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ABSTRACT

Direct ethanol fuel cells (DEFCs) is receiving enormous attention as alternative electrical energy conversion systems. This
paper gives an outline on some recent advances achieved in our laboratory regarding the development of high performing
anode for ethanol oxidation. We developed multi-components binderless hierarchically organized layer onto layer
nanostructured catalysts comprising a carbon paper (CP, current collector)/carbon nanotubes (CNTs, conductivity
enhancer)/catalyst promoter (MOx, M: Sn; Ce)/Pt-based (electrocatalyst). The main focus was how to lower the onset
oxidation potential (OOP) of ethanol at PtzsSnys catalyst. Towards that aim, metal oxides such as CeO, and SnO, were
sought as catalyst promoters. It has been discovered that intercalating a nanostructured layer of SnO, between CNTs and
Pt75sSnys considerably lowered the OOP of ethanol and also increased the specific mass activity (SMA) at low potentials.
Indeed, the OOP at the CP/CNT/SnO2/Pt75Sn,s was 210 mV and 117 mV negative relative to that delivered by CP/CNT/Pt
and CP/CNT/Pt7sSngs, respectively confirming by that the promoting effect of SnO, of the oxidation of CO at low
potentials. The SMA determined at slow potential scan rate of 5 mV/s at 0.4 V vs. Ag/AgCl revealed that
CP/CNT/SnO/Pt75Snys delivered an SMA of 1.2 times higher than that of the CP/CNT/PtzsShys catalyst and 1.5 times
greater than the one exhibited by the CP/CNT/CeO,/Pt;sSnys catalyst.
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INTRODUCTION

Ethanol is attractive as a biomass product, safe with high theoretical energy density (8.0 kwh kg™) [1] and could make
direct ethanol fuel cells (DEFCs) beneficial low-emission power sources. The complete ethanol oxidation reaction (EOR)
to CO; requires 12 electrons per ethanol molecule, which necessitates an electrocatalyst capable of activating C-H, CO,
and C-C bonds. The breaking of the C-C bond is not easily achieved at low temperature leading to low fuel cell efficiency
[2]. To overcome that mechanistic challenge, Pt was often associated with other metals such as Ru [3-4], Re or Sn [5-9].
Among the electrocatalysts investigated Pt/Sn catalysts somehow exhibited better electroactivity of oxidation of ethanol
compared to other Pt-based electrodes.

Hitherto, at the Pt/Sn catalysts, the entire oxidation of ethanol to CO, at low potentials was not attained, instead
producing only acetic acid and acetaldehyde as C-C bond cleavage is probably the most complicated step. The
multifunctional requirements of catalysts for the direct oxidation of ethanol which include the ability to activate C-H, CO
and C-C bonds, suggest that optimum performance will require ternary or even quaternary catalysts that not only oxidize
ethanol at low potentials but also demonstrate current densities higher than those of pure Pt. However, preparation of
three or four components electrocatalyst is tedious and require the optimisation of the composition of each component
plus the content of carbon additive, a necessary conductivity enhancer in fuel cells electrodes. Such approach will
necessitate an impressive number of synthesis experiments as well as the high cost that this entails. Consequently, taking
into account the direct electrooxidation of ethanol in the fuel cells, the catalysts that could promote ethanol entire oxidation
and displace the onset oxidation potential (OOP) to lower values are of the most importance.

Metal oxides (MOx) such as SnO, [10-16] and CeO- [17-22] showed improved electrocatalytic properties towards EOR
when combined with noble metal nanoparticles such as Pt. Yet the role that SnO, or CeO; brings to Pt for the EOR is not
yet understood. SnO-’s role is believed to provide OH species to oxidize strongly bound intermediates, such as CO [10-
13]. CeO>’s role has been supposed to be limited to improving Pt nanoparticles dispersion, or to supply oxygen atoms at
lower potentials than that accomplished by Pt (bi-functional effect), or to change the electronic structure of Pt and lessens
the potential of ethanol adsorption of Pt (the electronic effect) or both the bi-functional and electronic effects.

In recent years, we developed multi-components binderless hierarchically organized layer onto layer (lol) nanostructured

catalysts comprising a carbon paper (CP, current collector)/carbon nanotubes (CNTs, conductivity enhancer)/catalyst
promoter (MOXx)/Pt-based (electrocatalyst). Electrocatalyst nanostructures that we have studied so far towards EOR are
CP/CNT/Pt and CP/CNT/Pt75Snys [24], CP/CNT/SnO,/Pt [16], CP/CNT/CeO2/Pt [23], and CP/CNT/SnO./Pt75Sn,s [25].
In our continuous effort to improve the catalytic performance of CNT/PtzsSnys electrode with the principal objective of
lowering further the OOP of ethanol, the first part of this paper presents for the first time the synthesis, characterization
and electroactivity towards EOR of a CP/CNTs/CeQO2/Pt;5Shys nanostructured lol catalyst. The second part of this paper
sums up advances we have achieved and present a comparative discussion of the performance of different
electrocatalysts we studied until today. Based on the information gained, at the end, we present our opinion on the future
directions to follow for a better design of efficient anode materials for DEFC.

EXPERIMENTAL PROCEDURE

Carbon nanotubes synthesis

CNTs were grown at 700°C by CVD using Ni as catalyst deposited by PLD onto a carbon paper (CP, Toray),
acetylene (carbon source), hydrogen and argon (gas carrier) gases at flow rates of 30, 140 and 100 sccm,
respectively. Full details regarding the synthesis and characterization of CNTs can be found in our previous
publications [24].

CeO; and PtsSn,s synthesis

Pt and CeO; were synthesized by pulsed laser deposition (PLD) techniques, whereas Pt7sSh2s was fabricated using
cross-beam laser deposition (CBLD). Pt, CeO; and Sn targets of 99.99 % of purity purchased from Kurt J. Lesker Co
were used for the synthesis. Deposition was carried out by means of a pulsed KrF excimer laser (A = 248 nm, pulse
width = 17 ns, and repetition rate = 50 Hz) under 2 Torr of He background pressure. CeO, was deposited using a
single beam with a laser fluence of 3.5 J cm™ and 20000 laser pulses, wheras Pt75Sns was deposited onto CeO;
layer by Cross-beam laser deposition (CBLD) (dual beam) using a laser fluence of 4 J cm™ and 50000 laser pulses.
Full details regarding the synthesis and characterization of CeO, are reported elsewhere [23]. Pt;5Snys deposited
onto CNTs were already fully characterized in our previous publication [24]. During CeO; or Pt;5Sn2s deposition, the
targets are moved continuously across the laser beam (via a dual rotation and translation motion) to obtain a uniform
ablation over, the entire surface of the target. Prior to deposition, the chamber was evacuated by means of a turbo
pump (4x10° Torr). Helium was then introduced in the deposited chamber. In all cases, the substrate-to-target
distance was fixed at 5 cm and all experiments were performed at room temperature. Full details about the PLD
technique can be found elsewhere [26-27].

Material characterization

The surface morphology of the as-prepared samples was examined by means of a field emission scanning electron
microscope (FESEM, JEOL-JSM-7401F) apparatus and a transmission electron microscopy (JEOL-JEM-2100F
operating at 200 kV).
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Electrochemical experiments

The electrocatalytic properties were studied by voltammetry in a 0.5 M H2SO4 and in a mixture of 1 M CoHsOH+ 0.5 M
H»SO4 deaerated solutions. Preceding to the electrochemical measurements, the surface of the working electrode was
cleaned electrochemically by potential cycling in 0.5 M H,SO4. Chronoamperometry (CA) was used for stability evaluation
of the electrocatalysts in 1 M C,HsOH+ 0.5 M H,SO, solution. Prior to each electrochemical measurement, dissolved
oxygen was removed from the solution by bubbling argon for 20 to 30 min. All electrochemical measurements were
performed at room temperature using a three compartments electrochemical cell with the reference electrode and counter
electrode being an Ag/AgCl, 3 M NaCl and a platinum coil, respectively. The reference electrode was separated from the
analyte solution by a Luggin capillary that is very close to the working electrode to minimize the ohmic drop. Data
acquisition was conducted with a potentiostat/galvanostat Autolab from EcoChemie.

RESULTS AND DISCUSSION
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Fig. 1. The SEM images with increasing magnification of CBLD-synthesized Pt75Snzs on CeO2/CNT/CP.
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Characterization

Fig. 1 shows FESEM images with increasing magnifications of Pt;sSnys layer deposited by CBLD onto
CP/CNT/CeO2. The images reveal that Pt7sSnys film exhibits a highly porous morphology in which the particles
assemble into cauliflower-like arrangements. The TEM and HR-TEM analyses of the Pt;sSnys layer deposited onto
CeO,/CNT are reported in Fig. 2a and Fig. 2b, respectively, which show that the Pt;sSnys layer is made of high
density of interconnected nanoparticles. The particle size distribution determined from the HR-TEM image of Fig. 2b
is very narrow ranging between 3 and 6 nm with a predominance around 4 nm. The mean particle diameter is equal
to 4.7 £+ 0.7 nm (Fig. 2c) which is close to 4.6 nm of PtzsSnys deposited onto CNTs [24]. The crystallographic
orientation shown by SAED patterns (Fig. 2d) revealed lattice planes of (111), (200) (220) (311) and (400) of Pt,
(111) of CeO; and (002) of C. Thus the morphology and the particle size is similar to PtzsSngs film prepared directly
onto CNTSs [24] and signifies that the underneath CeO; layer had no effect on the morphology of Pt75Snas film.

Electroactivity of CP/CNT/CeO,/Pt;5Snys

Figure 3 compares cyclic voltammograms (CVs) run at CP/CNT/Pt, CP/CNT/CeO,/Pt and CP/CNT/CeOx/Pt75Snzs
electrodes in 0.5 M H2SO4 deaerated solution. The CVs of CP/CNT/Pt and CP/CNT/CeO,/Pt were recorded within -
0.25 V to 1.3 V potential range, whereas the CVs of CNT/CeO2/Pt75Shys were recorded by setting the anodic limit to
0.50 V to circumvent the leaching of Sn that may occur at more positive potential [28-30]. Thus similar to CP/CNT/Pt
and CP/CNT/CeO,/Pt electrodes, the CVs obtained at CNT/CeO,/Pt75Snys presented as well the very well-known
hydrogen adsorption (Hags) and desorption (Hges) peaks in the potential region of ca. -0.2 to 0 V vs. Ag/AgCl [31-32].
Note that the CVs of Fig. 3 are displayed in terms of specific mass activity (SMA), i.e., the current density
normalized to the Pt catalyst loading (0.69 mg/cm?). One can see that the SMA of CP/CNT/Pt and CP/CNT/CeO2/Pt
and CP/CNT/CeO,/Pt75Snys are not significantly different from each other in 0.5 M H,SO4 electrolyte.

Fig. 4 shows a linear scan voltammogram (LSV) recorded with 10 mV/s scan rate at CP/CNT/CeO2/Pt75Snzs
electrode in 0.5 M H,SO4+ 1 M C2HsOH solution. The LSV exhibited well defined characteristic ethanol oxidation
shape in accord with the literature [30-33]. It should be noted that interpretation of ethanol oxidation related LSV is
not straightforward owing the complexity of the reaction mechanism that involves several intermediates. For
simplicity, in the LSV scan, within -0.1 V and 0.15 V potential range, the current is very small, which indicates a slow
reaction rate of ethanol oxidation caused by the poisoning of reaction itermediate CO that is strongly adsorbed on
and blocks incessant adsorption and dehydrogenation of ethanol. At potentials higher than 0.15 V, the current starts
flowing indicating that adsorbed CO begins to be oxidatively removed. Significant rates of ethanol oxidation are
observed only above ca. 0.4 V vs. Ag/AgCl.
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Fig. 3. Cyclic voltammetry in 0.5 M H2SO4-argon purged solution with the potential scan rate of 50 mV/s
recorded at CNT/Pt (blue curve), CNT/CeO,/Pt (gray curve) and CNT/CeO./Pt7sSn2s (black curve) electrodes.
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Fig. 4. Linear scan voltammetry in 0.5 M H,SO4+1 M C,HsOH-argon purged solution with the potential
scan rate of 10 mV/s recorded at CNT/CeO/Pt75Snzs electrode.
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Comparative electroactivity of CP/CNT/MO, (M=Sn, Ce)/Pt and PtSn electrodes

Figure 5 compares LSVs of the EOR at the CP/CNT/CeO,/Pt7sSnys catalyst structure developed here with several other
catalyst structures such as CP/CNT/Pt, CP/CNT/Pt;sSnzs, CP/CNT/SnO./Pt, CP/CNT/CeO2/Pt, and
CP/CNT/SnO2/Pt7sSnzs. The OOP of ethanol defined as the potential value at which the anodic current starts to flow (as
depicted by the insert of Fig. 5) is reported in Fig. 6a. Fig. 6a shows that the OOP delivered by CP/CNT/SnO2/PtzsSnzs
catalyst is 0.061 V which is significantly 210 mV and 117 mV negative with respect to that of CP/CNT/Pt electrode (0.270
V) and CP/CNT/Pt;s5Snys catalyst (0.178 V), respectively. Further important observation from Fig. 6a indicates that only
catalysts containing SnO; element exhibited the lowest OOP confirming by that the promoting effect of SnO, of the
oxidation of CO at low potentials. On the other hand, CeO, seems to have neither lowered the OOP of the Pt;5Sn,s nor
enhanced its SMA at low potentials.

Afterwards, the activity of each catalyst was compared by measuring the SMA at 0.4 V vs. Ag/AgCI. Fig. 6b shows that
CP/CNT/SnO2/Pt75Shys delivered the highest current activity. The SMA at this electrode is 9.4 mA/mge: that is 1.2 times
higher than that of the CP/CNT/Pt75sSnys catalyst (7.81 mA/mge;) and 1.5 times greater than the one exhibited by the
CP/CNT/CeO,/Pt75Snys catalyst (6.3 mA/mgei). The results from voltammetry experiments indicate that intercalating a
layer of SnO; to the layered CP/CNT/Pt;5Shys catalyst, not only promotes the electrooxidation of ethanol at low potentials
but further enhances the SMA performance.
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Fig. 5. LSVin 0.5 M H;S04+1 M C,HsOH-argon purged solution with the potential scan rate of 5 mV/s recorded at:
CNT/Pt (black curve), CNT/CeO2/Pt (red curve), CNT/CeO2/Pt75Snys (blue curve), CNT/SnO,/Pt (dark cyan curve),
CNT/Pt75Sngs (magenta curve), and CNT/SnO2/Pt7sShzs (orange). Insert shows the onset oxidation potential (OOP)
of ethanol.
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Fig. 6. (a) Comparative onset oxidation potential of ethanol extracted from LSVs recorded in 0.5 M H,SO4+1 M
C,HsOH-argon purged solution with the potential scan rate of 5 mV/s. (b) Comparative SMA estimated at 0.4 V vs.
Ag/AgCIl. The nature of the electrodes are labeled on the figure.

CONCLUSIONS

Oxidizing ethanol at low potentials is one of the enduring challenges of DEFCs, i.e., the foremost difficulty lies in the
discovery of a catalyst being able to break the C-C bond, forming small molecule fragments, which should be capable to
be oxidized at quite low potentials. This paper resumes our recent advances into the development of nanostructured
electrocatalysts for EOR.
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The main focus was how to lower the OOP of ethanol at Pt or Pt;sSnzs alloy. Towards that aim metal oxides such as
CeO, and SnO; were sought as promoters. It has been discovered that intercalating a nanostructured layer of SnO;
between CNTs and PtzsSnys did not only significantly lowered the OOP of ethanol but also increased the SMA at low
potentials. Indeed, the OOP was lowered by 210 mV and 117 mV relative to Pt and Pt75Snzs, respectively. This will have
profound implications for DEFCs technology.

There is still room for improvement in SMA at low potentials. This can be done by further decreasing the amount of the
catalyst or by optimizing the thickness of the SnO, and PtzsShys layers.

Finally, another variant of synthesis that deserves to be considered in the future is the simultaneous deposition of SnO, or
CeO, and Pt;5Snys catalysts onto CNTs. This would be interesting from both a fundamental and practical aspects to
compare the electrocatalytic performance of such structures versus the layer onto layer structures.
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