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Abstract Carbon-supported Pd and PdAg nanoparticles
were synthesised by the polyol (P) and reverse micelles
(RM) methods for use in a comparative study as catalysts
for ethanol electro-oxidation in alkaline media. The elect-
rocatalysts were physically and chemically characterised
by transmission electron microscopy, X-ray diffraction and
thermogravimetric analysis. Electrochemical characterisa-
tion was performed by cyclic voltammetry in the absence
and presence of ethanol (0.1, 1, 3 M ethanol), chrono-
amperometry and electrochemical impedance spectros-
copy. The electrochemical measurements showed that the
catalysts obtained by the RM method presented excellent
dispersion and small crystal size, resulting in materials with
high electro-active area. However, the PdAg/C catalysts
prepared by the polyol process presented better catalytic
activity and stability during the electro-oxidation reaction.
In addition to the excellent dispersion and low agglomer-
ation promoted by the polyol method, catalytic enhance-
ment can also be associated with the synergic effect
between Pd and Ag elements.
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1 Introduction

The development of catalysts, such as those ones based on
Pd, has been very attractive for many reactions, including
the ethanol electro-oxidation reaction (EOR) and the oxy-
gen reduction reaction (ORR) in alkaline medium [1-6].
The main advantages provided by working in alkaline
medium are the kinetics acceleration at the electrode and
the opportunity to replace the more expensive Pt catalyst
commonly used in direct ethanol fuel cells (DEFC) with
other cheaper metals, such as palladium [7-11].

Another option usually adopted to decrease the cost of the
catalyst for fuel cells is the decrease of Pd loading on the
support or through the combination of Pd with other less
expensive materials [10—15]. Among various metals capable
of combining with Pd, Ag is attractive due to the high syn-
ergistic interaction between Pd and Ag. For this reason, Ag
has been used as the secondary metal in the preparation of
bimetallic electrodes, and hence, has improved catalytic
activity in some electrochemical reactions. [16—18]. Dif-
ferent synthesis methods have been used to obtain catalytic
materials for the ethanol oxidation reaction in alkaline
medium. The catalytic activity of these materials has been
investigated, and the apparent activation energy in the
PdAg/C catalyst is lower than in pure Pd/C catalyst [19, 20].

The design of anodic electrocatalysts is focused on
decreasing the intermediates generated during the oxida-
tion reaction, which significantly decreases the perfor-
mance of the anode electrode [20-25]. The characteristics
of the bimetallic catalysts, such as activity and selectivity,
depend on the nature, structure and composition, and they
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may be modified during the synthesis procedure [16-25].
For example, obtaining materials via reverse microemul-
sion provides good control of the nanoparticle size and
shape. The exchange of reactants between the micelles in
suspension often results in a uniform distribution of the
volume into the micelles in the solution, leading to the
generation of narrow particle size distribution. In addition,
the nanoparticles obtained by reverse micelles (RM) can be
synthesised at room temperature, and the surfactants that
surround the particles in the suspension can be easily
removed [26-30]. On the other hand, the polyol process,
which consists of the reduction of metallic precursors by
poly-alcohols in the presence of capping ligands, has
become widely employed to obtain small nanoparticles
with narrow size distribution. However, the presence of
capping ligands in the final product is still a problem [31-
38]. Following this idea, some catalysts prepared by the
polyol (P) and RM methods have been reported, but a
direct comparison between these methods has not been
made.

The aim of the present work is to synthesise Pd/C and
PdAg/C catalysts by the polyol and RM methods to reduce
the cost of the electrode anode material and increase the
catalytic activity towards EOR. PdAg/C is evaluated at
different ethanol concentrations in alkaline medium. The
catalysts were structurally characterised by X-ray diffrac-
tion (XRD), transmission electron microscopy (TEM) and
thermogravimetric (TG) analysis. The electrocatalytic
performance was studied by cyclic voltammetry in the
absence and presence of ethanol, chronoamperometry and
electrochemical impedance spectroscopy (EIS).

2 Experimental methodology

The bimetallic catalysts were prepared at a 1:1 molar ratio
(Pd:Ag) and a total metallic load of 30 % on the carbon
support.

2.1 Materials

Na,PdCl, (Sigma-Aldrich, 99 %) and AgNO; (J. T. Baker,
99 %) were the precursors used in both methods. Polyvi-
nylpyrrolidone (PVP) (Sigma-Aldrich), ethylene glycol
(EG) (Sigma-Aldrich, 99.8 %) and KBr were employed in
the polyol process, whereas hexane (J. T. Baker, 99 %),
2-ethyl-1-hexanol (J. T. Baker, 99 %), Triton X-100
(Sigma-Aldrich, 99.7 %), sodium borohydride (J. T. Baker,
98 %) and ketone (J. T. Baker) were used in the reverse
micelles method. All the reactants were used as received
without further purification. The P and RM in the catalysts
name refer to the corresponding catalyst obtained by the
polyol process or reverse micelles, respectively.
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2.2 Synthesis of catalysts

The PdAg/C-P catalyst was synthesised using a modified
method for obtaining pure Pd nanoparticles [32, 33]. A
volume of 5 cm® EG was placed in a 25 cm® three-neck
flask equipped with a reflux condenser and a PTFE-coated
magnetic stirring bar. The flask was heated with an oil bath
and stirred under static air at constant temperature of
373 K. Meanwhile, 0.024 g of Na,PdCl, and 0.6 g of KBr
were dissolved in 3 cm® of deionised water and 0.0916 g of
polyvinylpyrrolidone, and the corresponding amount of
AgNO; was dissolved in 3 cm? of EG at room temperature.
The two solutions were then injected simultaneously into
the three-neck flask using two syringe pumps at a rate of
45 cm® h™'. The reactive mixture was heated at 373 K.
After 1 h, Carbon Vulcan XC-72 was added to the reactive
mixture and kept at this temperature for 2 h. The reaction
was cooled to room temperature and the product was mixed
for 24 h, separated by adding 30 cm® of ketone and cen-
trifuged at 4,000 rpm for 0.5 h. The final product was
washed with water several times by a repetitive dispersion—
centrifugation process before drying at 333 K for 12 h. The
dried catalyst was heat treated at 540 K for 1 h to remove
the impurities. The same process was followed to produce
the Pd/C-P catalysts, but in this case, the Ag precursor was
not added to the reactor, and the reaction temperature was
maintained at 373 K for 1 h.

The Pd/C-RM and PdAg/C-RM catalysts were prepared
by a modified method reported previously [9-39]. The
reduction of precursor salts was made in partial ionic water
in oil microemulsion by a non-ionic surfactant Triton
X-100 and a low amount of ionic surfactant sodium
dodecylbenzenesulfonate (SDS) and 2-ethyl-1-hexanol as
the co-surfactant. These agents were contained in hexane as
the oleic phase. The water/surfactant molar ratio was 3:6.
The nanoparticles were obtained by mixing two micro-
emulsions with the same composition, one containing the
precursor Na,PdCl; 0.01 M and the other containing
NaBH, 0.03 M. This mixture was mixed for 1 h until a
clear microemulsion was obtained. The amount of Carbon
Vulcan XC-72 was calculated to reach a final metal loading
of 30 % w/w. This amount of support was added to the
mixture under constant magnetic stirring for 24 h at 313 K.
The supported catalyst was separated, washed three times
with acetone and centrifuged at 4,000 rpm for 15 min.
After the separation, the catalyst was washed with deion-
ised water to eliminate surfactant molecules. Finally, a
thermal treatment was performed at 540 K for 2 h.

2.3 Characterisation

The crystalline characteristics of the materials were ana-
lysed with a Phillips X’Pert XRD instrument, which
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provides CuKo radiation. The system was operated at
40 kV and 30 mA, data interval = 1 s and step = 0.0091°
from 20 = 10-90°.

The morphology of the materials was observed on a
JEOL JEM-1010 microscope operating at 80 kV and
equipped with a tungsten filament as an electron source.
The samples were prepared by mixing a small amount of
catalyst with ethanol, followed by sonication for 20 min.
One drop of the final suspension was dropped over a cupper
grid covered by a supporting polymer (formvar). The
samples were left to dry for 12 h at room temperature
before the TEM session.

The metallic load was measured by TG analysis of the
prepared catalyst, which was conducted using a TG balance
(TA Instruments, Q500). TG analysis was performed from
room temperature to 1,073 K at a heating rate of
10 K min~" under an air flow rate of 60 cm® min™".

Cyclic voltammetry, chronoamperometry and EIS were
conducted on a Biologic SAS EPP-400/4000 potentiostat/
galvanostat in a three-electrode cell at room temperature.
An Hg/HgO in 1 M KOH and a platinum foil electrode
were used as the reference electrode and counter electrode,
respectively. The working electrode was prepared using a
glassy carbon (GC) disc measuring 3 mm in diameter,
which was previously polished with alumina powder
(0.05 um), sonicated for 10 min and washed with deion-
ised water. During the electrochemical measurements, a
mixture containing 1.0 mg of electrocatalyst and 73 pL of
isopropyl alcohol was pretreated under ultrasonication for
20 min. Then, 7 pL of Nafion® solution (5 % isopropyl
alcohol, Electrochem) was added to the mixture and soni-
cated for 20 min to obtain a well-dispersed ink. A volume
of 20 pL of the catalyst ink was then transferred onto the
surface of the GC electrode and dried in air to obtain a
catalyst thin film. Cyclic voltammetry was performed in
aqueous solutions of 1 M KOH in both the absence and
presence of ethanol solutions of various concentrations
from —0.9 to 0.5 V (vs. SHE) at 0.05 V s~ 1. Before any
measurement, the system was bubbled with N, for 20 min
to evacuate the oxygen from the cell. The EIS measure-
ments were recorded from 0.1 Hz to 10 kHz using wave
amplitude of 10 mV after the stabilisation of the system for
40 min.

3 Results and discussion
3.1 TEM results

Figure 1 shows the TEM images and particle size distri-
bution of the catalysts studied in the present work. The Pd-
particles generated by the polyol method (Fig. la) pre-
sented a mixture of shapes, including round, cubic and

hexagonal, whereas the PdAg/C-P (Fig. 1b) catalyst
showed spherical nanoparticles with no observation of
agglomeration. The Pd catalyst obtained by the RM method
(Fig. 1 c¢) shows low metal loading onto the carbon support.
The PdAg nanoparticles by RM are small and uniformly
distributed on the carbon surface; hence, nanoparticle
agglomeration was not detected. The main particle sizes of
the Pd/C-P, PdAg/C-P, Pd/C-RM, PdAg/C-RM and com-
mercial Pd/C catalysts were estimated to be approximately
5, 8, 7, 3.5 and 5 nm, respectively. The particle size his-
tograms measured from at least 200 nanoparticles present a
distribution between 2 and 12 nm for all catalysts prepared,
obtaining in the case of PdAg/C-RM the smallest particle
size.

3.2 TGA analysis

The organic material due to the residual surfactants, water,
solvent and precursors from the synthesis was associated
with the weight loss below 623 K (Fig. 2). The weight loss
in this region behaved similarly in all catalysts, but the
weight loss of the Pd/C-P catalyst in this region was
greater than the other catalysts (10 wt % approximately).
The significant weight loss, approximately 823 K in all the
catalysts, was associated with the carbon dioxide produced
by the oxidation of the carbon support with oxygen from
the air. The constant weight region at above 873 K was
attributed to the residual metal and metal oxide. The metal
loading measured was 19, 26, 9, 21 and 19 for the Pd/C-P,
PdAg/C-P, Pd/C-RM, PdAg/C-RM and commercial Pd/C
catalysts, respectively.

3.3 XRD measurements

Figure 3 shows the XRD patterns of the Pd and PdAg
catalysts synthesised by the P and RM methods after
annealing at 543 K for 1 h. The catalysts presented broad
reflection at 26 = 25°, which corresponds to the (002)
plane of the carbon support. In addition, two peaks centred
at 20 ~ 33.8° and 42° were observed on the commercial
Pd/C and PAg/C-RM catalysts; these peaks are likely due
to the main reflection of PdAO-H,O (JCPDS card 09-0254)
given the similar position and relative intensities of the
peaks [35]. For the PdAg/C prepared by the polyol process,
another two small reflections can be observed at 20 ~ 30.9
and 44.3°, assigned to the AgBr card. The presence of this
compound evidenced the incomplete reduction of the Ag
precursor by ethylene glycol and the difficult incorporation
of Ag atoms into the Pd structure. However, the reflections
with the highest intensity at 20 = 40.119, 46.659, 68.121
and 82.1 in all the catalysts studied showed face-centred
cubic lattice structures corresponding to the (111), (200),
(220) and (311) planes of the Pd metallic phase (JCPDS
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Table 1 Structural parameters Crystal size, Lattice Main particle Interplanar % Ag

of the syr}thesised catalysts and XRD (nm) parameter, a (A)  size, TEM (nm) distance, d;1; (A)

commercial Pd/C
Pd polyol 6.2 3912 5 2.260 -
PdAg polyol 6.4 3.924 8 2.268 ~20
Pd commercial 4.8 3.902 5 2.252 -
Pd RM 9.1 3.907 7 2.258 -
PdAg RM 32 3.936 3.5 2.275 ~30

46-1043), respectively. Pure Ag nanoparticles were not [

observed in the present study, as the absence of the Ag 20

diffraction peaks demonstrates in Fig. 3 (solid grey line). 10 |

The average crystal size and lattice parameter were I

calculated based on the broadening and position of the T Of

(111), (200) and (311) diffraction peaks according to the o I

Scherrer equation and Bragg’s law [35]. These values are 5 -10 i Vi

condensed in Table 1 and are in the same order as those f 20 F ’  Commercial PA/C

calculated by TEM. = [ Pd/C-P

The Pd-reflections of the bimetallic catalysts synthesised 30 — nggﬁ,\-ﬂp

by either the P or RM methods shifted towards lower 20 40 . . . . PdAg/C-RM

values compared to that of pure Pd, indicating an expan- 09 -06 -03 00 03 06 09

sion of the lattice due to the Ag (larger atom) atoms into Evs SHE/V

the Pd structure (Table 1). The lattice constants of the
catalysts calculated from averaging the d-spacing data of
(111) (200) and (220) reflections are in the range between
the lattice constants of pure Pd and Ag values already
reported (apg = 0.389 nm; ap, = 0.409 nm) [19]. The
shifting of the peaks is greater on the PdAg/C-RM com-
pared with the PdAg/C prepared by the polyol process,
suggesting an increase in the degree of alloying [31].
Moreover, it has been reported that the alloying degree and
composition linearly correlate to the shifting of the peaks in
PdAg bimetallic nanoparticles [36]. Under this consider-
ation, the nanoparticle composition was calculated, and the
results are shown in Table 1 (PdAg/C—P and PdAg/C-RM
rows). These values showed the silver-doped catalysts
synthesised by RM had higher silver loading due to the
intrinsically higher reductive power of the NaBH, com-
pared to ethylene glycol.

3.4 Electrochemical characterisation
3.4.1 Cyclic voltammetry

Figure 4 shows the cyclic voltammograms (CV) of the
catalysts; the cathodic peak at ~—0.15 V in the pure-Pd
electrodes has been attributed to the reduction of palladium
oxides formed during the forward scan. In the case of
bimetallic catalysts, the oxidation peaks at anodic poten-
tials are commonly ascribed to the formation of the
absorbed hydroxyl OH,q4, whereas the peaks at potentials
(—0.1 to 0.48 V) are related to the formation of PdO [39].

Fig. 4 Cyclic voltammograms of commercial Pd/C, Pd/C-P, PdAg/
C-P, Pd/C-RM and PdAg/C-RM electrodes in 1 M KOH

However, on the polarisation curve of the Pd/C-RM cata-
lyst (commercial, P and RM), there is a small peak at
~0.6 V in the positive scan where the palladium oxidation
cannot be observed clearly. The peak at 0.48 V observed in
the PdAg/C-RM catalyst was assigned to the oxidation of
the silver (Ag/Ag0O), which is further reduced at 0.28 V in
the negative scan [18]. The electrochemical active surface
area (ECSA) of the electrodes has been estimated by
determination of the coulombic charge (Qy) required for
the reduction of PdO and using the next relation [40]:

ECsA — 2 , (1)

ref

where Qy is the coulombic charge for the reduction of
palladium oxide, and Q.. is a parameter to relate charge
with area. A charge value (Q.f of 405 uC cm ™2 is
assumed for the reduction of the PdO monolayer [41]. The
ECSA values in Table 2 were used to normalise the electric
current obtained in the CV in the presence of ethanol.

The ECSA values were in the order of PdAg/C-
RM > Pd/C-P > Pd/C-RM > PdAg/C-P > commercial
Pd/C. The high ECSA can be attributed to a better dis-
persion and small particle size in the cases of the Pd/C—P
and PdAg/C-RM catalysts. The highest surface was for the
PdAg/C-RM catalyst, which could be attributed to the
small particle size and excellent dispersion observed by
TEM.
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Table 2 ECSA calculated from Fig. 4

Electrode Metal loading Ou ECSA
(mg cm™?) (uC em™?) (cm®)
commercial Pd/C 0.57 2,822.63 2.84
Pd/C-P 0.6 1,773.7 59
PdAg/C-P 0.78 905.12 3.889
Pd/C-RM 0.33 525.5 4.29
PdAg/C-RM 0.70 3,329 9.33

3.4.2 CV in the presence of ethanol

The ethanol electro-oxidation in 1 M KOH of the catalysts
is shown in Fig. 5 at three ethanol concentrations. In the
anodic scan, the oxidation peak (if) was related to the
oxidation of freshly chemisorbed species derived from
ethanol adsorption, as described by Eq. 2 and 3. The oxi-
dation peak in the reverse scan (i) is associated with the
removal of carbonaceous species that are not completely
oxidised in the anodic scan, rather than the oxidation of
freshly chemisorbed species [38, 42]

Pd + CH;CH,OH < Pd — (CH;CH,0OH), (2)
Pd — (CH;CH,OH),,, + 30H"
— Pd — (CH;CO),y, + 3H0 + 3¢ (3)

The CV shown in Fig. 5 was analysed in terms of the
height and position of the peak potential, iy and E,

respectively. In the cases of pure-Pd catalysts, the Pd/C—P
catalyst showed the highest i; value measured from the
voltammograms at all ethanol concentrations. In addition,
the iy of the Pd/C-RM catalysts was higher than the com-
mercial one at 1 and 3 M ethanol. The height of the oxi-
dation peak is related to the amount of ethanol reacting at
the electrode resulting from the kinetic properties of the
catalysts. Under this consideration, the Pd/C-P presented
better kinetic performance due to the higher availability of
reactive sites, as can be inferred by comparing the electro-
active area in Fig. 4. Additionally, the trend observed for
E; was as follows: Pd/C-RM < commercial Pd/C < Pd/C-
P at all ethanol concentrations. This result indicates, from a
thermodynamic point of view, that the Pd/C-RM catalyst
presented a higher activity towards ethanol electro-oxida-
tion compared to the Pd/C catalyst obtained by the polyol
process. Moreover, the difference between the E; values
was more significant as the ethanol concentration increased
because the oxidation peaks shifted towards more positive
potential in all the catalysts. This phenomenon has also
been reported in similar Pd catalysts obtained by the polyol
process [33]. This behaviour is related to the poisoning of
the catalyst.

Regarding the bimetallic catalysts, behaviour similar to
the Pd catalysts can be observed. The two PdAg catalysts
presented an increase in the current density peak as the
ethanol concentration increased. On one hand, the PdAg/C-

Fig. 5 Cyclic voltammetry for 2.0 - 6
—— Commercial Pd/C J— i
the Pd and PdAg catalysts 0.1M i Pd/C-P 1M gg/rgr_?rcnal PaC
synthesised by the polyol 16} () " l——PdAg/C-P 5 " — pdag/C-P
process and reverse micelles N I’Zdi\C-/RMRM (b) | Pd/C-RM
method compared with a Pd/C 126 - PdAgICRM 4r PdAg/C-RM
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RM catalyst showed a shift towards more positive potential
than the bimetallic catalysts synthesised by the polyol
process. In fact, the PdAg/C-P catalysts presented a slight
change in the peak potential at —35, 51 and 138 mV, at 0.1,
1 and 3 ethanol concentrations, respectively. In contrast,
the currents in the negative-going scan for PdAg/C—P are
much higher than those in the positive-going scan because
the degree of poisoning accumulated on the surface is
inferior. On the other hand, the bimetallic catalyst prepared
by the polyol process gave the highest ir at 0.1 and 3 M
ethanol concentrations compared with all the analysed
catalysts, and a similar height to the peak was observed for
the PdAg/C-RM at 1 M, which showed the highest i; at this
concentration. This unexpected behaviour can be explained
if we look at Fig. 4. The PdAg catalyst prepared by the RM
process showed the highest electro-active area due to the
excellent nanoparticle dispersion and smaller nanoparticle
size than the PdAg nanoparticles synthesised by the polyol
process. Despite this situation, the PdAg/C—P nanocatalyst
showed a surface of highly concentrated Pd atoms, and the
Ag oxidation/reduction peaks were almost undetected by
CV. This lower silver concentration at the PdAg/C catalyst
surface and the ease of accessibility to the reactive sites by
the reactants due to the low agglomeration observed in
TEM images can explain the excellent catalytic properties
observed in these materials.

3.4.3 Chronoamperometry

The influence of the synthesis method on the catalytic
performance and stability against poisoning was tested by
chronoamperometry using the same electrode after CV in
the presence and absence of ethanol. Figure 6 shows the
lowest current density of commercial Pd/C; the PdAg/C—P
catalyst showed not only the best electrocatalytic activity
for ethanol oxidation compared to the other catalysts, but it
also showed higher efficiency and tolerance to intermediate
products during the reaction as the chronoamperometric
curve maintained stability along the experiment, which
could be explained by the effect between Pd and Ag that
removed the poisonous intermediates. This stabilising
effect agreed with previously reported observations in
PdAg/C catalysts [19]. On the other hand, the catalyst
synthesised by RM showed an initial current density
comparable to that obtained by the polyol process, but it
rapidly decayed in the first 5 min. The excellent catalyst
stability of Pd and PdAg prepared by the polyol process
could be related to the good morphologic properties
observed by TEM and also to the interaction between Ag
and Pd in the catalyst. However, for the materials prepared
by RM, the poisoning of the catalyst surface can be
attributed to other species of Ag and Pd present in the
catalyst (AgBr and PdO see Fig. 3) due to the nature of the

5
Commercial Pd/C
o Pd/C-P
4t PdAg/C-P
- -+ - Pd/C-RM
3l PdAg/C-RM
D
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€
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Fig. 6 Chronoamperometry in 1 M ethanol + 1 M KOH at 0.04 V
versus SHE
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Fig. 7 Impedance spectrum obtained in 1 M KOH + 1 M ethanol
solution at 0.04 V versus SHE

synthesis, which could lead to low availability of Ag in the
interaction with Pd.

3.4.4 Electrochemical impedance spectroscopy

EIS measurements were performed at 0.04 V versus SHE to
compare the impedance characteristics of the electrocata-
lysts. The corresponding Nyquist plots are shown in Fig. 7.
The semicircle at high frequencies (~ 10 kHz) represents
the charge transfer resistance (R) of the main oxidation
reaction. The reaction resistance followed the trend: Pd/C—
P < PdAg/C-P < PdAg/C-RM < Pd/C-RM < commer-

cial Pd/C-ME. The smaller charge transfer resistance for the
catalysts synthesised by the polyol process is related to the
higher catalytic activity observed at this potential (Fig. 5b,
1 M). In the case of PdAg/C-RM, compared with the Pd/C-
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RM and commercial Pd catalysts, the small charge transfer
resistance could be related to the high homogeneity, small
size and high alloying degree of the PAAg/C-RM catalyst.

4 Conclusions

Pd/C and PdAg/C catalysts were successfully synthesised
by the P and RM methods, and their activity and stability
for the ethanol electro-oxidation reaction in alkaline media
were compared. Regarding the Pd materials, the Pd/C-P
catalyst showed the highest current density values, whereas
the Pd/C-RM catalyst presented a more negative oxidation
peak at all ethanol concentrations. The catalysts synthes-
ised by reverse micelles showed excellent dispersion and
small particle size that resulted in materials with high
electro-active area. However, the bimetallic catalyst pre-
pared by the polyol process (PdAg/C—P) gave the highest
current density peaks, the most negative peak potential and
the best stability among all the analysed catalysts. In
general, this catalytic enhancement in the PdAg/C-P cat-
alyst can be may not only be attributed to the synergic
effect between Pd and Ag nanoparticles and good mor-
phologic properties but also to the higher availability of
reactive sites and a surface rich in Pd.
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