Electrocatalysis (2019) 10:203-213
https://doi.org/10.1007/s12678-019-00515-8

ORIGINAL RESEARCH

(),

Check for
updates

The Catalytic Activity of Pt:Ru Nanoparticles for Ethylene Glycol
and Ethanol Electrooxidation in a Direct Alcohol Fuel Cell

Julio César M. Silva' @ - Spyridon Ntais - Vishwanathan Rajaraman? - Erico Teixeira-Neto> - Angela A. Teixeira-Neto? -
Almir O. Neto* - Rodolfo M. Antoniassi* - Estevam V. Spinacé” - Elena A. Baranova?

Published online: 8 March 2019
© Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract

In this study, we investigated the carbon-supported PtRu nanoparticles with atomic ratios of Pt:Ru of 100:0, 90:10, 70:30, and 50:50
for ethanol and ethylene glycol electrooxidation in alkaline media. The nanoparticles were synthesized using sodium borohydride
method with 20 wt% of metals loading on carbon. The nanoparticle mean sizes were 7.3 nm, 5.7 nm, 5.2 nm, and 5.1 nm for Pt/C,
PtooRu;o/C, Pt;gRu3(/C, and PtsoRuso/C, respectively. X-ray diffraction (XRD) analysis revealed that Pt and PtRu electrocatalysts
have face-centered cubic (fcc) structure and suggests the alloy formation for all PtRu/C materials, which was further supported by
the X-ray photoelectron spectroscopy (XPS). Based on XPS analysis, PtsoRuso/C has higher amount of Pt oxides on the surface
than Pt;oRus(/C. Electrochemical results demonstrated that the addition of Ru to Pt enhances the catalytic activity towards ethanol
and ethylene glycol electrooxidadion. The catalyst of PtsoRusy/C composition showed the lowest onset potential for ethanol and
ethylene glycol electrooxidation, which were 160 and 70 mV lower than for Pt/C, respectively. Furthermore, this catalyst
outperformed Pt/C and other PtRu/C compositions in chronoamperometric and direct alcohol fuel cell (DAFC) experiments.
DAFC experiments using PtsoRuso/C as anode had the power density 40 and 14% higher than using Pt/C for ethanol and ethylene

glycol, respectively. The promotion is due to the bi-functional mechanism and/or electronic effect of two metals in the alloy.
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Introduction

The use of excessive fossil fuels has resulted in harmful effects
on the environment and potentially human health. The con-
centration of CO, in the atmosphere has recently surpassed the
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400 ppm threshold for the first time in modern history [1]. In
this context, fuel cells may offer an excellent alternative to the
current fossil fuel-based energy generation technologies as
clean and efficient power sources [2]. Considering these as-
pects, fuel cells represent an attractive alternative for transport
and stationary power generation, and this technology could
contribute to the reduction of greenhouse gas emissions pro-
duced from fossil fuels [3].

Liquid fuels are considerably more convenient in terms of
handling and transportation if compared to gaseous hydrogen
[4]. In this sense, direct alcohol fuel cells DAFCs are promis-
ing energy-producing devices that comprise alcohol, e.g.,
methanol, ethanol, ethylene glycol, glycerol, etc.
electrooxidation at the anode and oxygen reduction reaction
at the cathode [5—8]. Bioethanol and ethylene glycol from
biomass [5, 9—11] are appealing fuels for DAFCs due to their
lower toxicity and high theoretical energy density,
8.01 kWh kg ' and 5.2 kWh kg ', respectively [12]. The
complete electrooxidation to CO, involves 12 electrons for
ethanol molecule, and 10 electrons for ethylene glycol mole-
cule [5, 11]; however, the complete oxidation of ethanol and
ethylene glycol to CO, requires the C—C bond splitting, which
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is hindered at low temperatures [6, 13—15]. The main products
of ethanol electrooxidation are acetaldehyde and acetic acid
(acetate in alkaline media) [14, 16]. The oxidation of ethanol
to acetate involves an exchange of four electrons per molecule
of ethanol [17, 18], which corresponds to Faradaic efficiency
of 33.3%. Similarly, for ethylene glycol, oxalate is the domi-
nant product [6, 15], which involves eight electrons per mol-
ecule of ethylene glycol corresponding to a Faradaic efficien-
cy of 80% [19, 20]. Higher efficiency in terms of number of
electrons per molecule is obtained for the incomplete oxida-
tion of ethylene glycol to oxalate than when ethanol is oxi-
dized to acetate. Alkaline media offers some advantages in
comparison with acid media, like higher kinetics of the oxy-
gen reduction reaction (ORR) and alcohol oxidation, use of
less expensive catalysts, as well as the less corrosive nature of
an alkaline environment ensures a potential greater longevity
of the fuel cell [21].

Platinum is one of the most studied electrocatalysts for
oxidation of small organic molecules due its high catalytic
activity and stability [13, 22]; however, Pt shows inability to
efficiently split the C-C in ethanol and ethylene glycol and
suffers from deactivation by poisoning intermediates towards
ethanol electrooxidation [5, 6, 10, 13, 15, 22-25]. To over-
come these issues, Pt-based bimetallic and multimetallic ma-
terials such as PtAu [13, 26], PtSn [17, 24], PtBi [27, 28],
PtSnRu [5, 10], and others are actively being pursued by var-
ious research groups.

Ethylene glycol electrooxidation in acidic and alkaline me-
dia using PtRu as electrocatalysts has been reported previous-
ly [5, 6, 10]. Falase et al. [5] synthesized Ptg4Ru; 4, PtosSn, and
PtggRugSng using spray pyrolysis approach and evaluated the
materials towards ethylene glycol electrooxidation in KOH.
They reported that Ptg4Ru,4 had the best catalytic activity due
to CO, production at lower overpotentials: 0.73 V vs 0.84 for
PtosSny and PtggRusSng, respectively.

Hyung Ju Kim et al. [10] reported the results of ethylene
glycol electrooxidation in acid media using Pt/C, PtsRus/C,
and PtsRuySn;/C electrocatalysts prepared by colloidal meth-
od. The bimetallic and ternary materials showed better cata-
lytic activity compared to monometallic Pt/C. However, in
these two studies, the influence of the different atomic ratios
between Pt and Ru were not evaluated.

PtRu electrocatalysts for ethanol electrooxidation in acid
media have been widely investigated and reported in several
previous works [6, 29-32]. The beneficial effect of adding Ru
to Pt for ethanol and ethylene glycol electrooxidation has been
reported previously [29, 33, 34]. The enhancement in the cat-
alytic activity of Pt by adding Ru is ascribed as ligand effect
(electronic effect) and bi-functional mechanism. The ligand
effect is based on the modification of the electronic structure
of Pt which weakens the bond strength of poisoning interme-
diates on the Pt surface [29, 33, 34]. According to the bi-
functional mechanism, Ru could provide oxygen species from
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water activation (Ru—OH) to oxidize adsorbed (poisoning
species) intermediate species from the oxidation of ethanol
and ethylene glycol [29, 33, 34].

There are less reports on ethanol electrooxidation on PtRu
in alkaline solution. Kanninen et al. [35] have reported results
on ethanol electrooxidation in alkaline media on PtRu
electrocatalysts; the main purpose of the study was to investi-
gate the influence of the three differently modified few-walled
carbon nanotubes on the catalytic performance.

Despite the fact that various PtRu nanoparticles were in-
vestigated for ethanol and ethylene glycol oxidation in acid
and alkaline media, to the best of our knowledge, there are no
works that report the effect of the various Pt:Ru atomic com-
position on ethanol and ethylene glycol oxidation reaction in
alkaline media in the three-electrode electrochemical cell and
fuel cell configuration, whereas this parameter could signifi-
cantly affect the catalyst performance and durability. It is well
known that electrocatalytic activity, stability, and in some
cases selectivity strongly depend on the method of nanoparti-
cle preparation, ratio between metals in multimetallic cata-
lysts, their size, particle size distribution, type of the support,
and surface and bulk composition of the active phase.
Therefore, these parameters need to be investigated to estab-
lish the structure to property correlation for the design of ac-
tive and selective electrocatalysts.

In the present work, Pt,Ru,_/C with x =100, 90, 70 and
50 at. % were synthesized using sodium borohydride reduc-
tion method and studied for ethanol and ethylene glycol
electrooxidation in alkaline media in order to find the opti-
mum Pt to Ru ratio and correlate the bulk and surface compo-
sition with the catalytic activity. Detailed physicochemical
characterizations (XRD, STEM, XPS) of Pt,Ru;_,/C nanopar-
ticles as well as electrochemical and fuel cell experiments with
both alcohols were carried out to elucidate the role of adding
Ru to Pt and to confirm the applicability of these anode ma-
terials in DAFC.

Experimental
Nanoparticle Synthesis

The PtRu/C electrocatalyts (20 wt% of metal loading) with
different atomic ratios of 100:0, 90:10, 70:30, 50:50 were
prepared by the sodium borohydride reduction process report-
ed earlier [36, 37]. In the synthesis process, H,PtClgs-6H,O
(Aldrich) and ruthenium (IIT) chloride (Aldrich) were used.
All reagents were analytical grade. In the synthesis, carbon
black (Cabot, Vulcan XC-72) was first dispersed in
isopropanol//water solution (50/50, v/v). The mixture was ho-
mogenized under stirring and then the metal precursor salts
were added and placed in an ultrasonic bath for 5 min. Then,
10 mL of 0.15 M NaBH, (Aldrich) in 0.1 mol L ! KOH was
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added in one portion under vigorous stirring at room temper-
ature. The resulting colloidal solution was stirred for 15 min to
allow the completion of the reaction and then solids were
filtered and washed with deionized (DI) water (Milli-Q®
Millipore, 18.2 M{2 cm at 293 K) and finally dried at 70 °C
for 2 h.

Physicochemical Characterization

The morphology and nanoparticle size distribution were de-
termined by transmission electron microscopy (TEM) analysis
using a JEOL transmission electron microscope model JEM-
2100 operated at STEM (scanning transmission electron mi-
croscope) mode. The nanoparticle size was achieved by
counting about 200 particles at different regions of the mate-
rials. The actual atomic composition of Pt and Ru in the syn-
thesized materials was measured by energy-dispersive spec-
troscopy (EDS) using a JEOL-JSM6010 LA equipment.

The crystal structure of the nanoparticles was characterized
by X-ray diffraction (XRD) using a Rigaku diffractometer
model Miniflex Il using Cu K« radiation source
(0.15406 nm). The X-ray diffraction patterns were recorded
in the range of 20° to 90° 26 with a step size of 0.05° and a
scan time of 2 s per step.

The X-ray photoelectron spectroscopy (XPS) analysis was
carried out with an SPECSLAB II (Phoibos-Hsa 3500 150, 9
channeltrons) SPECS spectrometer, with Al Ko source (E =
1486.6 eV) working at 15 kV, Epass =40 eV, 0.2 eV energy
step, and 2 s per point was the acquisition time. The
deconvolution of the Pt4f peak was performed using doublets
with spin orbit splitting 3.35 eV and intensity ratio
Pt4f;,:Ptfs, =4/3 while a peak asymmetry was used in the
case of the Pt4f peaks attributed to the metallic based on the
work of Hufner et al. [38]. Binding energy scale was corrected
using C1S XPS peak at 284.6 eV as an internal standard.

Electrochemical Characterization

Electrochemical measurements were carried out using a
PARSTAT 2263 (Princeton Applied Research) in a conven-
tional three-electrode electrochemical cell made of Teflon at
room temperature, unless otherwise stated. A large surface
platinum gauze and Hg/HgO (Koslow Scientific) were used
as the counter and reference electrodes, respectively.
Nanoparticle catalysts were deposited on glassy carbon (GC)
electrode (0.166 cm? of geometric area). Before each experi-
ment, the GC support was polished with alumina suspension
(1 um) and washed in deionized water. Ultrapure deionized
water obtained from a Milli-Q system (Millipore®,
18.2 MQ cm at 293 K) was used in all experimental
procedures.

The catalyst “ink™ was prepared by dispersing 6 mg of the
electrocatalyst powder in 1 mL DI water, 100 uL isopropanol,

and mixing for 15 min in an ultrasonic bath. Shortly thereafter,
100 pL of 5% Nafion® solution was added to the suspension,
which was mixed again for 20 min in an ultrasonic bath.
Aliquots of 8 uL of the dispersion fluid were pipetted onto
the GC surface. Finally, the electrode was dried at 60 °C for
20 min.

Cyclic voltammograms (CVs) were carried out at a scan
rate of 20 mV s ' between — 0.85 and 0.2 V vs. Hg/HgO. The
electrocatalysts were cycled for ten consecutive cycles in
1 mol L' KOH and for five consecutive cycles in alcohol
containing solutions. Chronoamperometric experiments were
carried out for 1 h at —0.35 V vs Hg/HgO. The
electrooxidation of ethanol and ethylene glycol was per-
formed in a 1 mol L™ KOH and 1 mol L™" alcohol solution.

The electrochemical active surface area (ECSA) of the cat-
alysts was determined by CO stripping experiments, integrat-
ing the CO,q stripping charges, assuming the factor of
420 uC cm 2 [39]. In this procedure, a mixture of CO (1%)
and He (99%) was bubbled into 1 mol L' KOH solution for
20 min while holding the working electrode at — 0.6 V, then
pure N, was bubbled instead of the gas mixture for 20 min to
remove the dissolved CO in the solution. The CO stripping
voltammograms were then recorded at a scan rate of
20 mVs . The ethanol and ethylene glycol current from elec-
trochemical experiments were normalized per ECSA obtained
by CO stripping. All electrochemical measurements were car-
ried out at room temperature unless otherwise stated.

Fuel Cell Performance Measurements

DAFCs experiments were conducted as already described
elsewhere [13, 18]. In these experiments, a single cell set at
70 °C with an electrode area of 5 cm® was employed. The
temperature of the oxygen humidifier was maintained at
85 °C. The cathode was a commercial Pt/C (BASF) and anode
was Pt,Ru;_ (x=100, 90, 70, and 50 at%) prepared in the
present work. The cathode had Pt loading of 2 mg cm 2 and
anodes of 1 mg of PtRu per cm?. A Nafion® 117 membrane
previously exposed to 6 mol L' KOH for 24 h [13, 18, 40,
41] was used for the fuel cell experiments.

Results and Discussion
Physical Chemical Characterization

Figure 1 shows the micrographs and histograms of the particle
mean diameter distributions for Pt/C and binary PtRu/C ma-
terials. For Pt/C (Fig. 1a) in addition to well-dispersed NPs,
some particle aggregates can be seen. The Pt/C histogram
shows a broad size distribution that ranges from 2 to 32 nm,
and about 18% of the nanoparticles have diameter higher than
10 nm. For PtygRu;¢/C, although some aggregations can be
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Fig. 2 X-ray diffraction patterns for the Pt/C and PtRu/C electrocatalysts

the nanoparticles from STEM micrographs are 7.3 nm,
5.7 nm, 5.2 nm, and 5.1 nm for Pt/C, PtogRu;¢/C, Pt;oRu3¢/
C, and PtsgRusy/C, respectively. This indicates that addition of
Ru decreases the particle size of Pt. The heterogeneity present
in the nanoparticle sizes is typical for the sodium borohydride
preparation method [13, 18, 40, 42]; however, despite broad
size distribution, this method is well-suited for fuel cell cata-
lyst preparation as it is straightforward and easy to scale up
method.

X-ray diffraction patterns of the carbon-supported platinum
and bimetallic PtRu nanoparticles are shown in Fig. 2. In all
XRD patterns, a broad peak at about 25° 20 is due to the (022)
reflection of the hexagonal structure of carbon black (Vulcan
XC 72) [43, 44]. The face-centered cubic (fcc) structure of Pt
can be observed by the peaks at approximately 39°, 46°, 67°,
and 81° 20 [44, 45]. The diffraction peaks of PtRu catalysts
are shifted to higher 20 values if compared to the same reflec-
tions of Pt/C (Table 1) suggesting the PtRu alloy formation
[46, 47] and the shift increases with the atomic composition of
Ru. In accordance with the Vegard’s law, Ru incorporates to
Pt-forming fcc structure up to 70 at%. For PtsoRus catalysts,
only a single 111 reflection is observed at 40.37° 20 similar to
the previous work [46, 47]. The crystallite size, estimated
using Scherrer equation and (220) peak [2, 43], and the actual
composition of all PtRu/C electrocatalysts obtained by the
EDS analysis are summarized in Table 1.

The crystallite sizes of the material with high amount of
ruthenium were lower than the material with only 10% of
rutheium and Pt/C, which is in agrement with STEM data.
The actual atomic composition obtained by EDS analysis
was very close to the nominal one.

The analysis of Pt4f XPS peak of carbon-supported
PtsoRusg and Pt;gRusq revealed the existence of three compo-
nents. For the PtsoRus, the deconvoluted components at 71.5
(Pth), 72.2 (PtY), and 73.7 eV (Pt™) are attributed to Pt°, P£**,
and Pt**, respectively [48—50]. In the case of Pt;oRus, sample,
a negative shift towards lower BEs is observed mainly for the
component attributed to the metallic state. A similar trend was
observed in our previous study and was attributed to the alloy
formation between Pt and Ru [2]. For the PtsoRus, catalyst,
the Ru3p XPS peak is detected at 462.3 eV, while a small shift
towards higher BEs (~0.15 eV) is observed for the corre-
sponding peak in Pt;oRuso sample. This BE is characteristic
of Ru**, e.g., in RuO, [51]; however, due to the large width of
the recorded peaks, we cannot exclude the presence of ruthe-
nium in metallic state or as hydrated species, etc. [52, 53].
Moreover, the Ru3p XPS peak in the case of the PtsgRusg
shows a shoulder around 466.2 eV which corresponds to hy-
drated ruthenium species [54] and its existence strongly sug-
gests the presence of relatively high amounts of RuO,xH,0 in
this sample. On the other hand, in the case of the Pt;oRusq
catalyst, no such pronounced contribution due to hydrated
species is found (Fig. 3).

Table 2 summarizes the position and the relative inten-
sities of the XPS peak components of the two catalysts.
The observed shifts are attributed to an alloy formation
where an electron transfer from ruthenium towards plati-
num atoms takes place. This electron transfer increases the
electron density around Pt atoms as the Ru content in-
creases thus shifting the Pt4f XPS peak to lower BEs.
Our results also imply that the Pt/Ru content affects the
abundance of hydrated ruthenium species, whereas no sig-
nificant differences are detected on the abundance of plat-
inum atoms with different oxidation states. Based on the
intensities of the XPS peaks, the Pt/Ru surface atomic ra-
tios were calculated for both samples. In the case of the
PtsoRuso sample, the ratio was found to be 0.97 in accor-
dance with the nominal ratio, while for the Pt;gRus, it was
found to be 3.1 compared to 2.33 for the nominal bulk

Table 1 Characteristics of

carbon-supported Pt and PtRu Electrocatalyst Atomic composition (%) Crystallite size from 2 Opmax Of ECSA

catalysts nominal at. % from EDS (220) (nm) (11D (°) (cm?)
PYC - 43 39.64 0.76
PtogRu;o/C 90:10 4.5 39.79 0.98
Pt;oRu30/C 69:31 3.6 39.85 0.77
PtsoRuso/C 51:49 33 40.37 0.42
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Fig.3 X-ray photoelectron spectra of Pt4f levels (left spectra) and Ru3p (right spectra) of the carbon-supported PtsoRuso and the Pt;gRus as indicated in

the figure

atomic ratio. This indicates a Pt surface enrichment for
Pt;oRu;q catalysts.

Electrochemical Measurements

The results of the CV experiments in 1 mol L™' KOH for all
electrocatalysts in the potential region between —0.85 V and
0.2 V are shown in Fig. 4. As can be seen for Pt/C, there are
two peaks related to the hydrogen adsorption/desorption pro-
cess at about —0.63 and — 0.53 V [45, 55]. The region from —
0.20 to 0.2 V is associated with the formation of an oxide layer
on the platinum surface [17, 45]. The reduction of oxides on
platinum surface occurs at about — 0.18 V as can be seen in the
reversible scan [45, 56]. As the Ru content increases in PtRu/
C eclectrocatalysts, the charging current increases. This

increase is characteristic of Ru as was reported for acidic
and alkaline solutions [57]. For Pt;oRu3¢/C and PtsgRuso/C,
the two peaks related to hydrogen adsorption/desorption pro-
cess are not well defined as the surface is Ru enriched, and this
behavior has been already reported for PtRu/C electrocatalysts
with high amount of Ru in the materials [55, 58].

Ethanol Electrooxidation

Figure 5 shows the cyclic voltammograms of ethanol
electrooxidation on PtyRu;go../C (x=100, 90, 70, and
50 at.%) in 1 mol L' KOH + 1 mol L ™! ethanol. The lowest
onset potential of ~—0.60 V vs Hg/HgO was obtained on
PtsoRus¢/C, whereas it increases as the amount of Ru decreases
and is —0.56, — 0.51, and — 0.44 V for Pt;oRus(/C, PtooRu,¢/C,

Table 2 XPS characteristics of Pt 4f7,, and Ru 3ps/, peaks
Catalyst Pt4f,, Ru 3ps3p Pt/Ru Pt/Ru
surface at. ratio nominal at. ratio
B.E. (eV) % Relative intensities Assignment BE (eV) from XPS
PtsoRusq 71.5 56 Metallic Pt 462.2 0.97 1
722 32 Pt 466.2
73.7 12 Pt
Pt;oRu;30 713 61 Metallic Pt 462.3 3.1 233
72.1 29 Pt
73.7 10 Pt

@ Springer
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Fig. 4 Cyclic voltammograms of Pt/C and PtRu/C (90:10, 70:30, and
50:50) electrocatalysts in 1 mol L' KOH. Scan rate of 20 mV s '

and Pt/C, respectively. Thus, it is evidenced that the presence of
ruthenium promotes the Pt catalytic activity and reduces the
onset potential of ethanol electrooxidation. In the forward scan,
the highest peak current density for the ethanol oxidation pro-
cess was also observed for PtsoRuso/C. The trend of the peak
current density on the forward scan was as follows: PtsoRuso/
C > Pt;oRu;¢/C > PtggRu;o/C > Pt/C. Hu et al. [34] also report-
ed better results for ethanol electrooxidation in alkaline media
using PtRu catalysts than Pt catalysts. Based on the CV exper-
iments in this study, Pts;oRuso/C is the most promising
electrocatalyst for ethanol electrooxidation in alkaline media,
which could be related to the presence of high amount of Ru
and high amounts of RuO,xH,O on the catalyst surface as
revealed by XPS analysis.

The chronoamperometry curves of all electrocatalysts for
ethanol electrooxidation reaction at —0.35 V for 60 min are
shown in Fig. 6. The current density decreases continuously

64 [—PYC

— Pt Ru, /C
51 |—Pt,Ru,/C
4] [T Pt,Ru,/C

-2

j/ mA cm

-0.8 -0.6 —0I.4 —OI.2 0.0
E /V vs Hg/HgO

Fig. 5 Cyclic voltammograms of Pt/C and PtyoRu,(/C, Pt;9Ru3/C, and
PtsoRusy/C electrocatalysts in 1 mol L ! ethanol + 1 mol L ™! KOH. Scan
rate of 20 mV s~

0.6
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— Pt,Ru,/C
—Pt,Ru,/C
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o
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S
= 021
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0.0 . . : : :
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Fig.6 Chronoamperometric measurements at— 0.35 V vs Hg/HgO on Pt/
C and PtygRu;¢/C, Pt;9Ruz¢/C, and PtsoRuso/C electrocatalysts in
1 mol L ™" ethanol + 1 mol L' KOH

within the first several minutes and reaches the steady state
after about 30 min. The gradual decay of current is associated
with the accumulation of adsorbed species on the catalyst
surface and surface passivation [2, 59]. The highest current
density at the end of the experiment was observed for
PtsoRus¢/C (about 3.9 times higher than that obtained using
Pt/C) suggesting that this catalyst has good stability and is
more tolerant to the poisoning species. In fact, the lowest
current density after 1 h of experiment was obtained for Pt/
C. The addition of Ru to Pt increases the current density and
stability for ethanol electrooxidation. This is associated with
the oxygenized species present on ruthenium during the etha-
nol electrooxidation process according to the bi-functional
mechanism. In this mechanism, Ru atom interacts with hy-
droxyl to form Ru-OH at low potential in the alkaline media,

-2

j!/ mA cm

-0.8 -0.6 0.4 0.2 0.0 02
E/V vs Hg/HgO

Fig. 7 Cyclic voltammograms of Pt/C and PtyoRu,(/C, Pt;9Ru3/C, and
PtsoRuso/C electrocatalysts in 1 mol L™ ethylene glycol +1 mol L™
KOH. Scan rate of 20 mV s~
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Fig.8 Chronoamperometric measurements at—0.35 V vs Hg/HgO on Pt/
C and PtygRu;¢/C, Pt;9Ru3¢/C, and PtsoRuso/C electrocatalysts in
1 mol L™" ethylene glycol + 1 mol L' KOH at room temperature

which enhance the electrooxidation of intermediates from eth-
anol oxidation reaction [34].

Ethylene Glycol Electrooxidation

Figure 7 shows the cyclic voltammograms of Pt,Ru;o./C
(x=100, 90, 70 and 50 at.%) in 1 mol L' KOH +
1 mol L ™! ethylene glycol. Similar to ethanol, higher Ru con-
tent lowers the onset potential for ethylene glycol oxidation.
The lowest onset potential for ethylene glycol electrooxidation
was obtained using PtsoRuso/C. The values of onset potentials
were about —0.39 V,—0.40 V,— 0.44 V, and — 0.46 V for pure
Pt compositions of 100, 90, 70, 50 at. %, respectively. This is
also consistent with previous literature reports [5, 10, 22]. The
enhancement in the catalytic activity in the ethylene glycol
process is related to the feature of Ru from Ru-OH at a low

potential in the alkaline media, which increase the
electrooxidation of adsorbed intermediates on Pt sites [34].

The best result obtained using PtsoRuso/C in this study
might be related to the higher amount of ruthenium and high
amounts of RuO,xH,0O oxygenized species on the catalyst
surface as suggested by XPS analysis in this material, and
consequently higher concentration of OH,4s promoted from
ruthenium [6, 10, 60]. Similar to ethanol electrooxidation, the
OH,4s species from Ru surface promote the ethylene glycol
electrooxidation process [10]. The results show a clear increase
in the catalyst performance for ethylene glycol electrooxidation
with increasing the ruthenium amount in the materials.

The chronoamperometry curves of all electrocatalysts for
ethylene glycol electrooxidation reaction at —0.35 V for
60 min are shown in Fig. 8. The catalysts show the current
density decline without reaching a steady state even after 1 h.
This could be related to a decrease of the catalytic activity for
ethylene glycol as can be seen in the literature [9, 10, 15]. The
current density at the end of the experiment obtained using
PtsoRuso/C was ~327% higher than that using Pt/C. It is also
possible to observe that the current density increases as the
amount of ruthenium in the material increases. Therefore, it
shows that ruthenium presents a positive effect with platinum
towards ethylene glycol electrooxidation as also observed for
ethanol. These results are in agreement with the literature in
which is reported that PtRu/C shows higher catalytic activity
towards ethylene glycol than Pt/C [5, 10].

Fuel Cell Performance Measurements

Our CV and CA experiments in ethanol and ethylene glycol
containing solutions have shown that PtsoRuso/C has the
highest catalytic activity for both ethanol and ethylene glycol
electrooxidation. Based on this finding, the fuel cell experi-
ments fed with ethanol and ethylene glycol were performed
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with PtsoRuso/C as anode, and the results were compared to
that obtained using Pt/C as anode. Figure 9 shows the polar-
ization curves using Pt/C and PtsgRuso/C. The open-circuit
voltage for ethanol (0.66 V) and ethylene glycol (0.68 V) on
PtsoRus¢/C were higher compared to Pt/C, which were 0.62 V
for ethanol and 0.63 V for ethylene glycol. From Fig. 8b was
possible to observe that the maximum power density and cur-
rent density were obtained using PtsoRuso/C for ethanol and
ethylene glycol. Thus, both fuel cell and electrochemical CV
and CA experiments show the catalytic activity of PtsoRuso/C
for ethanol and ethylene glycol being much higher than Pt/C.

An important point that can be observed from CA, CV, and
fuel cell experiments is that the current density for ethylene
glycol electrooxidation were higher than for ethanol, for all
electrocatalyst materials. This may be related to conversion of
fuels to partially oxidized products, i.e., acetate in the case of
ethanol and oxalate in the case of ethylene glycol. It must be
noted that the oxidation of ethanol to acetate involves an ex-
change of four electrons per molecule of ethanol [17, 18],
which corresponds to a Faradic efficiency of 33.3%.
However, the oxidation of ethylene glycol in alkaline media
to oxalate involves eight electrons per molecule of ethylene
glycol, which corresponds to a Faradic efficiency of 80% [19,
20]. On the other hand, the complete oxidation of ethanol to
CO, involves 12 electrons per molecule, and 10 electrons are
released per molecule of ethylene glycol completely oxidized
to CO, [5, 11]. It is important to stress that considering the
acetate and oxalate as the main products from ethanol and
ethylene glycol respectively, the K* ions from the KOH elec-
trolyte probably form the organic salts with these compounds
at the anode.

Conclusion

Our results show that the addition of Ru to Pt improves the
catalytic activity of Pt towards ethanol and ethylene glycol
electrooxidation in alkaline media. The XRD and XPS con-
firmed that PtRu alloy was formed for all bimetallic composi-
tions. According to STEM analysis, the nanoparticle mean
size are 7.3 nm, 5.7 nm, 5.2 nm, and 5.1 nm for Pt/C,
PtygRu;(/C, Pt7oRu3¢/C, and PtsoRuso/C, respectively. Based
in XPS analysis, PtsoRusy/C has higher amount of Pt oxides
on the surface than Pt;oRuzo/C. Among different PtRu/C
atomic ratios, the catalyst PtsoRuso/C showed the best catalyt-
ic activity for both ethanol and ethylene glycol
electrooxidation. For PtsgRuso/C catalysts, we observed the
lowest onset potential for ethanol (~—0.60 V) and ethylene
glycol (~—0.46 V) electrooxidation, which are 160 and
70 mV lower than using Pt/C, respectively. In CA experi-
ments, the current densities of ethanol and ethylene glycol
electrooxidation at the end of the experiment were about 3.9
and 3.3 higher on PtsgRuso/C than on Pt/C, and in the DAFC

experiments showed that the maximum power density about
40% for ethanol and 14% higher than using Pt/C anode. The
enhancement of the catalytic activity might be related to the
high amount of oxides species on the PtRu electrocatalyst
surface, the ability of ruthenium to atoms interacts with hy-
droxyl species to form Ru-OH at low potential which enhance
the electrooxidation of intermediates from ethanol and ethyl-
ene glycol electrooxidation reaction and also due to the elec-
tronic effect of PtRu alloy that weakens the adsorption
strength of poisonous intermediates from reactions on the cat-
alyst surface. Furthermore, an electronic effect in PtRu alloy
cannot be disregarded as it could play a role in improved
catalytic activity of PtsoRuso material.
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