 5) with a lower stationary current density value. 

After short stability test employing Pt (i.e. after 10 h of constant 
polarization), power density value decreased to 105 mW cm− 2 (see inset 
of Fig. 4) when sulfuric acid was present in the anodic feed whilst it 
decreased to 50 mW cm− 2 (see inset of Fig. 4) when no sulfuric acid was 
used. This means a decrease of ≈10% in power density value after short 
stability test in both cases, i.e. without and with sulfuric acid in anodic 
feed. A possible reason for the degradation in cell performance could be 
Pt and/or Ru leaching from the anodic electrocatalyst. 

After short stability test employing KJB-FeMn, power density value 
decreased to 15 mW cm− 2 (see inset of Fig. 5) when sulfuric acid was 
present in the anodic feed whilst it decreased to 12 mW cm− 2 (see inset 
of Fig. 5) when no sulfuric acid was used. This means a decrease of 
~30% in power density value after short stability test in both cases, i.e. 
without and with sulfuric acid in anodic feed, respectively. For KJB- 
FeMn electrocatalyst, a worse performance is supposed to be due to Fe 
and/or Mn dissolution. 

4.2.4. Stability investigation by SEM analysis 
To assess the effect of the addition of H2SO4 on the stability of the 

anode and cathode materials, we performed the SEM imaging on the 
electrodes after the acquisition of the polarization curves. Fig. 6 shows 
the high magnification images of the electrocatalysts integrated into the 
cathode catalyst layer after DMFC polarization curves with 2 M CH3OH 
and 2 M CH3OH + 0.1 M H2SO4. Data for the cells with 0.001 M and 
0.01 M are reported in Figs. S2a–h. We observed that in the cell 
equipped with both the PGM and the PGM-free materials the electro
catalyst show no apparent change of the morphology. A rule of thumb 
quantitative estimation done by EDX microanalysis (see Table 2) show 
that the Pt–Ru ratio in the anode after the polarization experiments did 
not change with the addition of sulfuric acid, suggesting the robustness, 
at least for the short term stability, of the system against the anodic 
stress. These findings are in agreement with what observed with the 
short stability tests, where the current output at an applied potential of 
0.5 V does not show dependence on the H2SO4 concentration in a 10 h 
timespan. 

Fig. 3. EIS spectra recorded at 0.5 V with Pt at cathode a) without and b) with 
sulfuric acid (0.1 M) in the anodic feed. EIS spectra recorded at 0.5 V with KJB- 
FeMn at cathode c) without and d) with sulfuric acid (0.1 M) in the anodic feed. 
Continuous line: fitting line. 
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5. Conclusions 

In this work, we have explored the addition of H2SO4 as a supporting 
electrolyte for direct methanol fuel cells with the purpose to increase the 

power density of the devices. We showed that the addition of 0.1 M 
H2SO4 to a cell equipped with a Pt–Ru anode and a Pt cathode produce 
an outstanding 64% increase of the power output. Remarkably at a cell 
potential of 0.25 V the current density increases from 0.27 to 0.45 A 
cm− 2. EIS data showed that such a huge variation is due to both a 
reduction in the cell resistance and the improvement of the anode 

Table 1 
Ohmic resistance and kinetics fitting parameters of EIS spectra recorded at a) 0.5 V and b) 0.25 V with several sulfuric acid concentrations with Pt and KJB-FeMn at the 
cathode.  

a) Cell voltage = 0.5 V  

Pt (cathode) - PtRu (anode) KJB-FeMn (cathode) - PtRu (anode) 

2 M 2 M + 0.001 M H2SO4 2 M + 0.01 M H2SO4 2 M + 0.1 M H2SO4 2 M 2 M + 0.001 M H2SO4 2 M + 0.01 M H2SO4 2 M + 0.1 M H2SO4 

RΩ (Ω cm2) 0.28 0.32 0.29 0.28 0.25 0.25 0.25 0.28 
Rct,C (Ω cm2) 0.45 0.59 0.59 0.42 44.6 46.8 49.0 47.0 
Rct,A (Ω cm2) 4.26 5.44 4.70 4.32 3.29 4.38 4.60 4.20 

b) Cell Voltage = 0.25 V.  

Pt (cathode) - PtRu (anode) KJB-FeMn (cathode) - PtRu (anode) 

2 M 2 M + 0.001 M H2SO4 2 M + 0.01 M H2SO4 2 M + 0.1 M H2SO4 2 M 2 M + 0.001 M H2SO4 2 M + 0.01 M H2SO4 2 M + 0.1 M H2SO4 

RΩ (Ω cm2) 0.27 0.27 0.28 0.25 0.28 0.26 0.25 0.24 
Rct,C (Ω cm2) 0.40 0.26 0.21 0.16 7.00 7.48 6.15 4.79 
Rct,A (Ω cm2) 0.45 0.25 0.22 0.20 0.45 0.20 0.14 0.16  

Fig. 4. Short stability tests (constant cell voltage = 0.5 V), using aqueous 
methanol solution at anode without and with sulfuric acid, related to DMFCs 
employing Pt electrocatalyst at the cathode. Inset: polarization curves recorded 
after the short stability tests. 

Fig. 5. Short stability tests (constant cell voltage = 0.5 V), using aqueous 
methanol solution at anode without and with sulfuric acid, related to DMFCs 
employing KJB-FeMn electrocatalyst at the cathode. Inset: polarization curves 
recorded after the short stability tests. 

Fig. 6. High resolution SEM images (500kx) of the electrodes of the cell 
equipped with Pt cathode (a–d) and KJB-FeMn cathodes (e–h). a) Pt–Ru anode 
after polarization tests in 2 M CH3OH; b) Pt–Ru anode after polarization tests in 
2 M CH3OH + 0.1 M H2SO4; c) Pt cathode after polarization tests in 2 M 
CH3OH; d) Pt cathode after polarization tests in 2 M CH3OH + 0.1 M H2SO4; e) 
Pt–Ru anode after polarization tests in 2 M CH3OH; f) Pt–Ru anode after po
larization tests in 2 M CH3OH + 0.1 M H2SO4; g) KJB-FeMn cathode after po
larization tests in 2 M CH3OH; h) KJB-FeMn cathode after polarization tests in 
2 M CH3OH + 0.1 M H2SO4. 
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kinetics. As the frontier is to reduce the amount of Pt as much as possible 
to lower the impact on critical raw materials and to avoid potential 
drops due to methanol crossover, we explored the addition of H2SO4 to 
the same DMFC equipped with a PGM-free cathode consisting of a py
rolyzed carbon added with TM-Nx catalytic centers using bimetallic TMs 
such as Fe and Mn. For such a cell, the power density moved from 18 
mW cm− 2 to 21.5 mW cm− 2 with a 20% increase. The results obtained in 
this case are less predominant than that of the cell equipped with the Pt/ 
C cathode. We ascribed this finding to the higher cathode charge transfer 
resistance that, according to EIS data, looks the most limiting factor for 
defining the cell performance, especially at the lowest overpotentials. 
Nonetheless, we can conclude that adding H2SO4 as a supporting elec
trolyte has a beneficial effect to the energy performance that results in a 
significant increase of the weight and volume power density of the 
devices. 

While the performance of the system equipped with the PGM-free 
cathode are in line with what reported in the state of the art for 
DMFC, we observed that the maximum power density of the DMFC 
equipped with Pt/C cathodes is roughly five times higher. Accordingly, 
we can conclude that considering that the Pt loading at the anode is 2.3 
mg cm− 2, the Pt saving produced by its elimination at the cathode is not 
justified as to achieve the same power output the PGM-free cell must be 
five time larger. Eventually, considering that in PGM-free systems the 
kinetics is mostly driven by the cathode, a catalyst loading reduction at 
the anode could be considered. 

The addition of H2SO4 might rise concern on the stability of the 
performance. We explored this aspect by recording potentiostatic curves 
for 10 h to assess the short term stability. A comparison of the stability 
between the system fueled with bare CH3OH and CH3OH + 0.1 M H2SO4 
did not show significant difference in the performance decrease. An 
analysis of the catalyst morphology and composition by SEM and EDX 
microanalysis also showed that the catalyst layers did not show signif
icant change in the composition between the cell equipped with sup
ported and unsupported electrolytes. 

In conclusion, our finding shows that the addition of small amount of 
H2SO4 to the fuel of DMFC can increase the performance of the system 
defining a potential approach to the increase of the energy performance 
of such devices. 
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