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Abstract

Direct ethanol fuel cells (DEFCs) are devices for clean and sustainable energy production, where the generation of electrical
energy occurs as a result of the anodic ethanol oxidation reaction (EOR). One of the main challenges of these devices is the
development of cost-effective and sustainable anodic catalysts, minimizing the use of noble metals such as Pd. In this sense,
biomass-derived carbon-supported core—shell nanoparticles of PdNi-based electrocatalyst are of great interest for EOR and
its application in DEFCs. The purpose of this work was to demonstrate the possibility of synthesizing a core—shell Ni@Pd
electrocatalysts via hydrothermal method, in a fast, simple and environmental friendly way. A biomass hydrothermal lique-
faction method using nickel and palladium salts was used to synthesize a biocarbon-supported nickel/palladium core—shell
electrocatalyst (Ni@Pd/aHC). The electrocatalyst was morphological and chemical characterized in order to confirm the
core—shell particle formation. The electrochemical characterization showed that the Ni@Pd/aHC sample has good elec-
trocatalytic behaviour and good stability over time. The EOR mechanism on the sample and their influence in the faradaic
efficiency of a cell were also studied by spectroelectrochemical analysis.
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Introduction

Direct ethanol fuel cell (DEFC) is an environmentally
friendly and energy efficient technology with application
in electric devices, distributed power generation systems
and electric vehicles, among others (Antolini and Gonzalez
2010). This type of fuel cell has some important advantages
with respect to other fuel cells since it uses ethanol as fuel
instead of hydrogen (Antolini 2007). Unlike hydrogen, etha-
nol is in a liquid state at room temperature and pressure, is
cheaper and easier to obtain, and its transport and handling
is easy. At the same time, the production of ethanol is quite
widespread, especially in Brazil (Belincanta et al. 2016).

In DEFCs, the ethanol oxidation reaction (EOR) occurs in
the anode of the cell with electrons release which produce an
electrical current in an external electric circuit (Antolini and
Gonzalez 2010). However, this reaction does not occur at an
appreciable rate under standard conditions and therefore it
requires the use of an adequate electrocatalyst. In alkaline
medium, Pd (Hibbitts and Neurock 2013)-based electrocata-
lysts have been widely investigated for EOR, although the
use of expensive metal such as Pd is not very suitable for
commercial purposes. In this sense, one of a key goal for
practical use of DEFCs is to find a non-noble metal-based
and efficient EOR electrocatalyst. This could be achieved
through the using of Pd alloys (Zalineeva et al. 2015), par-
ticularly PdM alloy where M is a non-noble metal which
may act as a co-catalyst (Jongsomjit et al. 2016). In the last
years, different works that study such materials have been
reported, showing good perspectives for the case of elec-
trocatalysts based on PdNi (Jongsomjit et al. 2016), PdSn
(Zalineeva et al. 2015), PdCu (Hsieh and Whang 2013) and
PdAg (Liu et al. 2012). Of these, due to its high electro-
chemical stability in alkaline media and low cost, nickel-
based electrocatalysts are one of the most interesting and
promising materials, although it is still necessary to optimize
their electrocatalytic performance and to better understand
the influence of the nickel on the PdNi compound (Chen
et al. 2015).

On the other hand, in the last years, core—shell nanoparti-
cles are of great significance in a wide range of applications
including chemical catalysis (Chen et al. 2008). These types
of materials are in nanometer size with different shapes and
are formed by a core (inner material) and a shell (outer
layer material). In general, the core and the shell materi-
als are of different nature and properties (Chaudhuri and
Santanu 2012), allowing to combine their chemical, elec-
tronic and mechanical properties which may improve some
properties compared with the separate materials. From the
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point of view of the electrocatalysts applications, nanom-
eter core—shell materials can be prepared with a non-noble
metal core surrounded by a thin shell of a noble metal such
as Ag (Xu et al., 2013), Pd (Zong et al. 2018) and Pt (Ali
et al. 2017). This is very interesting since it allows a posi-
tive synergistic effect between the two metals, improving the
physicochemical and catalytic properties of the electrocata-
lyst, while allowing the reduction of the amount of the noble
metal. Nanoparticle core—shell materials can be prepared by
different methods such as wet chemical reaction, reduction,
solvothermal, modified Stober and hydrothermal method,
among others (Chaudhuri and Santanu 2012). In recent
years, several authors have shown that core—shell nanopar-
ticles for catalyst applications can be prepared via hydro-
thermal synthesis, e.g. TiO, (Jiang et al. 2016), gold—metal
oxide (Lukosi et al. 2016), zeolites composite (Jin et al.
2018) or zeolite/silicalite (Liu et al. 2018). However, as far
as we know, this method has not yet been evaluated for the
PdNi core—shell-based EOR electrocatalyst preparation.
Thus, the main purpose of this work is to demonstrate
the possibility of preparing a biocarbon-supported Ni@Pd
core—shell particles (composed of a Ni core and Pd shell) via
hydrothermal method for its application as an active mate-
rial in DEFCs anode. In this way, for the first time in the
literature, it is reported the preparation and physicochemical
characterization of a core—shell PdNi-based electrocatalyst
using this clean and simple method and its electrochemical
and spectroelectrochemical evaluation as an EOR catalyst.

Experimental
Synthesis of Ni@Pd/HC electrocatalyst

The electrocatalyst sample was synthesized based on a previ-
ous work (Cuda et al. 2017) using stainless steel Parr 4575
reactor. The hydrothermal liquefaction (HTL) process was
carried out at 623 K for 1800 s at self-generated pressure by
water vapor and reaction gases. This method has an impor-
tant advantage with respect to other methods for electro-
catalysts synthesis (e.g. impregnation/reduction method)
which generally needs to carry out more steps and involve
pollutant chemical reagents (Modibedi et al. 2015). In this
work, a 0.15 mol L™ Ni(NO3), (99.98% Sigma-Aldrich)
and a 0.04 mol L™! PdCl, (99.99% Sigma-Aldrich) aque-
ous solution were mixed with Eucalyptus globulus wood
biomass (from a 10-year-old tree from Bafado de Medina,
Cerro Largo Department, Uruguay) using a solution/wood
ratio of 22:1 (w/w). This raw material was selected due to
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its abundance and availability in South America and other
places. At the end of this first stage, an intermediate product
was obtained which consists of a hydrochar-supported PdO-
NiO (PdONiO/HC) compound. In order to activate the pro-
duced hydrochar and to reduce the metal oxides, this inter-
mediate sample was submitted at CO, activation treatment
at 1073 K for 3600 s, obtaining the activated hydrochar-
supported Ni@Pd electrocatalyst (Ni@Pd/aHC). A blank
sample was prepared without metal salts, following the same
protocol described before, obtaining a hydrochar (HC) by
HTL and an activated hydrochar (aHC) after CO, activation.

Physicochemical characterization

The morphological information of the samples was obtained
with a JEOL 2100 TEM, (LaB6) 200 kV, equipped with a
CCD GATAN ORIUS 1000 camera, and energy dispersive
spectroscopy (EDS) probe with a 65 mm SDD detector.
The Rutherford backscattering spectrometry (RBS) analy-
ses were performed using a He' beam at 2 MeV produced
by TANDEM accelerator of 3 MV. XPS analysis was per-
formed with an Omicron surface analysis station equipped
with a SPHERA hemispherical analyser and a DAR 400 Al
K, (1486.7 eV) X-ray source. The chamber was evacuated
to 1x 108 mbar during analysis. Pass energies were 50 and
10 eV for survey and high-resolution spectra, respectively.
X-Ray diffraction (XRD) characterization was performed
with a Rigaku Ultima I'V equipment using a Cu K, radiation
(1=1.54 A). Thermogravimetric analysis (TGA) was made
using Shimadzu TG-50 equipment in air atmosphere.

Electrochemical and Spectroelectrochemical
characterization

The electrochemical characterization was performed at room
temperature using a standard three-electrode cell, with Hg/
HgO and platinum wire as reference and counter electrode,
respectively. The mass of the analysed sample in the work-
ing electrode was 1.65 x 10~ kg. The cyclic voltammetries
were performed in a 1.0 mol L™! NaOH solution and in a
1.0 mol L~! ethanol + 1.0 mol L~! NaOH solution with a
scan rate of 50 mV s~! in a potential range of —0.9 to +0.3 V
versus Hg/HgO electrode. The electrocatalytic stability of
the electrocatalyst was evaluated by a chronoamperometry
analysis using the above mentioned basic ethanol solution.
The electrochemical analyses were performed in an AUTO-
LAB PGSTAT 302 N apparatus.

Taking into account that the EOR mechanism has a direct
influence on the efficiency of the cell (Godoi et al. 2016),
this mechanism for the prepared electrocatalyst was also
studied by spectroelectrochemical analysis. In situ Fourier
transform infrared spectroscopy in attenuated total reflec-
tance mode (in situ ATR-FTIRS) measurements was carried

using a Bruker Vertex 70 V equipment. The experimental
set-up used in this work was similar to that used by Leal
da Silva et al. (2016). The three-electrode cell and ethanol-
based electrolyte are the same as those used in electrochemi-
cal characterizations.

Results and discussion
Physicochemical results

PdONiO/HC as obtained by HTL was analysed by TEM-
EDS; Fig. 1 shows different zone areas of the sample. These
results demonstrate that PAONiO/HC has a heterogeneous
morphology and chemical composition. On the one hand,
according to the chemical composition determined by EDS,
there are areas with nanoparticles rich in Pd and O with an
average size of 6.1 nm (see Fig. 1a) and, on the other hand,
zone areas with nanoparticles rich in Ni and O with average
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Fig.1 EDS spectra and TEM micrograph images (inset) of different
analysed zones of the PAONiO/HC sample
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size of 8.3 nm (see Fig. 1b). Figure 2a, b shows HRTEM
images of the nanoparticles seen in Fig. la. In these images,
an interplanar distance of 0.26 nm can be determined, which
is consistent with crystalline structure of PdO particles (Guo
et al. 2011). On the other hand, the HRTEM images (Fig. 2c,
d) of the nanoparticles shown in Fig. 1b present crystalline
structures with an interplanar distance of 0.28 nm, which is
consistent with the presence of NiO particles (Cuifia et al.
2017). It can be concluded that PAONiO/HC sample was
composed of PdO and NiO nanoparticles dispersed in dif-
ferent zones of the sample.

The TEM micrographs images of the Ni@Pd/aHC sam-
ple, obtained after CO, activation treatments, are shown
in Fig. 3a. In this case, the homogeneous morphology and
composition could be observed in the whole analysed sam-
ple. Large nanoparticles with average size of 266 nm were
observed. EDS analysis indicated that they are composed
mainly of Ni (78.2 wt%) and Pd (20.2 wt%). This result is
consistent with the particles percentage mass composition
determined by RBS: 85% Ni and 15% Pd. HRTEM analy-
sis showed that these particles do not have a homogeneous
structure (see Fig. 3b). The centre of the particles showed
crystalline structures with an interplanar distance of 0.21 nm
(see Fig. 3c) consistent with the crystalline structure of
metallic Ni (Argueta-Figueroa et al. 2014), while the parti-
cles edge showed an interplanar distance of 0.25, consistent
with the crystal structure of Pd (Sebastian et al. 2016). Thus,
these physicochemical characterizations confirm that Ni@Pd

Fig.2 HRTEM micrograph
images of different zone areas
of the PAONiO/HC sample
obtained by HTL. a and b cor-
respond to the zone analysed in
Fig. 1a. ¢ and d correspond to
the zone analysed in Fig. 1b
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core—shell particles can be obtained following the synthesis
proposed in this work.

Figure 4 shows Ni 2p regions of XPS spectra of PdO-
NiO/HC and Ni@Pd/aHC samples. The shaded area of the
figure corresponds to the binding energy region of the Ni
2p*? component. Comparing the signal of both samples in
this region, one can clearly observe the effect of the CO,
activation treatment at 800 °C for 1 h. The spectrum of the
PdONiO/HC sample evidences Ni in a high oxidation state
that probably corresponds to Ni in the form of oxides or
hydroxides. For the Ni@Pd/aHC sample, the signal in the
Ni 2p*” region is shifted to a lower binding energy, which
indicates lower oxidation of the Ni present in this sample
(Biesinger et al. 2011). However, there is no evidence of
Ni® in the resulting spectra. Pd was not analysed since it was
below the sensitivity of our equipment.

The X-ray diffractogram of Ni@Pd/aHC is shown in
Fig. 5. Peaks at 44.4°, 51.8° and 76.4° correspond to the
(111), (200) and (220) planes of Ni° crystal (Xu et al.
2007). Remaining NiO particles were confirmed from
the peaks at 37.0° and 62.8° indexed as (111) and (220)
crystal planes (Zhang et al. 2016). The peaks at 40.0°,
46.6°, 68.0°, 81.94° and 86.48° are indexed as (111),
(200), (220), (311) and (222) crystal planes of the face-
centred cubic (fcc) structure of Pd (Su et al. 2015). The
low intensity of the Pd° peaks in the diffractogram indi-
cates that it is present in low quantities, which in agree-
ment with the fact that Pd has not been detected by XPS
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Fig.3 a EDS spectrum and TEM micrograph image (inset) of the Ni@Pd/aHC sample obtained by HTL after thermal and CO, activation treat-
ments; b HRTEM image of a selected particle [indicated with a rectangle in (a)]; ¢ centre of the particle; d edge of the particle
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Fig.4 Ni 2p regions of XPS spectra of PAONiO/HC and Ni@Pd/aHC
samples

analysis. XRD diffraction confirms the results obtained
by HRTEM and EDS analysis, but is contradictory with
the fact that Ni® was not detected in the XPS analysis.
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Fig.5 XRD patterns of Ni@Pd/aHC electrocatalyst
A possible interpretation of this is that the Ni® is coated
by a thin layer of nickel oxide, with enough thickness to

avoid the Ni’ detection through the XPS analysis (Cufia
etal. 2017).
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Figure 6 shows the thermogravimetric curves obtained
in air atmosphere for PAONiO/HC, Ni@Pd/aHC, HC and
aHC samples. For the last three samples, the ash content can
be associated with the remaining mass in the, respectively,
curve. Based on this, it is determined that the PAONiO
content in the PAONiO/HC sample is 49.7%. Besides, the
curve observed for the Ni@Pd/aHC electrocatalyst showed
a different behaviours with respect to the other samples. In
this sample, a mass increase can be observed from 873 K,
which can be associated with the reaction of the metallic
particles with oxygen during the TGA experiment. In this
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Fig.6 Thermogravimetric curves of PAONiO/HC, Ni@Pd/aHC, HC
and aHC
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way, PdO and NiO particles are formed which determine
the mass increase observed in the TGA curve. This result
is in accordance with the XRD and TEM-EDS analysis and
allows to confirm that the Ni@Pd/aHC electrocatalyst was
mainly composed of Pd and Ni metal particles.

Electrochemical and spectroelectrochemical
characterization

The voltammogram obtained for the Ni@Pd/aHC sample
in 1.0 mol L~! NaOH solution is shown in Fig. 7a. It has
the typical shape of a Pd catalyst in alkaline medium (Hib-
bitts and Neurock 2013) rather than one corresponding to
a Ni catalyst. Therefore, this obtained voltammogram does
not exhibit the reversible formation of peaks of a reversible
nickel oxyhydroxide formation (Cuiia et al. 2017). Instead,
three potential peaks could be observed during the anodic
sweep, which corresponded to different electrochemical pro-
cesses occurring on the surface of the Ni@Pd/aHC sample.
Features during the forward sweep were observed to be pre-
sent in similar potential regions for the Pd catalyst (Liang
et al. 2009). In the voltammogram (Fig. 7a), an oxidation
current is clearly observed in the potential range between
—0.9 and —0.5 V versus Hg/HgO which is attributed to
the oxidation of the absorbed and adsorbed hydrogen on
the catalyst surface (Modibedi et al. 2011). The peak above
—0.2 V can be attributed to the formation of PdO layer on
the surface of the Pd” particles (Liang et al. 2009). The sharp
cathodic peak at —0.3 V versus Hg/HgO can be attributed to
the reduction of the PdO formed in the anodic sweep (Liang
et al. 2009).
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Fig. 7 Cyclic voltammetry curves of the Ni@Pd/aHC at a scan rate of 50 mV s~! in a 1.0 mol L™! NaOH; b 1.0 mol L~! NaOH + 1.0 mol L™!

ethanol
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The cyclic voltammetry of the Ni@Pd/aHC sample in
a solution of 1.0 mol L™! NaOH and 1.0 mol L' ethanol
is shown in Fig. 7b. The voltammograms show the typical
electrochemical behaviour for EOR on a palladium-based
electrocatalyst (Shen et al. 2010) where Pd is the active
catalyst, with two oxidation peaks: one in the anodic sweep
related with the EOR, and the other in the cathodic sweep
related with the oxidation of the EOR intermediates, gener-
ated during the anodic sweep (Kim et al. 2008) or with the
remaining ethanol which has not been oxidized in anodic
sweep (Iwasita 2002). This result is in accordance with the
morphological and chemical analysis results where it was
concluded that the prepared catalyst nanoparticles consist
in a nickel core surrounded by an Pd shell (the active site of
the EOR catalysis). If there were free Ni particles (without
a Pd coverage), these particles could act as a catalytic site,
and therefore, the shape of the voltammograms would be
different, since, as is well known, the electrochemical behav-
iour of Ni as an EOR catalyst (Cuiia et al. 2017) is clearly
different from the behaviour of Pd-based catalysts (Leal da
Silva et al. 2018). In the anodic sweep, the current begins
to increase significantly from —0.35 V versus Hg/HgO up
to a maximum value of 180 A m~2 at 0.03 V. This value of
—0.35 V may be related to the onset potential (E ) of the
EOR on the Ni@Pd/aHC surface and is very similar to the
values reported for other Pd and PdNi-based electrocatalysts
(Zhang et al. 2011).

The ATR-FTIR spectra obtained in ethanol/alkaline
medium at different potentials are shown in Fig. 8, where
different peaks can be observed depending on the applied
potential. From bibliographic data, each peak can be asso-
ciated with a certain functional group which can also be
associated with the appearance of a certain product or inter-
mediate products of the EOR. These results are summarized
in Table 1.

According to this result, the acetate ion begins to appear
from —0.3 V versus Hg/HgO that is consistent with the
onset potential determined from the voltammogram pre-
sent in Fig. 7b. At the potential of —0.1 V, it is possible to
observe a slight increase in the peak intensity associated
with the acetaldehyde. The acetaldehyde peak intensity
is much less than that observed for the acetate ion peaks.
This would show that during the EOR very small amount
of acetaldehyde is formed as reaction product or it is an
intermediate with a short lifetime. In the ATR-FTIR spectra,
it is also possible to identify a negative peak at 1046 cm™",
which is related to ethanol consumption (Plyler 1952). It is
well known that CO, formation is usually associated with
a peak at 2342 cm™! in the FTIR spectra. In this case, no
peak is detected at any applied potential; therefore in this
case, the ethanol oxidation is not occurring until the CO,
formation. Based on these results, and taking into account
previous reported works (Godoi et al. 2016), the most likely

|R/R = 1.3x1073

1553 1415 931
N, N

//’_’_’_J\/\»_w-‘» 0.1
/ﬂ_____m’/ml’ff’:,w

0.0

MW -0.1

02

[
0.4

Absorbance / a.u.
E/V vs. Hg/HgO

-0.5

-0.6
-0.7

-0.8

T T v T v T T T T T T
2700 2400 2100 1800 1500 1200 900
Wave number / cm'1

Fig.8 In situ ATR-FTIR spectra taken in the potential range —0.8
to 0.1 V versus Hg/HgO in 1 mol L™! NaOH+ 1.0 mol L~! ethanol.
Backgrounds were collected at —0.8 V (vs. Hg/HgO)

EOR mechanism on the Ni@Pd/aHC electrocatalyst can be
expressed as follows:

CH,;CH,OH,, + 50H_, — CH,COO;

ads

+ 4H,0 + 4e”
()

CH;CH,0OH, 4, + 20H_ . — CH;COH, 45 + 2H,0 + 2¢".
2)
This mechanism determines a lower faradaic efficiency
(ep) for the cell, since instead of the EOR occurring towards
the total oxidation to give CO, and releasing 12 electrons,
the oxidation of ethanol occurs by releasing between two
(when acetaldehyde is formed) and four electrons (when
acetate ion is formed) (Altarawneh et al. 2018). ¢ can be

determined according to the following equation (Altarawneh
et al. 2017):

2

B 3

£F=

where n; is the number of electrons exchanged in the product
i formation and f; is the fraction of ethanol that is trans-
formed into the product. Although in this work we have not
carried out a quantitative analysis to quantify formed prod-
ucts in relation to the amount of oxidized ethanol, these rela-
tion can be estimated from the intensity of the corresponding
peaks in the FTIR spectra. The peak intensities of the acet-
aldehyde and the acetate ion as a function of the potential
are shown in Fig. 9. It can be clearly seen that from —0.3 to
—0.1V versus Hg/HgO, the peaks corresponding to acetate
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Table 1 Main peaks observed

Associated chemical func-
tional group vibration

Associated EOR group

Acetate ion (Godoi et al. 2016)
Acetate ion (Godoi et al. 2016)
Acetaldehyde (Leung et al. 1989)

C-O (symmetric)
C-O (asymmetric)
O-C-O stretching

. . E, o/ V versus Peak A/cm™!
during the ATR-FTIRS analysis H g/H 0
and their associated species.
The potential at which it begins —03V 1415 cm™!
to see the peak (E ) is _ -1
indicated in the first column 0.3V 1553 em
-0.1V 931 cm™!
—e— Acetaldehyde 931 cm™!
5 —m— Acetate 1415 cm™
A —A— Acetate 1553 cm™
n A
2
x
0
c
£ K
c n
2 <
(a1] / —

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

Fig.9 Acetaldehyde and acetate band intensities as a function of the
potential for the Ni@Pd/aHC sample

ion have values much higher than for the acetaldehyde
whose peak does not have an appreciable intensity. There-
fore, in this potential range, the acetate ion can be consid-
ered as the only product of the EOR (100% of the oxidized
ethanol is transformed into acetate ion). Thus, for this case,
and according to Eq. 3, &g is equal to 0.33. From —0.1 V, the
intensity of the peak corresponding to acetaldehyde begins
to increase although always below the intensity of the acetate
peaks. Then, from this potential, we can consider that etha-
nol is oxidized to give acetaldehyde in addition to acetate.
In this way, for the &g calculation, the proportion f; in which
the ethanol is oxidized to give each of the products must be
taken into account. Thus, for an applied potential of 0.1 V
versus Hg/HgO, if we consider the intensity of the peak at
1553 cm™ for acetate and 931 cm™! for acetaldehyde, the
fraction of ethanol that is converted into acetate would be
equal to 88.5%, while the fraction to acetaldehyde is 11.5%.
Thus, the value of & calculated according to Eq. 3 is 0.31.
These efficiency values are lower than those determined by
other authors for similar materials (Altarawneh et al. 2018)
which can be explained by the fact that the catalyst studied
in this work does not favor a total oxidation of ethanol to
give CO, and 12 electrons. Finally, it is important to note
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Fig.10 Current-time curve for Ni@Pd/aHC in 1.0 mol L'
NaOH + 1.0 mol L™! ethanol at —0.1 V versus Hg/HgO

that here we have calculated e by estimating the amounts of
ethanol that is converted to each products. To make a more
precise determination of e, it must be necessary to make
quantitative determinations of f; considering a mass balance
of the EOR. In addition to this, it must be kept in mind that
for calculation of the overall efficiency of the cell (epgpc),
should also be considered the theoretical efficiency (e,,)
and the potential efficiency (eg) as well as e (Altarawneh
et al. 2018).

The current-time curve for the EOR in the Ni@Pd/aHC
electrocatalyst performed at a fixed potential of —0.1 V ver-
sus Hg/HgO during 3600 s, showing in Fig. 10, indicates
that there is a slow decrease in the current density during
ethanol electro-oxidation over time, which is associated with
a good electrocatalytic stability of the electrocatalyst.

Conclusions

In this work, we demonstrate that it is possible to obtain a
Ni@Pd core—shell particles-based electrocatalyst via hydro-
thermal method using biomass as carbon support precursor.
This synthesis is easy, clean and involves fewer steps than
the other commonly reported synthesis. The electrochemical
characterization shows that the synthesized electrocatalyst
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has a good electrocatalitic behaviour as EOR electrocatalyst

in alkaline medium and also with a good stability. The E

of the EOR and the maximum oxidation current determined
for the sample were comparable to those reported for other
electrocatalysts. Acetate ion is the main product in the EOR
on the prepared Ni@Pd/aHC electrocatalyst, which implies a
lower faradic efficiency. Future works should aim to improve
this last aspect of the electrocatalyst.
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