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Fuel blends: Enhanced electro-oxidation of formic acid in its blend
with methanol at platinum nanoparticles modified glassy carbon
electrodesQ3
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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� FA electrooxidation is facilitated in
the presence of MeOH at nano-Pt/GC
electrode.

� A shift of the onset potential and in-
crease of oxidation current are
observed.

� MeOH impedes the dehydration
pathway of FA oxidation (less CO is
produced).

� FA/MeOH blend is a promising fuel
system in terms of fuel utilization.
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a b s t r a c t

The current study addresses, for the first time, the enhanced direct electro-oxidation of formic acid (FA)
at platinum-nanoparticles modified glassy carbon (nano-Pt/GC) electrode in the presence of methanol
(MeOH) as a blending fuel. This enhancement is probed by: (i) the increase of the direct oxidation current
of FA to CO2 (Idp, dehydrogenation pathway), (ii) suppressing the dehydration pathway (Iindp , producing
the poisoning intermediate CO) and (iii) a favorable negative shift of the onset potential of Idp with
increasing the mole fraction of MeOH in the blend. Furthermore, the charge of the direct FA oxidation in
0.3 M FA þ 0.3 M MeOH blend is by 14 and 21times higher than that observed for 0.3 M FA and 0.3 M
MeOH, respectively. MeOH is believed to adsorb at the Pt surface sites and thus disfavor the “non-
faradaic” dissociation of FA (which produces the poisoning CO intermediate), i.e., MeOH induces a high
CO tolerance of the Pt catalyst. The enhanced oxidation activity indicates that FA/MeOH blend is a
promising fuel system.

© 2015 Published by Elsevier B.V.

1. Introduction

Polymer electrolyte membrane fuel cells (PEMFC) are clean,
highly efficient and easy-operating energy conversion devices.
Methanol (MeOH) and formic acid (FA) are among the most

extensively investigated organic fuels in PEMFCs. Each fuel has its
own advantages and disadvantages. For instance, the disadvantages
of MeOH include its toxicity and high crossover through the
Nafion® membrane (separating the fuel cell compartments) in
addition to the slow oxidation kinetics, the complications associ-
ated with water management and the generation of several
poisoning intermediates. On the other hand, FA has a low crossover
rate and a high theoretical open circuit potential (1.45 V), but a low* Corresponding author.
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power density compared with MeOH [1e11]. The electrooxidation
of FA and MeOH encounters a major drawback which is the gen-
eration of incompletely oxidized carboneous intermediates (e.g.,
CO). These intermediates are adsorbed at the surface of the catalyst
leading ultimately to deterioration of its catalytic activity [1e11].

It has been shown that the oxidation of FA on platinum (Pt) and
Pt-based catalysts follows a dual pathway mechanism [9,10] in
which the direct oxidation of FA to CO2 proceeds at a relatively low
anodic potential (desired pathway, with formate anion as the
reactive intermediate [12e19]). The second pathway of FA oxida-
tion involves the oxidation of poisoning CO intermediate (resulting
from the “non-faradaic” dissociation of FA) at a relatively higher
anodic potential [12e19]. The accumulation of the adsorbed CO
(COads) at the Pt catalysts causes a significant deterioration of its
electrocatalytic activity [12e19].

Now an important question arises: What about the use of MeOH
and FA mixture as a fuel blend? Does this blend incorporate the
advantages of each component while exclude/minimize their dis-
advantages? This is a crucial issue which motivated us to investi-
gate the use of a mixture of the two fuels.

Herein, the electrooxidation of a fuel blend composed of FA and
MeOH (in various molar ratios) is investigated at Pt nanoparticles
modified glassy carbon (nano-Pt/GC) electrode. Cyclic voltammetry
(CV) and CO stripping experiments are used to evaluate the elec-
trocatalytic activity of the catalyst under various operating condi-
tions aiming at maximizing the fuel utilization.

2. Experimental

Glassy carbon (GC, d ¼ 3.0 mm) and polycrystalline (Pt,
d ¼ 1.6 mm) electrodes served as the working electrodes. An Ag/
AgCl/KCl (sat.) and a spiral Pt wire are used as reference and counter
electrodes, respectively. Conventional procedure is applied to clean
the Pt and GC electrodes as described elsewhere [12,19]. While, The
electrodeposition of nano-Pt on GC electrode is carried out in 0.1 M
H2SO4 containing 1.0 mM H2[PtCl6] solution via a potential step
electrolysis from 1 to 0.1 V for 300 s (resulting in a loading of
65 mg Pt) as estimated from the charge of the I-t curve recorded
during the potentiostatic electrolysis at 0.1 V. The electrocatalytic
activity of the GC modified electrodes with nano-Pt toward FAO is
examined in an aqueous solution of 0.3 M FA (with pH~3.5). The pH
is adjusted to 3.5 by adding a proper amount of 0.1 M NaOH. At this
pH an appreciable amount of FA is ionized to formate anion (about
one third). This would enhance the ionic conductivity in the solu-
tion, thus reduces the polarization resistance, in addition to com-
pressing the thickness of the diffusion layer. Moreover, Osawa et al.
[13,14] have studied the effect of pH on FAO at Pt/C anodes and
found that FAO current has a volcano increase with pH showing a
maximum current at pH ¼ pKa of FA (y 3.5). CV is performed in a
conventional two-compartment three-electrode glass cell. All
measurements are performed at room temperature (25 ± 1 �C)
using an EG&G potentiostat (model 273A) operated with Echem
270 software. A field emission scanning electron microscope, FE-
SEM, (QUANTA FEG 250) coupled with an energy dispersive X-ray
spectrometer (EDX) unit is employed to evaluate the electrode's
morphology and surface composition. Current densities are calcu-
lated on the basis of the geometric surface area of the working
electrodes.

3. Results and discussions

3.1. Material and electrochemical characterizations

Fig. 1A shows an SEM micrograph for nano-Pt/GC electrode, in
which nano-Pt with an average particle size of 80 nm are

homogenously covering the entire GC surface. The effort is
committed next to evaluate the composition and crystal structure
of the electrode involved in this investigation. The XRD investiga-
tion reveals the deposition of nano-Pt in a face-centered cubic (fcc)
structure (Fig. 1B), where all the typical characteristic peaks of Pt (1
1 0), (2 0 0) and (2 2 0) appeared. The three peak appeared at
2q¼ 25�, 43� and 78.8� are associated to the carbon support (0 0 2),
(1 0 1) and (1 1 0), respectively. On the other hand, EDX spectral
analysis provides a direct evidence for the successful electrodepo-
sition of nano-Pt onto the surface of GC (Fig.1C). Moreover, a typical
characteristic CV for a Pt substrate is observed in 0.5 M H2SO4 at
nano-Pt/GC electrode in which a broad oxidation peak for the Pt-
oxide formation (commences at ca. 0.65 V and extends up to
1.4 V) coupled with a single reduction peak centered at ca. 0.45 V
(Fig. 1D), in addition to hydrogen adsorption/desorption (Hads/des)
couple appeared in the potential region from �0.2 to 0.2 V for the
nano-Pt/GC electrode.

3.2. Electrocatalytic activity towards FA oxidation

Fig. 2 (AeC) shows CVs obtained at nano-Pt/GC electrode in
aqueous solutions (pH 3.5) containing (A) 0.3 M FA, (B) 0.3 MMeOH
and (C) 0.3 M FA þ 0.2 M MeOH (1:0.66 molar ratio) at a potential
scan rate of 0.1 V s�1. A typical CV of FAO at Pt surface is obtained
(Fig. 2A) with the appearance of two oxidation peaks in the forward
scan, at ca. 0.3 V (assigned to the direct oxidation of FA to CO2, Idp)
and at ca. 0.7 V (assigned to the oxidation of the poisonous COads
species to CO2, Iindp ) [12e19]. The COads refers to the adsorbed CO
resulted from the “non-faradaic” dissociation of FA. At low potential
(ca. 0.3 V), the measured current corresponds to FAO at Pt sites via
the dehydrogenation pathway. At high potential (ca. 0.7 V), the
COads is oxidized by PteOH, which releases most Pt sites for FAO.
The relative peak current intensities indicate the level of Pt surface
poisoning by COads. In the backward cathodic-going scan, most of
the poisonous intermediates have been released to expose a clean
Pt surface for FAO through the dehydrogenation pathway. There-
fore, the current intensity in the backward scan increases largely
(peak Ib in Fig. 2A). On the other hand, typical CV of MeOH oxida-
tion reaction (MOR) at nano-Pt/GC electrode is obtained (Fig. 2B),
where one oxidation peak appeared at ca. �0.1 V corresponding to
MOR.

Interestingly, the use of fuel blend composed of 0.3 M FA and
0.3 M MeOH results in a large increase in the direct FAO peak
current (Idp) with a concurrent vanishing of the indirect FAO peak
(dehydration pathway, poisoning pathway), i.e., FA is exclusively
oxidized via the dehydrogenation pathway (see Fig. 2C). The sig-
nificant increase of Idp at the expense of Iindp indicates that less
amount of COads is produced in the presence of MeOH. The ratio
Idp=Ib, with Ib refers to backward oxidation current, is a useful index
for the catalytic tolerance of the electrode against the formation of
carbonaceous species. A low Idp=Ib ratio indicates poor oxidation of
FA to CO2 and excess accumulation of carbonaceous species at the
electrode surface. This ratio increases from 0.2 to ca. 0.8 for FAO at
nano-Pt/GC electrode in pure FA (0.3 M FA, Fig. 2A) and fuel blend
(0.3 M FA þ 0.3 M MeOH, Fig. 2C), respectively, which is by 4 times
higher. Again, this supports our conclusion (by comparing Idp and
Iindp ) that less amount of COads is produced in the forward scan for
the fuel blend than pure fuel at the nano-Pt/GC electrode. The use of
FA/MeOH blend as a fuel could stimulate a higher degree of
reversibility and catalytic activity towards FAO, a feature that is
always desirable in fuel cells manufacturing.

Moreover, Fig. 3 (AeC) shows CVs obtained at nano-Pt/GC
electrode in 0.5 M H2SO4 containing (A) 0.3 M FA, (B) 0.3 MeOH
and (C) 0.3 M FA þ 0.3 M MeOH (1:1 molar ratio) measured at
0.1 V s�1. This figure shows the same behavior of the enhancing
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Fig. 1. (A) FE-SEM image of nano-Pt/GC surface, (B) XRD pattern of (a) GC and (b) nano-Pt/GC electrodes, (C) EDX analysis of nano-Pt/GC electrode and (D) CV obtained at nano-Pt/
GC electrode in 0.5 M H2SO4. Potential scan rate: 0.1 V s�1.

Fig. 2. CVs obtained at nano-Pt/GC electrode in aqueous solutions (pH 3.5) containing (A) 0.3 M FA, (B) 0.3 M MeOH and (C) 0.3 M FA þ 0.2 M MeOH (1:0.67 molar ratio). Potential
scan rate: 0.1 V s�1.
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effect of MeOH on FAO as that obtained at pH 3.5 (refer to
Fig. 2AeC). That is a significant enhancement in the direct FAO (Idp)
at the expense of Iindp is obtained.

The electrocatalytic activity of the nano-Pt/GC electrode to-
wards FAO in FA/MeOH fuel blends with variousMeOHmolar ratios
are presented in Fig. 4A. This figure shows that, a progressive in-
crease in Idp with a concurrent depression of Iindp is observed as the
concentration of MeOH increases (Iindp is completely ceased in the
presence of 0.3 M MeOH). Additionally, a large negative shift in the
onset potential of the direct FAO is observed. Moreover, further
increase of MeOH concentration results in the appearance of three
peaks in the positive-going potential scan, namely at �0.1 V
(attributed toMOR), 0.3 V (referred to Idp) and 0.7 V (referred to Iindp )
see Fig. 4B (curve a). MOR peak at �0.1 V increases with further
increase in MeOH concentration with a supervising disappearance
of the two oxidation peaks of FA in the presence of 0.3 M FA
together with [MeOH] � 0.5 M (see Fig. 4B (curve b)).

Two parameters are introduced to evaluate the enhancing effect
associated with the use of FA/MeOH as a fuel blend, namely, fuel
utilization (FU ¼ Q*/CF) and the enhancement factor (EF ¼ Q*/Qd).
Note that Q* and Qd refer to the charge of direct FAO in FA/MeOH
blend and in pure FA solution, respectively, and CF is the total
concentration of the two fuels in a certain blend. FU probes the
amount of charge consumed during the oxidation process per mole
of fuel. The increase of FU indicates better performance for the
catalyst towards the fuel oxidation (higher oxidation capacity).
Fig. 5A depicts that a volcano-shape increase of FUwithMeOHmole
fraction (x) reaching a maximum value at x ¼ 0.5. Further increase
in x > 0.5 results in a decrease in FU reaching a minimum value at
x ¼ 1.0 (pure MeOH as a fuel). The observed behavior might origi-
nate from retarding/reducing the amount of COads and/or cata-
lyzing its oxidation at the designed potential range of Q*, in the
presence of MeOH at x < 0.5, and thus favoring the dehydrogena-
tion pathway. At higher x, FU decreases due to blockage of the Pt
active sites available for direct FAO by MeOH. This observation

points to the crucial role of the blending component (MeOH) as an
inhibitor for the non-faradaic dissociation of FA (resulting in the
formation of the poisoning COads (cf. Fig. 6A). That is, the use of FA/
MeOH (with x¼ 0.5) results in a facile oxidation of FA at nano-Pt/GC
electrode by about 7 and 11 times higher FU compared to using
pure FA and pure MeOH, respectively.

The second parameter is the enhancement factor (EF¼ Q*/Qd). It
is a ratio which probes the degree of the catalytic enhancement of
nano-Pt/GC electrode towards direct FAO upon the addition of
MeOH. Fig. 5B reveals that, EF increases with x in a similar fashion
to that observed for FU. A quick overview of Fig. 5A and B reveals
that the use of equimolar amounts of FA andMeOH is the best blend
composition with the maximum FU and EF.

In order to verify the catalytic enhancement of the direct FAO in
the presence of MeOH, a controlled CO stripping experiment is
conducted at nano-Pt/GC electrode with a pre-adsorbed CO (which
is in-situ generated via the “non-faradaic” dissociation of FA, at
open circuit potential, in its blend with MeOH with various molar
ratios). The oxidative stripping of CO is shown in Fig. 6A. This figure
indicates that a systematic lowering in the intensity of the oxida-
tion peak current of CO is observed by increasing the MeOH molar
ratio. This finding provides an evidence for the assumption that
MeOH (as a blending fuel) prevents/impedes the formation of CO
but not significantly enhancing its oxidative removal.

In the same context, and in order to find a plausible explanation
for the observed behavior, the influence of MeOH on the work
function of the Pt catalyst is considered. That is, it has been shown
that the polarizing potential of a certain electrode is related to
changes in the catalyst work function (F). F is sensitive to any
physicochemical changes on the electrode surface and is strongly
affected by the conditions of the surface of the catalyst. That is the
presence of minute amounts of contaminant (less than a mono-
layer) can change the work function substantially and in turn the
catalytic activity of the catalyst may change [20,21]. This is a result
of the formation of electric dipoles at the surface, resulting in the

Fig. 3. CVs obtained at nano-Pt/GC electrode in 0.5 M H2SO4 containing (A) 0.3 M FA, (B) 0.3 MMeOH and (C) 0.3 M FA þ 0.3 M MeOH (1:1 molar ratio). Potential scan rate: 0.1 V s�1.
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change in the energy needed for an electron transfer from/to the
surface of the catalyst. For instance, MeOH adsorptionwas found to
cause a monotonic decrease in Pt work function down to �1.8 eV
relative to the clean surface. Thus, the observed decrease of the
amount of the poisoning CO intermediate adsorbed at the nano-Pt/
GC electrode (Fig. 6A) could result from a decrease in the Pt work
function due to MeOH adsorption [22e26].

The stability of the nano-Pt/GC electrode towards FAO in various
FA/MeOH fuel blends has been probed by measuring the I-t tran-
sients at 0.15 V (presented in Fig. 6B). This figure depicts that in the
absence of MeOH (curve a), the current decays rapidly due to the
accumulation of the poisoning COads on the Pt surface with a
poisoning rate ¼ 0.06 s�1 calculated from the following equation
[27]:

Poisoning Rate ¼ 100
Io

x
�
dI
dt

�
t_500s

(1)

where Io and (dI/dt)t>500s refer to the maximum obtainable current
density at t ¼ 0 s, and the rate of decay of current with time at
t > 500 s (i.e., in the steady-state current region), respectively.

On the contrary, in the presence of MeOH, nano-Pt/GC electrode
supports a higher steady-state oxidation current which decays only

slightly with time, corresponding to poisoning rates of 0.02, 0.01
and 0.005 s�1 in the presence of 0.01, 0.1, and 0.3 M MeOH,
respectively. This indicates the sustainable tolerance of the Pt
catalyst against CO poisoning in the presence of MeOH, and thus
FA/MeOH blend is suggested as a promising fuel for application in
PEMFCs.

4. Conclusions

This study revealed, for the first time, that the use of a blend of
FA andMeOH resulted in significant enhancement of the direct FAO
with a concurrent suppression of the poisoning CO pathway at Pt-
based catalyst. The use of a blend composed of 0.3 M FA and 0.3 M
MeOH (1:1 molar ratio) resulted in the best electrocatalytic activity
towards FAO with a complete suppression of the indirect
(poisoning) pathway of FAO at nano-Pt/GC electrode. That is MeOH
is believed to retard/impede CO adsorption onto the surface of the
Pt catalyst possibly due to a decrease of the work function of Pt,
thus leading to progressively less amounts of CO are being adsorbed
at Pt as evident from the oxidative stripping experiments measured
in the presence of various molar ratios of MeOH in FA/MeOH
blends. Moreover, the stability of nano-Pt/GC electrode towards
FAO for a prolonged electrolysis of FA/MeOH blend is higher than

Fig. 4. (A) LSVs obtained at nano-Pt/GC electrode in aqueous solutions (pH 3.5) con-
taining 0.3 M FA and various molar ratios of MeOH: (a) 1:0, (b) 1:0.003, (c) 1:0.03, (d)
1:0.33, (e) 1:0.73 and (f) 1:1. (B) CVs obtained at nano-Pt/GC electrode in an aqueous
solution (pH 3.5) containing (a) 0.3 M FA þ 0.4 MeOH (1:1.33 molar ratio), and (b)
0.3 M FA þ 0.5 M MeOH (1:1.67 molar ratio). Potential scan rate: 0.1 V s�1.

Fig. 5. Variation of (A) fuel utilization (FU ¼ Q*/CF) and (B) enhancement factor
(EF ¼ Q*/Qd) with methanol mole fraction (x). Note that Q* and Qd refer to the charge of
direct FAO in FA/MeOH blend and in pure FA solution, respectively, and CF is the total
concentration of the two fuels.
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that observed for pure FA fuel.
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Fig. 6. (A) Oxidative stripping of CO at nano-Pt/GC electrode in 0.5 M Na2SO4 (pH 3.5).
Note that CO monolayers were formed at open circuit potential from aqueous solutions
containing 0.5 M FA and various molar ratios of MeOH: (a) 1:0, (b) 1:0.2, (c) 1:0.4, (d)
1:0.6 and (e) 1:1. Potential scan rate: 0.05 V s�1. (B) I-t transients measured at a
constant potential of 0.15 V at nano-Pt/GC electrode in aqueous solutions (pH 3.5)
containing 0.3 M FA and various molar ratios of MeOH: (a) 1:0, (b) 1:0.03, (c) 1:0.33
and (d) 1:1.
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