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Abstract: We report the addition of Fe or Ni to Pd:M electatatysts supported on
Vulcan carbon XC-72 with 20 wt.% metal loading tivate ethanol electrooxidation
reaction in alkaline medium. Experimental bulk casiions of nanoparticles were
very close to the nominal one. All the catalystsptiy the fcc crystalline structure of
palladium with crystallite sizes ranging from 2/ mo 5.4 nm. Electrochemical tests in
the presence of ethanol shows that the additioReodnd Ni to Pd catalysts enhances
ethanol electrooxidation. Ni-containing composisorsuch as Pd(56)Ni(44) and
Pd(71)Ni(29) exhibit excellent catalytic mass ait§i(30 A goq') at 0.5 V vs. RHE
showing that they are promising anode electrocsislfor direct ethanol alkaline fuel

cells.
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1. Introduction

Ethanol is an attractive potential fuel for low-teenature fuel cell systems [1]
due to its high theoretical energy density anddpation from biomass. However, it is a
difficult to release all 12 electrons from the etblamolecule in order to achieve its full
energy density [2]. During the past years manyaes$ers have investigated ethanol
electrooxidation in acidic media using the protocleange membrane fuel cell (PEM-
FC) with different Pt-based materials as cataly3t6]. Also, a number of techniques
have been employed in an attempt to understandplimomena occurring at the
interface and the electrooxidation mechanism. Thedade Fourier transform infrared
spectroscopy (FTIR) [7-8], differential electrocheat mass spectrometry (DEMS)
[9,10], and high performance liquid chromatograghifPLC) [11,12]. So far, these
techniques have shown that ethanol electrooxidatitords acetaldehyde and acetic
acid as the major products, releasing between twd@ur electrons, respectively.

Scientists have gathered significant informationuttthe phenomena occurring
at the electrode/solution interface and the reactmmechanism during ethanol
electrooxidation in acidic media. However, this sameaction still had been less
investigated in alkaline media due to difficultieberent to alkaline fuel cells [13].

From a thermodynamic point of view, the alkalineelgange membrane direct
ethanol fuel cell (AEM-DEFC) system offers numer@adyantages: (1) It presents a
global reaction potential of 1.24 V, which corresge to a gain of 100 mV when
compared with the proton exchange membrane diteenel fuel cell (PEM-DEFC),
reaction potential of 1.14V. (2) In addition elextatalytic reactions in alkaline media
can be more efficient than in acidic media [14). A2 an anion exchange membrane

(AEM), the OH species that conducts ions in the system, presergserse ionic flow



and corresponding electroosmotic flow; i.e., frdme tathode side to the anode side,
largely inhibiting ethanol crossover [15].

Ethanol electrooxidation in alkaline media opens gwossibility of using new
catalytic materials and lower the production cdshable-based catalysts. The use of
alkaline electrolytes is of interest because altohamation generally does not strongly
depend on catalyst composition in this medium, kBnglthe use of non-platinum based
materials, such as Pd, Ag, Ni, and perovskite-tyqdes [16-19]. While most of the Pt-
based catalysts used in acidic media could findlieggpn in alkaline media, Pd
displays the best performance due its higher otiegikiiand relatively inert nature [20].
Among Pd-based catalysts, PdFe and PdNi perforrh iweDRR [21-23] and could
catalyze alcohol electrooxidation in alkaline medshen and Xu [18,24] studied the
oxidation of alcohols such as methanol, ethangicegbl, and ethylene glycol on Pd-
based catalysts containing Ce, Ni, Mn, or Co oxides showed that transition metal
oxides affect the activity of the catalyst. Thesghars observed that the Pd-NiO/C
catalyst presented the highest catalytic activitg éhe lowest rate of poisoning by
intermediates, because -Qkispecies could be readily generated on the oxidac
Indeed, the generation of QM species at lower potentials can convert CO-like
poisoning species on Pt and Pd to ,C& other products that dissolve in water,
liberating the Pt and Pd active sites for furthesceochemical reaction. @, also
improved the catalytic performance of Pt and Pdetamaterials towards organic
reactions [25].

In this context, we report how the addition of difnt amounts of Fe and Ni to a

Pd/C catalyst enhances ethanol electrooxidatiamitgct



2. Experimental
2.1 Catalyst Preparation

Pd and Pd-M (M = Fe or Ni) containing 50, 30 orvii) % of M were prepared
by the microwave assisted method. 50.0 mg of eathlysts with 20 wt. % metal
loading and different Pd:M metal ratios were oladitny mixing a calculated volume of
PdCbL (Aldrich); NiCl,.6H,O (Mallinckrodt) or FeG.6H,O (Mallinckrodt) aqueous
solution 0.05 mol ! with 20 mL of ethylene glycol in a 200 mL beckendathe pH
was adjusted to 10, dropwise, with 3.0 mdl NaOH. The mixture was stirred in an
ultrasonic bath for 10 minutes, followed by the iidd of 40.0 mg of Vulcan Carbon
XC-72 powder. After was added 80 puL of hydrazin&l(&h) as reducing agent and the
mixture was kept under magnetic stirring for 30 mo obtain a homogeneous
suspension. This suspension was placed in a contmosehold microwave oven
(Sonny Caroussell R-220 BW, 2450 Hz) operating pbwer of 100 W for 5 min. The
suspension was centrifuged and washed with watbtlaresulting solid product was

dried in a vacuum oven at 50°C overnight.

2.2 Physical Characterization

Diffraction patterns were acquired on a Rigakdrddtometer operating with Cu
Ka radiation § =1.5406 A) generated at 40 kV and 40 mA. Scan® wecorded at 5°
min™ for 20 values between 20 and 90°. Particle bulk and serfomposition were
analyzed by energy dispersive X-ray spectrosco@X)Eusing a Leica microscope
Zeiss LEO 440 model SEM coupled to an Oxford 7068deh analyzer and X-ray
Photoelectron Spectroscopy (XPS) using Surface nSeielnstrument SSX-100,
respectively. Catalyst morphology was also inveséid by electron microscopy

imaging using a Schottky-field-emission-gun Tecrf@0 scanning transmission



electron microscope (STEM) operating at 200 keVe BTEM image was acquired
with a high angle annular dark field detector (HARRDEnergy dispersive x-ray (EDX)
analysis was performed on the F20 using an Oxfetdatior, at a beam current of about
1 nA; an EDX resolution of 1-5 nm was achieved witis setup. The Pd-L, Fe-K, Ni-K

edges were used to represent the EDX mapping®stan data.

2.3 Electrochemical characterization

The cyclic voltammetric (CV) profile of the catatg was obtained inNourged
1.0 M NaOH (Mallinckrodt) solution. CVs were acaqdr on a PAR model 273
potentiostat. A conventional electrochemical celhiswemployed with a reversible
hydrogen electrode (RHE) and a platinum wire agéfierence and counter electrodes,
respectively. To perform the electrochemical measients, calculated amount of the
catalyst powder were dispersed into a solution ([10P consisting of isopropanol (95
puL) and Nafion® (5 pL). The mixture was homogeniaedultrasonic bath for 10
minutes. After homogenization, 10 pL of the catEymk were deposited onto a
previously polished glassy carbon disk electrod&9® cnf). In all cases, the catalyst
layer had a metal loading of 0.1 pa@mi®. Activity and stability tests were carried out
by cyclic voltammetry in the range of +0.05 V to80.V vs. RHE and
chronoamperometry in the presence of 1.0 M ethanbl0 M NaOH at 0.5V vs. RHE.

Electrochemical Active Surface Area (EASA) wasedetined as described in
[48,49] by recording cyclic voltammogram in 1.0 Ma@H in the range of +0.05 V to

1.2V vs RHE and integrating the cathodic peak fd llRoxide reduction.



3. Results and Discussion

3.1 Physical characterization

EDX analysis yielded the bulk composition of thenoparticles. Table |

summarizes the results for the Pd:M (M= Fe andddtalysts. While the Pd(50)M(50)

and Pd(70)M(30) catalysts had experimental molanpmsitions near their nominal

values, Pd(90)M(10) presented much lower Ni (1%} dfe (3%) percentages.

Nevertheless, it should be noted that EDX just ples semi-quantitative data, and

sometimes comparing metal compositions can leadremeous conclusions.

Table 1.Physical characteristics of Pd:M/C catalysts

Lattice

Crystallite

Particle

Catalyst Constant Size Size Pd:M Pd:M
A) (nm)? (hm)° (EDX) (XPS)

Pd 3.888 3.8 - - -
Pd(90)Fe(10) 3.895 5.4 - 97:03 -
Pd(70)Fe(30) 3.884 2.6 - 71:29 69:31
Pd(50)Fe(50) 3.915 2.5 1.8 59:41 53:47
Pd(90)Ni(10) 3.920 3.1 - 99:01 -
Pd(70)Ni(30) 3.880 2.6 - 71:29 71:29
Pd(50)Ni(50) 3.886 2.8 2.4 56:44 54:46

afrom XRD analysis® from TEM analysis

Fig.1 presents the diffraction patterns of the lgata. We calculated the

crystallite size using the Scherrer’'s equation asthg the (220) reflection. We

employed equation (1) to obtain the lattice par@mesing the (220) reflection as well

(Table 1).

a=+2M\/sin6

1)
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Fig. 1. XRD patterns of the carbon supported Pd-based rakstgorepared by the
microwave method. (A) Pd:Fe and (B) Pd:Ni catalysts



All the compositions displayed the typical faceteseed cubic (fcc) structure of
Pd (space group Fm-3m) corresponding to the (12D0), (220), (311), and (222)
reflections (PDF Card No.: 04-001-0111) with criigg&sizes around 3.0 nm for the
binary compositions. Only Pd(97)Fe(03) presentedtatlite size (5.4 nm) larger than
pure Pd (3.8 nm). Despite being low, the amountdlichnd Fe on the Pd(90)M(10)
catalysts modified the diffraction patterns (Fié\-B) and caused peaks shift to lower
20 values, resulting in larger apparent lattice patans than that of pure Pd (3.898 A)
(Table I). Such behavior has been reported beforePt:M (M = Co, Ni and Fe)
catalysts and the increased of the lattice parane&xplained due the addition of the
second metal to an interstitial position in the ediciting an isotropic expansion [26].
Increasing the molar ratio of the second metal3U@&nd 50:50) displaced 2o slightly
higher values, yielding smaller lattice parametshen compared with pure Pd. This
behavior can be attributed to the atomic radii ef(E26 pm) and Ni (124 pm), which
have smaller atomic radii than Pd (137 pm), solakiece contracted when a nickel or
iron replaced Pd. Particle and crystallite sizeeayeal for the catalysts investigated, the
difference observed are within the experimentarefTable 1).

XPS analyses were used to estimate the surfaceicatmymposition and to
analyze the electronic structure of the componeantsthe synthesized catalysts.
Palladium, carbon and oxygen were the main elemems all cases.
We were able to detect iron and nickel only for tmnpositions containing higher
amounts of these metals (30 and 50 at. %). It veapossible to determine the surface
compositions of Pd(97)Fe(03) and Pd(99)Ni(01) bseathe concentration of the
second metal on the surface was too low to yididble results. Table 1 presents the
XPS compositions of the different materials. In ta@se of nanoparticles of 2-3 nm in

diameter, as found in this work, XPS is betweerklarnd surface technique, so the



same compositions obtained by XPS and EDS only esigthat there is no great
inhomogeneity of the compositions between bulk eatdlyst surface.

By recording XPS over narrow energy ranges cornedipg to the Pd 3d, Fe 2p,
and Ni 2p core levels, we obtained the electrotriecture of the catalyst particles (Fig.
2). For this analysis, we corrected all the spetirghe carbon 1s peak at a binding
energy (BE) of 284.8 eV. Fig. 2A shows a represergaspectrum of the Pd 3d core
levels obtained from a pure Pd sample. We resaliedPd 3¢, and 3d,; peaks into
three sets of spin—orbit doublets fitted by consing the 5.2 eV spin—orbit separation.
The Pd (3d.32) peaks at 335.7 and 340.9 eV corresponded to Inetd only,
whereas the peaks at 336.7 and 342.1 eV and thes @a338.0 and 344.0 in the
deconvolved spectrum referred to Pd3¢,) peaks of Pd (PdO) and P8 (PdQ)
species, respectively. The values obtained for Btaimand the Pd and Pd" species
were close to reported values [27]. We detecteld Pd*, and P& for pure Pd and
Pd(97)Fe(03) and Pd(99)Ni(01) compositions. Astlfier materials containing 30% and
50 at.% of Fe and Ni, only Pand Pd" were present in the samples. Hence, increasing
the atomic ratio of the second metal inhibited fibrenation of Pd at higher oxidation
states; like PH. Table 2 presents the binding energies for the3&gd,s» levels, the
palladium species observed on the catalyst surfacé,the relative intensity of the
species. Metallic Pd is the major specie in alldbmpositions; the binding energy from
the Pd 3,32 shifts slightly when Ni or Fe is added indicatagossible and moderate
electronic effect of these metals over the d-bahgatladium induced by the electron
transfer between Pd and Ni or Fe [28,29]. Suchtrelerc effect may be responsible to
decrease the adsorption strength of the intermed@atnpounds over Pd catalyst sites

speeding up ethanol oxidation [30,31].
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Fig. 2. Spectra of the core levels of (A) Pd 3d, (B) Fe (&P, Ni 2p of the Pd/C,
Pd(59)Fe(41), and Pd(56)Ni(44) catalysts, respelstiv

Table 2. Distribution of Pd species in the Pd:M/C catalyssletermined by XPS

Binding Energy (eV)

Pd Pd Pd  Rel
Catalyst Species 3d 3d intensity

3/2 52 (%)

PP 3409 3356 659

Pd Pt 342.1 336.6 23.9

Pd* 344.0 3380 10.2

PP 341,0 3357 67.2

Pd(97)Fe(03) P&t 342.2 336.3 265
Pd"* 344.2 3385 6.3

PP 3412 3358 789

Pd(70)Fe(30) Pd* 3429 337.1 21.1
Pd** - - .
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PP 3406 3353 79.3
Pd(59)Fe(41) Pd* 342.2 3375 20.7
Pd" - : -
PP 3411 3357 542
Pd(99)Ni(01) P&t 342.2 336.2 328
Pd"* 343.7 338.7 13.0
PP 3411 3358 67.0
PA(71)Ni(29) Pd* 342.3 3371 33.0
Pd* - - .
PP 341.0 3356 69.7
Pd(56)Ni(44) Pd* 342.1 336.7 30.3
Pd* - - -

We refined the chemical state of iron in the catslyusing the Fe 2p spectra
(Fig. 2B). The XPS spectra can be split in two & 2p, and Fe 2p,; where each
part consists of a main line and a satellite. Ta€f, main line is located at 711.3 eV
with a satellite peak at 716.7 eV; and the Fg,2pain line is located at 724.5 eV with a
satellite peak at 731.0 eV. The presence of a hiréntogether with a satellite peak
results from a ligand-to-metal charge transfer myrihe photoemission process [32].
This profile allowed us to conclude that the iron the surface had a +3 formal
oxidation state, indicating the presence of(zg33]. Catalysts containing Ni had the
same profile. The Ni 2@ and Ni 2p,,spectrum presented two pairs of prominent peaks
at 855.9 and 861.9 eV and 873.7 and 879.9 eV ). We attributed the peaks at
855.9 and 873.7 eV to NiO and identified the peatk861.9 and 879.9 eV as a multi-
electron excitation satellite peak [34].

As we will discuss later, the Pd(59)Fe(41) and Bi%44) catalysts exhibited
the best electrocatalytic activity towards ethaowidation. Hence, we analyzed these
materials by TEM (Fig. 3 and Fig. 4). The TEM migraph of Pd(59)Fe(41) (Fig. 3A)
revealed well-distributed catalyst nanoparticlestlom carbon support and an average

particle size of 1.8 £ 0.8 nm (Fig. 3B). Particlestdbution maps provided more
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information about metal distribution on the nanoiple (Fig. 3C). Images evidenced
regions rich in Fe (green) and Pd (red) indicatsegregation of the nanoparticle.
Pd(56)Ni(44) also displayed a homogeneous pautiskeibution on the support, with an
average particle size equal to 2.4 £ 0.7 nm (FAgB3. For EDX analysis, we selected a
line through the nanopatrticle instead of choosimgu@a as in the case of Pd(59)Fe(41).
We analyzed metal distribution as a function ofifas (Fig. 4C-D). Both Pd and Ni

appeared homogenous distributed on the nanoparticle
Single Column

Avarege size =1.8 = 0.8 nm B

Frequency (%)
O

1.0 15 2.0 25

Particle size (nm)

Fig. 3. (A) TEM micrograph of the Pd(59)Fe(41)/C cataly$B) Particle size
distribution (count: 60 nanoparticles) (C) Compiositmap for Pd and Fe.
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Fig. 4. (A) TEM micrograph of the Pd(56)Ni(44)/C catalygB) Particles size
distribution (count: 116 nanoparticles) (C) and (Bdmposition of the PdNi

nanoparticle.

In summary, TEM indicated the presence of smaltiglas well distributed on
the carbon support, but with some aggregates ftir Bd(59)Fe(41) and Pd(56)Fe(44).
Particle sizes were comparable with those obtaimeRD. The composition map
confirmed a good homogenous mixture of the metdisa(id Fe) with Pd, as suggested

by EDX analysis.

3.2 Electrochemical characterization
Figure 5A presents the cyclic voltammograms (CMsilifferent Pd:Fe anode
catalysts recorded in 1.0 M NaOH over the potermdalge from +0.05 to +0.8 V vs

13



RHE. Three peaks were observed during the posstveep corresponding to different
electrochemical processes at the Pd electrodecsuriReak |, between +0.05 and +0.15

V, is ascribed to absorbed and adsorbed hydrogelation [35]:

Pd-Hipdadsst OH — Pd + HO + e 3

Pd + OH & Pd-OHgs+ € 4)

Peak Il, attributed to OHadsorption (Eq. (4)), appeared in different paosémanges for
each Pd:Fe catalyst: between +0.38 and +0.72 \Pii§b9)Fe(41) and Pd(71)Fe(29),
and between +0.18 to +0.43V for Pd(97)Fe(03) andlRas shift resulted from the high
Fe concentration and the presence ofCgzen the Pd(59)Fe(41) and Pd(71)Fe(29)
compositions, as evidenced by XPS analysis. Thexg&ectron transfer from Fe to Pd
may have modified the adsorption energy of Qdths and the concentration of this
species on the catalyst surface [25].

Peaks 1lI/1II" were ascribed to redox process ef[B6] and appeared just for
Pd(59)Fe(41). PdO formation was not evident sirtse formation only arises at
potentials higher than +0.8 V vs ERH [35].

When Ni was the co-catalyst, the behavior was am(Fig. 6A). However,
contrary to the Pd:Fe compositions, all the Pd:Mtalysts displayed lower OH
adsorption potentials (+0.3V vs RHE). This resultedhe formation of PdO at lower
potentials as evidenced by peak IV. Due to highwamof Ni at this composition peak
Il can be ascribed not only due Pd-QHormation (Eq. 4) but also by the transition
between Ni andu-Ni(OH), as described by Obradovic et al. [37]. Although XPS

analysis indicated the presence of nickel oxidbs, transition between Ni and

14



Ni(OH), is convoluted with the OHadsorption over Pd (peak IlI) and makes the
voltammetric profile not clear.
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Fig. 5. (A) Cyclic voltammograms of the Pd:Fe catalysts reabideNaOH 1.0 mol [

at 10 mV §; (B) Cyclic voltammograms of the Pd:Fe catalysts reedrith NaOH 1.0
mol L™ + EtOH 1.0 mol [* at 10 mV &; (C) Mass activities of Pd:Fe catalysts from
their corresponding current-time curves a(id) Polarization curve of the Pd:Fe
catalysts recorded in NaOH 1.0 mét & EtOH 1.0 mol [* at 0.5 V for 30 min.
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Fig. 6. (A) Cyclic voltammograms of the Pd:Ni catalysts recdrideNaOH 1.0 mol [*

at 10 mV & (B) Cyclic voltammograms of the Pd:Ni catalysts reedrih NaOH 1.0
mol L™ + EtOH 1.0 mol [* at 10 mV &; (C) Mass activities of Pd:Ni catalysts from
their corresponding current-time curves afid) Polarization curve of the Pd:Ni
catalysts recorded in NaOH 1.0 mét & EtOH 1.0 mol [* at 0.5 V for 30 min.

The Electrochemical Active Surface Area (EASA) wdstermined by
integrating the cathodic peak for PdO reductionnigclic voltammetry was record at
higher potential as 1.2 V vs. RHE. To determine HASA we take as parameter the
charge of 424.C per cn¥, which correspond to the charge of two electransetiuce
the PdO to Pd [38]. The results listed in TablehBvs that the EASA of the catalysts
remain between 7.0 to 12.Cigpq

We examined the electrocatalytic activity of Pd:Motrocatalysts for ethanol

electrooxidation in alkaline media. Fig. 5B and fsent the cyclic voltammograms of

the Pd:Fe and Pd:Ni catalysts in 1.0 M NaOH andM.6thanol solution at a sweep

16



rate of 10 mV & (Table 3). We normalized by the equivalent masBofleposited on
the glassy carbon support electrode and by theretd®mical surface-active area
(EASA).

Addition of different amounts of Fe to the Pd cgdéldid not enhance
significantly the ethanol oxidation current valuesvertheless; the onset oxidation
potential (Ense) IS shifted towards lower values when comparedh pitre Pd (Fig. 5B,
inset). The double layer charges increase as aidunaf the iron content. Pd(59)Fe(41)
and Pd(71)Fe(29) exhibited more positive sk values when compared with
Pd(97)Fe(03). The addition of increasing amounts Nof enhanced the ethanol
electrooxidation current (Fig. 6B). The only exdeptwas Pd(99)Ni(01), which was
less active than pure Pd. Regardings& Pd(99)Ni(01) presented the most positive
value, which resulted in its lower activity towaethanol oxidation. The Jgse; Of the

other catalysts shifted negatively (by 50 mV) wikempared with pure Pd (+0.30 V).

Table 3. Initial onset potential and catalytic activity fethanol oxidation on Pd:M

catalysts
EASA Mass Activity Intrinsic Activity*
Catalyst (m? gpg™Y) Y \Z"Eeﬁ £) (A gpg ) (A m?
@05VvsRHE @ 0.5V vs RHE

Pd 7.0 0.30 2 0.28
Pd(97)Fe(03) 7.1 0.20 3 0.42
Pd(71)Fe(29) 8.1 0.25 11 1.36
Pd(59)Fe(41) 9.3 0.29 20 2.15
Pd(99)Ni(01) 10.7 0.38 1.5 0.14
Pd(71)Ni(29) 10.7 0.25 26 2.43
Pd(56)Ni(44) 12.1 0.25 30 2.48

* Intrinsic activity = mass activity/EASA

17



Chronoamperometric experiments at a fixed pote(#@l5 V) in the presence of
1.0 M NaOH and 1.0 M ethanol (Fig. 5D and 6D) shdwbarply drop of the current
until achieve a steady state thereafter. At thanmegg of the experiment, the active
sites are free of adsorbed/oxidized ethanol moés;dut the rate at which new ethanol
molecules are adsorbed depends on the availalfitactive catalyst sites as the
reaction proceeds [11]. Table 3 and Fig. 5C ang&Sents the mass activities (AD
obtained from the current of the chronoamperometriwe at the end of the experiment
(30 min). Pd(59)Fe(41) had the highest catalytitvilg among all the investigated
iron-containing compositions. It is also worth mgtithat this composition contained the
lowest amount of Pd. The combination of Pd nanapast with metal oxides increased
catalyst activity towards alcohol oxidation in dilke media, accounting for the better
results.

The generally accepted mechanism of the EOR on UPlhces in alkaline

environments for DEFC applications has been reddayemany authors [37,39,40].

Pd + CHCH,OH 2 Pd—(CHCH,OH)ags (5)
Pd—(CHCH;OH)ags + 30H — Pd—(CHCO)us+ 3HO + 36 (6)
Pd—(CHCO)ugs+ PdOHgs— Pd-CHCOOH + Pd )

Pd—CHCOOH + OH — Pd + CHCOO + H,0 (8)

Initially, the ethanol molecules are adsorbedhia Pd surface by a dissociative
process (Eq. 5) that leads to molecule dehydrogemand formation of ethoxy
intermediate (CECO)ads (Eqg. 6). This intermediate is removed frahrsBrface by the
-OH species (Eq. 4), also adsorbed on Pd sitemirgr acetic acid (Eq. 7) that is

quickly converted in acetate ions by simple acidebaquilibrium (Eq. 8). Different
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from ethanol oxidation in acidic media where thechamism passes through the -CO
formation on the catalyst sites of Pt [11,20]. lkaine media the mechanism predicts
the formation of the Pd—(GE0).4sintermediate, not CLs In this mechanism the rate

determining step represents the oxidative remo¥glCéi;CO)ads by adsorbed -OH

species leading to acetate formation as the magaiygt.

Addition of Ni to Pd presents higher catalytic gitji (30 A geq*) than when Fe
is introduced (20 A gi'). This is in line with the intrinsic activity oftRi and PtFe
compositions. Moreover, Ni is claimed to be a gooetatalyst for Pt and Pd in alkaline
media [41,42] since can generate surplus kbugh the auto-catalytic reaction (Eq. 9

and 10). Promoting, the increase of local’@bhcentration around the catalyst [29].

Ni(OH), —» NiO + H,0 (9)

Ni(OH), - NiOOH + H* + e~ (10)

The effect of iron addition over Pd or Pt towardsa#i organics molecules
oxidations in alkaline media still unclear. Nevetdss, it is claimed the beneficial
effect of iron to improve ORR due to a significatectronic effect of iron over Pd or Pt
d-band [43,44]. This effect was also observed ftifePalloy on methanol oxidation
[45,46]. Our XPS-data have shown a very fair etettr effect of iron addition on Pd-

catalyst.

4. Conclusion

We have investigated the activity activity of Pd(M = Fe or Ni) catalysts
towards ethanol electrooxidation in alkaline medid.the compositions investigated
(10, 30 and 50 at. % M loading) displayed the R f@entered cubic (fcc) structure and

the experimentally determined compositions werselm the nominal ones. The only
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exceptions were compositions containing 10 at. 9pffor which the second metal
was actually presented at less thaat.3%. XPS analysis revealed that the nanopatrticle
surface composition was close to the bulk compmsifound by EDX. Also, a more
detailed analysis showed that while Pd existedtsnokidized form PdO and PdO
metallic Pd prevailed. XPS also detected@zeand Ni oxides for the compositions
containing 30 and 50 at. % Fe and Ni, respectivEBM analysis demonstrated that the
nanoparticles as well as Pd and the added metalsafd Ni) were homogeneously
distributed on the carbon support. Addition of Fé&Noenhanced the catalytic activity of
Pd nanoparticles. The current increased and ghg:t6r ethanol oxidation shifts to less
positive potential when compared with pure Pd, pkéar Pd(99)Ni(01). Pd(50)M(50)
compositions yielded the highest catalytic activégd Ni addition affected the activity
towards ethanol electrooxidation more markedly tRan In conclusion, Pd(50)M(50)
catalysts are easy and fast to prepare by microwmaethods. The resulting catalyst

represent a potential option for DAFCs.
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Figure Captions

Fig. 1. XRD patterns of the carbon supported Pd-based ralstgorepared by the
microwave method. (A) Pd:Fe and (B) Pd:Ni catalysts

Fig. 2. Spectra of the core levels of (A) Pd 3d, (B) Fe (&P, Ni 2p of the Pd/C,
Pd(59)Fe(41), and Pd(56)Ni(44) catalysts, respelstiv

Fig. 3. (A) TEM micrograph of the Pd(59)Fe(41)/C cataly$B) Particle size
distribution (count: 60 nanoparticles) (C) Compiositmap for Pd and Fe.

Fig. 4. (A) TEM micrograph of the Pd(56)Ni(44)/C catalygB) Particles size
distribution (count: 116 nanoparticles) (C) and (DBpmposition of the PdNi
nanoparticle.

Fig. 5. (A) Cyclic voltammograms of the Pd:Fe catalysts reabideNaOH 1.0 mol [*

at 10 mV §; (B) Cyclic voltammograms of the Pd:Fe catalysts reedrth NaOH 1.0
mol L™ + EtOH 1.0 mol [* at 10 mV &; (C) Mass activities of Pd:Fe catalysts from
their corresponding current-time curves a(id) Polarization curve of the Pd:Fe
catalysts recorded in NaOH 1.0 mat & EtOH 1.0 mol [* at 0.5 V for 30 min.

Fig. 6. (A) Cyclic voltammograms of the Pd:Ni catalysts recdridieNaOH 1.0 mol [*

at 10 mV & (B) Cyclic voltammograms of the Pd:Ni catalysts reedrih NaOH 1.0
mol L™ + EtOH 1.0 mol [* at 10 mV &; (C) Mass activities of Pd:Ni catalysts from
their corresponding current-time curves afid) Polarization curve of the Pd:Ni
catalysts recorded in NaOH 1.0 mét & EtOH 1.0 mol [* at 0.5 V for 30 min.
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Pd-M/C (M = Ni or Fe) catalysts were prepared by the microwave method.

This method is advantageous because easy, fast and promotes small
nanoparticles.

Pd(50)M (50) compositions yielded the highest catalytic activity.

Ni addition affected the activity towards ethanol el ectrooxidation more markedly
than Fe.

We obtained catalytic activity 30 mA geg’ for Pd(50)Ni(50) confirming the
beneficial effect of adding Ni.



