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Abstract This work reports the sol-gel synthesis and charac-
terization of Pd,Nb,/C binary electrocatalysts applied to etha-
nol electrooxidation reactions (EORs). Catalysts were prepared
using different Pd/Nb mass ratios (1:0; 1:1; 1:3; 3:1; 0:1) and
were supported on Vulcan XC-72 carbon (20 wt%). The ma-
terials were characterized by transmission electron microscopy,
energy-dispersive X-ray spectroscopy, X-ray diffraction, in-
ductively coupled plasma mass spectrometry, and X-ray pho-
toelectron spectroscopy. The EOR catalytic activity was stud-
ied by cyclic voltammetry (CV) and chronoamperometry
(CA). The results showed that the EOR current density peak
using Pd;Nb,/C (45.5 mA mgfl) was 2.86 times higher than
that of commercial Pd/C (15.9 mA mg ). This catalyst also
showed a less positive EOR onset potential and 2.35 times
higher current density than Pd/C did in CA. The Pd;Nb,/C
(— 0.54 V) showed onset potential more negative than Pd/C
(= 0.50 V) for CO-stripping analysis. Additionally, the addition
of Nb in the Pd/C reduces CO,q4s poisoning of the
electrocatalyst. The results suggest that Nb decreases the poi-
soning effect of CO on the Pd surface due to the bifunctional
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mechanism in which Nb supplies oxygenated species for CO
oxidation at poisoned Pd active sites. No evidence of Pd/Nb
alloy formation has been found. The maximization of the bi-
functional effect occurs in Pd;Nb,/C.
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Introduction

A sustainable energy transformation technology is one that
can replace a dependence on fossil fuels and reduce the emis-
sion of pollutants into the Earth’s atmosphere. Among the
most promising directions of these sustainable technologies
is the direct ethanol fuel cell (DEFC), which converts chemi-
cal energy at high efficiency and emits a low level of pollut-
ants if the chemical fuel is from a renewable source [1, 2].

However, the electrooxidation reaction (EOR) that pro-
duces carbon dioxide (CO,) from ethanol has been a challenge
due to the difficulty of C-C bond cleavage and the formation of
intermediates that block the active sites of the electrocatalyst
[3, 4]. Therefore, in order to obtain a higher yield of the com-
plete oxidation of ethanol to CO,, it is necessary to study new
electrocatalysts that are more active and selective.

Previous studies have shown that palladium (Pd) is approx-
imately four times better than Pt as catalyst under alkaline
conditions, especially in the case of ethanol oxidation [5, 6].
In the last 5 years, the use of Pd as electrocatalyst in alkaline
DEFCs has shown promising results and is an interesting al-
ternative for studies [7, 8]. As the amount of Pd on Earth is
higher than that of Pt, its exploration and trade occur with
lower costs [9]. The economic advantages of using other
metals (Ni, Pd and Sn) than the Pt or gold (Au) as
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electrocatalysts are evident when comparing the price of a
gram of each metal [10].

To facilitate the oxidation of intermediates, such as CO,
acetate and acetaldehyde, which decrease the performance of
the fuel cell, auxiliary metals are added to the pure effective
metal, in this case Pd, to form binary and ternary alloys [11, 12].

Materials containing niobium (Nb) also received special
attention for their use in heterogeneous catalysis. Many stud-
ies have showed that the use of small concentrations of Nb
increased catalytic activity, selectivity and chemical stability
of traditional catalysts. There has been an increasing interest in
the application of these materials, especially Nb oxides, as
active phases or supports. The wide variation of the Nb-O
bond of structures and their combination with other oxides
result in unique properties that allow these alloys to be used
as catalysts for many reactions [13].

The adsorption of carbon monoxide (CO), a by-product
formed after the oxidation of small organic molecules (such eth-
anol), decreases the number of active sites of the electrocatalyst.
It has been claimed that the use of the auxiliary metals decreases
this adsorption of CO at the Pd active sites [10, 14].

Numerous metals have been used as auxiliary
electrocatalysts for some mechanisms in the oxidation reac-
tions that favour the activity of the electrocatalyst. The most
accepted mechanisms in these processes are the bifunctional
mechanism and the electronic effect.

Recent researchers have obtained good results with Pd
nanoelectrocatalysts. Electrocatalysts such as PdAu [15] and
PdPt [16] with different nanoparticle shapes have been recent-
ly developed and shown an increasing catalytic activity of Pd
for EOR. Geraldes et al. [9] studied a series of carbon-
supported Pd and Sn binary alloyed catalysts for ethanol
electrooxidation in alkaline media. Among several Pd and
Sn catalysts, PdgsSn;4/C catalysts enhanced current densities
in cyclic voltammetry and chronoamperometry measurements
compared to commercial Pd/C (Johnson Matthey Company).

Sun et al. [17] have compared the electrochemical activity of
Pd-Ru and Pt-Ru and showed that Pd—Ru in alkaline media is
approximately 4-fold better than Pt—Ru for EORs. Yi et al. [18]
studied porous Pd—Ru nanoparticles that were supported on
titanium prepared by a hydrothermal method. Regarding cur-
rent density and onset potentials, they reported that Pdg,Ru,3
showed the best catalytic activity towards EORs in alkaline
media. They also suggested that the “bifunctional mechanism”
and the large surface area of Pdg;Ru,; are the real reasons for
the improvement of the electrochemical activities [19].

Efforts in combining Pd with a second metal that can be
either noble, e.g., Ru, Au, and Rh, or non-noble metals such as
Fe, Co, Ni, Cu, and Mo have been shown to improve catalytic
activity [10, 20-22]. However, there are very few reports of
Pd—ND binary electrocatalysts. As far as we know, there have
been no research articles on the electrochemical activity of
these electrocatalysts for EORs. In addition, there is no work
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that is similar to this study in the literature, specifically, using a
sol—gel method to produce Pd and Nb.

In the current work, we investigated the surface, structure,
composition and EOR activity of Pd,Nb,/C electrocatalysts in
alkaline media. The nanoparticles (NPs) were prepared using
a sol-gel method and then supported on Vulcan XC-72 car-
bon. The NPs were characterized, and the electrocatalytic ac-
tivity was investigated using cyclic voltammetry (CV) and
chronoamperometry (CA) techniques.

Materials and methods
Preparation of the electrocatalysts

The electrocatalysts were prepared by adapting the sol-gel
method [23]. For this, Pd—acetylacetonate (99% Sigma-
Aldrich®, product by USA) and NbCls (99% Sigma-
Aldrich® product by Germany) were mixed with 6 mL of
isopropyl alcohol (Synth®) and 2 mL of acetic acid
(Synth®). Next, the Vulcan XC-72 carbon was added. The
sol—gel solution was homogenized by magnetic stirring and
heated for 60 min to dryness. The samples were submitted to
heat treatment in the muffle under an N, atmosphere. The
samples were heated at 5 °C min ™" in three steps: 110 °C for
15 min, 400 °C for 60 min and then cooled at a rate of
10 °C min " until the sample reaches room temperature.

Electrochemical measurements
Electrochemical cell

The materials were electrochemically characterized, and their
catalytic activity was evaluated by CV and CA by using an
Autolab 302N potentiostat. The electrolyte was KOH
(1.0 mol L") with or without the presence of ethanol
(1.0 mol L™"). A conventional electrochemical cell with a
three electrode configuration was used and included a 1-cm?
platinum electrode as the counter electrode, Hg/Hg,Cl, (SCE)
as the reference electrode and the working electrode was the
studied electrocatalyst supported on a glassy carbon electrode.

The three electrodes were arranged in a 40-mL cell that
contained the N,-degassed (to reduce O, intervention) elec-
trolyte solution. For the analysis in the presence of ethanol,
2.34 mL of ethanol (99.5% Dinamica®, Brazil) was intro-
duced into the working solution to obtain a concentration of
1.0 mol L™" for both CV and CA tests. All the experiments
were carried out at room temperature.

Preparation of the working electrode

For the preparation of the electrocatalyst, we used approxi-
mately 8 mg of the metal/carbon mixture. Next, we added
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1 mL of high purity deionized water (resistivity 18.2 M2 cm,
Millipore water purification system, Millipore, Bedford, MA,
USA) and sonicated this mixture for 40 min. After homoge-
nization, 20 puL of Nafion® solution (5% m/v) was added, and
the mixture was sonicated for 30 min, generating a black and
homogeneous dispersion. Finally, 10 uL of this dispersion
was added to the working electrode (glassy carbon) and dried
using a tungsten lamp.

CO-stripping analysis

CO stripping experiment was performed in a 1-mol L' KOH
solution under the potential range from 0.8 to 0.1 V, and the
scan rate was set at 10 mV s !. Before the experiment, ultra-
pure N, (99.99%) was purged through 1 mol L™' KOH solu-
tion during 30 min to remove CO monolayer previously
adsorbed. After that, the catalyst modified electrode was im-
mersed into the KOH solution and CO was bubbled for 10 min
to allow the adequate adsorption of CO (99.9%) onto the sur-
face of the catalyst while the potential of working electrode
was kept at — 0.1 V vs. SCE. Hence, the CO excess in the
solution was removed by bubbling N, (99.99%) during
20 min. The experiments were performed at room temperature.

Experimental characterization
XRD analysis

All electrocatalysts were physically characterized using X-ray
diffraction (XRD). The equipment was a Rigaku-MiniFlex X-
ray diffractometer with a Cu Ko radiation source operating
continuously (2° min~ ") from 20° to 90° (26) to determine the
crystalline phases and to estimate the mean crystallite sizes.

Elemental composition by ICP-MS analysis

The elemental composition of the electrocatalyst was deter-
mined using an inductively coupled plasma mass spectrome-
ter (ICP-MS, Agilent 7900, Hachioji, Japan) with high-purity
argon (99.9999%, White Martins, Brazil). All reagents were
of analytical grade. Nitric acid and HCI were purified by using
a Teflon subboiling distiller (DST-100, Savillex, USA). High-
purity deionized water (resistivity 18.2 M) cm) was generat-
ed with a Milli-Q water purification system (Millipore,
Bedford, MA, USA). The Pd and Nb extraction was carried
out using a closed vessel system. Approximately, 30 mg of
electrocatalyst was placed into 100 mL tubes that contained
3 mL of HNO; + 1 mL of HCI, and the tubes were then closed.
Then, the tubes stood for 24 h at 25 °C. After this step, they
were heated at 200 °C for 2 h in a graphite-covered digester
block (EasyDigest, Analab, France). Finally, the volume was
increased to 50 mL, and the elemental composition was deter-
mined by ICP-MS. The ICP-MS conditions are described in

Table 1. The calibration curve ranged from 1 to 50 ug L™ for
Pd and Nb and resulted in R = 0.9999.

EDS

EDS analyses were performed using an EDS chemical micro-
analysis module that was coupled to a JSM-6010LA Compact
Sweep Electron Microscope (JEOL). EDS analyses were ob-
tained using the map mode with at least three measurements,
and each part of the sample that was mapped was averaged.

TEM

To observe the morphology and to measure the particle sizes,
transmission electron microscopy (TEM) analyses were per-
formed using a high-resolution JEOL JEM-2100 electron trans-
mission microscope operating at 200 kV. Samples for TEM
studies were prepared by placing nanodispersion droplets on a
carbon-coated copper grid, and the solvent (water) was evapo-
rated at room temperature. The average particle size was deter-
mined using the Image] software package (v.1.50i; product of
Wayne Rasband, National Institutes of Health, USA), and more
than 300 different electrocatalyst particles were analysed.

X-ray photoelectron spectroscopy

The XPS analysis was carried out at a pressure of less than
1077 Pa using a commercial spectrometer (UNI-SPECS
UHYV). The Al Kx line was used (hv = 1486.6 ¢V), and the
analyser pass energy was set to 10 eV. The inelastic back-
ground of Pd 3d, Nb 3d and C Is high-resolution core-level
spectra was subtracted using Shirley’s method [24]. The bind-
ing energy scale of the spectra was corrected using the C 1s
CC-sp” peak at 284.5 eV. The spectra were fitted without
placing constraints using multiple Voigt profiles with the
CasaXPS software (v.2.3.13; product of CasaXPS Software

Table 1  Operational conditions for ICP-MS

IOSPd7 93Nb
0.004 ug L' Pd, 1.93 ug L™' Nb
PY (@5puglh)

Monitored isotopes
Limit of detection

Internal standard

Radio frequency power 1550 W

Argon flow rate 15L min '
Sample nebulizer pump 0.3 1ps

Nebulizer gas flow rate 1.03 L min'
Sample depth 8 mm

Nebulizer Mira Mist (Teflon)
Nebulizer chamber Scott (double pass)
Interface Nickel cones
Sampling cone 1 mm

Skimmer 0.9 mm
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Table 2 Pd and Nb concentrations (mass ratios) obtained by using ICP-MS or EDS

Electrocatalyst Pd nominal (%) Pd ICP-MS (%) Pd EDS (%) Nb nominal (%) Nb ICP-MS (%) Nb EDS (%)
Pd/C 20.00 26.50 £ 2.64 26.62 +3.02 n.d. n.d. n.d.
Pd;Nb,/C 10.00 8.81 £0.56 10.74 +1.80 10.00 13.45+3.58 9.15+1.62
Pd;Nb,/C 15.00 13.72 £ 0.68 14.08 +0.63 5.00 4.55+0.67 426 +0.89
Pd;Nb,/C 5.00 4.29+0.11 435+048 15.00 13.57 +1.87 1528 £1.25

n.d. not determined

Ltd., USA). The full width at half maximum (FWHM) varied
between 1.0 and 2.0 eV, and the accuracy of the peak positions
were determined within + 0.1 eV.

Results and discussion
Physical-chemical characterization

The mass ratios of Pd that were obtained by EDS and ICP-MS
for Pd,Nb,/C sol-gel electrocatalysts are summarized in
Table 2. The results suggest that high percentages of Pd and
Nb ions were converted to metal and chemically anchored to
the carbon support (Vulcan XC-72). ICP-MS and EDS tech-
niques, which use different physical properties for to accom-
plish sample quantification, showed similar Pd mass ratios in
the electrocatalysts.

Results of SEM/EDS electrocatalyst mapping are shown in
Supplementary Figs. S1 and S2, which are available in the
supplemental electronic material. They indicate that the
electrocatalysts are heterogeneous samples, as expected, and
that the Pd and Nb atoms are well dispersed in all samples and
completely cover Vulcan XC-72 carbon.

The X-ray diffractograms that are displayed in Fig. 1a show
a broad peak that is centred at approximately 26 = 25° (Bragg
angle) and was attributed to reflection plane (002) of the
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PdNb,/C

Intensity (a.u.)

Pd,Nb,/C

Pd,Nb,/C
Nb/C

* — T T T U
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hexagonal structure of the Vulcan XC-72 carbon support.
Figure 1a shows that there is a mixture of Pd and PdO, crys-
talline phases with predominant formation of a PdO, (002)
tetragonal crystalline system that is evidenced by the peak at
260 = 33.84°. Figure 1b, which is an approximation of the
diffractogram of the sample in Fig. 2a, shows that there is also
a mixture of Nb and Nb,Os. The predominant crystalline
phase was Nb,Os (111) of the monoclinic crystalline system
at2¢=23.82° InFig. 1a, b, Pd,Nb,/C electrocatalysts showed
that Pd (fcc) peaks were not shifted to the peaks that represent
Pd electrocatalysts; therefore, no Pd—Nb alloys were formed.

The predominance of crystalline phases in the form of ox-
ides suggests that the bifunctional mechanism is the main
factor affecting the increased Pd;Nb,/C electrochemical activ-
ity for the EOR. In the bifunctional mechanism, the effective
metal operates as the adsorption and dehydrogenation site of
ethanol. The auxiliary metal promotes the oxidation of CO to
CO, by using the oxygenated chemical species that is attached
to it; in that way, the auxiliary metal reduces catalytic poison-
ing [18, 25]. This effect depends on having oxygenated spe-
cies near the oxidation site of Pd to favour the oxidation of the
CO intermediate to CO, [26].

Table 3 shows the summary of the peaks, chemical formu-
la, crystalline systems, Miller indices and Crystallography
Open Database (COD) IDs obtained by XRD of Pd,Nb,/C
electrocatalysts.

b)

Nb,0,(203)(604)
i Nb,0,(204)

Nb(220)

Nb(111)

i Nb,0,(111)
i {Nb,0,(113)

Pd/C

PdNb,/C
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Pd,Nb,/C

At g ; Pd,Nb,/C
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Fig. 1 a X-ray diffraction patterns of the Pd,Nb,/C electrocatalysts in the range of 260 = 20°-90°. b X-ray diffraction patterns of the Pd,Nb,/C

electrocatalysts in the range of 26 = 20°—40°
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Fig. 2 TEM micrographs and a)
particle size distribution
histograms of a Pd/C, b Pd;Nb,/
C,c Pd3Nb1/C and d Pleb3/C
electrocatalysts

The average sizes of the crystallite particles can be estimat-
ed using the Debye—Scherrer formula [27].
0.94)\
= 1
Lcosf (1)

20

in which B,y is the full width at half maximum, X is the
wavelength of the incident radiation, L is the particle diam-
eter (crystallite size) and 6 is the diffraction angle. The av-
erage crystallite size of the Pd,Nb,/C electrocatalyst is cal-
culated from the full widths at half maximum (FWHM) of
the peaks (002), (111), (110), (200), (013), (202), (311),
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(114) and (222) of Pd or PdO, because it best represents
all samples [28]. Thus, this approach considers the different
sizes in each crystalline phase that are present in the sample.
The final mean is the sum of the different calculated average
crystallite sizes of each observed peak divided by the num-
ber of summed peaks. The results of the average crystallite
size for Pd/C, Pd|Nb,;/C, Pd3;Nb,;/C and Pd;Nb5/C
electrocatalysts were 4.05 + 1.64, 4.15 £ 1.10, 4.60 + 1.34
and 4.73 £+ 1.00 nm, respectively. This order suggests that
the presence of Nb slightly increases the mean crystallite
size of the nanoparticles.
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Table 3  Identification of crystalline phases, Miller and crystal system Table 4 Interplanar distance and network parameter derived from

by XRD analyses XRD results

This work COD (Crystallography Open Database) Electrocatalyst 20 dyj (nm) a (nm)

Iy graphy Up y!

Peak 26 Formula  Crystal system Akl COD ID Pd/C 40.20 0.2246 0.3889

index Pd;Nb,/C 40.40 0.2245 0.3888

1 2264 NbOs  Monoclinic  (203)604) 1534156  TdNDI/C 40.18 0.2242 0.3884

2 23.82 111

3 28.24 204 o

A 28.62 13 average crystallite sizes showed that there were non-

5 3 3' 34 Nb fee 20 1534903 significant differences between the techniques. However, the

6 33.84 PdO Tet | 002 1011112 results corroborate that the Pd;Nbs/C electrocatalyst is the
. etragona. . . .

; 1676 Nb " € i 1534903 sample with the largest diameter nanoparticles because of

. 40'12 pd fcc i 1011106 the presence of larger crystallites and nanoparticles from ag-
’ ¢ glomerations. Pd;Nb;/C has the second smallest average crys-

9 42.00 PdO Tetragonal 110 1011112 . . . ..

0 1670 Pd . 200 1011106 tallite and mean nanoparticle sizes. In addition, the average

1 54'74 PdO ch | o LoL1112 diameter of nanoparticles is between 4 and 6 nm; these NPs

12 60.20 ctragona 013 have better stability against agglomerations and better electro-

13 6078 200 chemical activity per surface area [29].

14 68.1 4 Pd foc 202 1011106 Figure 3 presents HRTEM images. We can observe the

15 ; 0'7 4 PO Tetragonal 004 1011112 crystallographic lattices of the electrocatalysts that exhibit

16 71.50 £ 202 the details of the interplanar distances between the layers of

17 8214 Pd foe 311 1011106  atoms in the crystalline structure of the metal nanoparticles,

18 8574 PO Tetragonal 114 1011112 Which were calculated from the micrographs.

19 36.66 Pd foc 22 1011106 The Pd/C micrograph shows a crystal lattice with

The lattice parameters and the Pd—Pd mean interatomic
distances were calculated from interplanar distance equation
for a cubic crystalline system.

2

a
- 2
P4+ P @)

dwa =

where dj;; is the interplanar distance; 4, k and / are the
Miller indices; and a is the lattice parameter. The existing Pd
fcc peak at 26 = 40.12°, with Miller indices (111), was used to
calculate the lattice parameter. The results in Table 4 indicate
that there was no significant difference in the Pd lattice pa-
rameter with the addition of Nb. Thus, this result corroborates
the previous ones that suggested the non-formation of metallic
alloys of Pd and Nb.

Figure 2 shows typical images from the TEM study and
graphs of the nanoparticle size distribution of the
electrocatalysts. The Pd,Nb,/C electrocatalyst showed a good
distribution of nanoparticles on the carbon support, with an
average particle diameter from 3 to 12 nm. The Pd nanoparti-
cles in the Pd/C electrocatalyst showed a spherical shape and
small numbers of hexagonal formations. The electrocatalysts
that contain Nb did not present a pattern of formations.

The order of increasing mean nanopatrticle size is Pd;Nb,/C
< Pd|Nb; < Pd/C < Pd;Nbs/C. Comparison with XRD

@ Springer

interplanar spacing at 0.2306 nm, which is the interplanar
spacing for Pd (fcc) according to peak index 8 in Table 3.
The Pd;Nb;/C and Pd;Nbs/C micrographs show that the
interplanar crystal lattices are 0.2145 and 0.2270 nm, respec-
tively, which are characteristic of PdO, (tetragonal) according
to peak index 9 (Table 3).

In the image of the electrocatalyst Pd;Nb;/C, it was possi-
ble to observe different crystallographic lattices: Nb,Os
(monoclinic), PdO, (tetragonal) and Pd (fcc), with the COD
IDs 1534156, 1011112 and 1011106, respectively, that con-
firm the presence of different crystallographic systems that
were previously observed in XRD spectra and mentioned
above (Fig. 1; Table 3).

Electrochemical activity studies

The cyclic voltammetry (CV) of Pd,Nb,/C electrocatalysts
was first investigated in the | M KOH aqueous solution, and
the results are shown in Fig. 4. The Pd,Nb,/C electrode ex-
hibits a typical feature of Pd electrodes in alkaline solution, in
agreement with previous reports [30, 31]. All the Pd,Nb,/C
electrocatalysts appear to have similar columbic features as
the Pd/C, such as formation (regions + 0.1 V to + 0.2 V)
and reduction (regions — 0.2 to — 0.4 V) of PAOH and adsorp-
tion (region — 0.7 to — 0.8 V) and desorption (region — 0.6 V in
the cathodic scans) of hydrogen. Moreover, in the anodic
scans, all Pd,Nb,/C electrocatalysts show a negative shift of
peak potentials compared to those of Pd/C. The distinct anodic
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Fig. 3 HRTEM micrographs in
detail, showing the crystal lattices
of the Pd,Nb,C electrocatalysts

Pd/C

(oxidation) behaviour on Pd—Nb/C and Pd/C electrocatalysts
indicates that the electronic structure on the surface of Pd/C
has changed after the insertion of Nb into the electrocatalysts.

In order to discuss both ECSA and the operation of bifunc-
tional mechanism, CO stripping experiments were performed.
CO poisoning is one of the main challenges for advancing
DEFC technology [32]. In Fig. 5, we can identify that the
electrocatalyst Pd;Nb/C has the lowest onset potential

0] —PdIC
| —Pd,Nb,/C |
*1 —Pd,Nb,/C
21 — Pd,Nb,/C
——Nb/C |

11 pA
-

-10
-20 - _
30 4
-40 T ® T ¥ T L T i T ~ T
-0.8 -0.6 0.4 0.2 0.0 0.2
E/Vvs. SCE

Fig. 4 Cyclic voltammograms of Pd,Nb,/C electrocatalysts in
1.0 mol L' KOH at 25 °C, measured in a potential range from — 0.80
to +0.20 V vs. SCE at a scan rate of 10 mV s~

Pd,Nb,/C

Pd,Nb,/C

(= 0.54 V) for CO oxidation, more negative than those of
Pd/C (= 0.50 V), Pd3;Nb,;/C (= 0.38 V) and Pd;Nb;/C
(=035V).

It has been widely accepted that the CO stripping follows
by the reaction between the formed OH,4s and CO,q;
(COq¢s + OH,qs — CO, + H,0), where possibly Pd—CO,q4
and Nb—OH, 4 react on the active sites [33-35].

The electrochemically active surface areas (ECSA) of the
electrocatalysts were estimated by electrochemical oxidation
of a pre-adsorbed saturated CO adlayer (CO,q4 stripping, Fig.
5). The corresponding ECSA of the electrocatalysts were ob-
tained from the equation [36]:

0

ESCA =000

(3)

where Q is the charge of CO desorption—electrooxidation
in micro-coulomb (uC), G represents the total amount of Pd
(ng) on the electrode and 420 is the charge required to oxidize
one monolayer of CO adsorbed at the catalyst in micro-
coulomb per square centimetre. The increasing order of
ECSA by CO-stripping is Pd;Nb;/C < Pd/C < Pd;Nb,/C <
Pd;Nbs/C displaying Table 5.

Zhang et al. [37] reported an electrocatalyst Pd/Cu;P/RGO
with 40 m* ¢! of ECSA supported on reduced graphene
oxide that has a high cost. For this reason, we were able to
obtain 38 m* g ' of ECSA on Pd;Nb,/C electrocatalyst, with a
very low-cost Vulcan XC72 support. Although Pd;Nbs/C
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Fig. 5 CO stripping curves of a a) c)
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showed higher current for CO-stripping, it remained CO poi-
soned in the second cycle and remains still in the third cycle
after CO-stripping, as shown in Fig. 5d, this occurs probably
due to adsorption strength on Pd sites for the case. This diffi-
culty for CO desorption indicates that Pd;Nb;/C is less prom-
ising for EOR because of the ability to CO oxidize desorption
correlates with catalytic activity in organic fuel oxidation.
These results are suggested to be explained by the low amount
of Pd (for Pd;Nb3/C) compared to the amount for those dif-
ferent electrocatalysts. Possibly, the form of CO adsorption on
the surface of Pd was modified (strongly bounded CO adsorp-
tion forms maybe operating like bridge and or 3-fold). We
have no direct experimental evidence for this, although the
literature indicates that this is probably what happens
[38—40]. Besides, both CO stripping (see Fig. 5d) and
chronoamperometry experiments (see Fig. 7) hardly prove
that CO poisoning and/or strongly bounded intermediates
are in a highest amount for Pd;Nbs/C electrocatalysts, since
these are necessary more cycles to CO desorption and the

Table 5 ECSA results

from CV of Pd,Nb,/C Electrocatalyst ECSA (m* g ' Pd)
electrocatalysts

Pd/C 13

Pd;Nb,/C 29

Pd;Nb,/C 10

Pd;Nb,/C 47

@ Springer

current in the chronoamperometry results for ethanol oxida-
tion is the lowest. We suggest that Nb has a notable effect on
improving CO-anti-poisoning activity of Pd-electrocatalyst
mainly for Pd;Nb,/C electrocatalysts.

The voltammetric responses for ethanol oxidation using
Pd/C, Pd{Nb,;/C (50:50), Pd;Nb,/C (75:25), Pd;Nb3/C
(25:75) and Nb/C electrocatalysts are shown in Fig. 6.

50 T T v T y T v T
= Pd/C |
40 ——Pd,Nb,/C
——Pd,Nb,/C |
s 30 ——Pd,Nb,/C 1
"o —NbiC ]
£
< 20
£
10 +
0- .
-10 T T T T T T T
-0.8 -0.6 -0.4 -0.2 0.0 0.2
E IV vs. SCE

Fig. 6 Cyclic voltammograms of Pd,Nb,/C electrocatalysts using
1.0 mol L™ ethanol and 1.0 mol L™! KOH, measured over a potential
range from — 0.80 to + 0.20 V vs. SCE at a sweep rate of 10 mV s~
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The cyclic voltammogram that was obtained from ethanol
electrooxidation on the Pd;Nb;/C electrocatalyst showed the
lowest onset potential: — 0.74 V vs. SCE. Although the centre
of the ethanol oxidation peak is — 0.4 V vs. SCE in Fig. 6 for
all electrocatalysts, the E, ¢ has different values which  are
more negative, as shown in Table 6. For example, in solu-
tion under study, zero RHE corresponds to ~— 1.04 V SCE, so
PdNb,/C has E . — 0.74 V vs. SCE when converted to
RHE is ~— 0.30 V. As a fuel cell, cathode typically operates
at ~0.85 V RHE. Thus, DEFC applications
(AE.q = E. — E, = 0.85 — (= 0.30) ~ 1.15 V). This result
indicates that in fuel cell applications, this electrocatalyst will
generate a great potential variation, which can be useful for
electrical work.

The onset potential of the other PdNb,/C electrocatalysts
is shown in Table 6. The Nb/C electrocatalyst did not exhibit
any electrochemical activity for the oxidation of ethanol, as
shown in Fig. 6. Therefore, metallic Nb or Nb oxide does not
contribute individually to the ethanol electrooxidation
reaction.

The electrocatalyst Pd;Nb,/C showed the best electro-
chemical activity for the oxidation of ethanol, with the highest
peak current density in the CV, as shown in Fig. 6 and Table 6.
The peak current density was 2.86 times higher than that of the
Pd/C electrocatalyst. Jing-Jing et al. [12] reported PtPd NF-
RGO/GCE with a current density of about 52 mA mg .
Although it is a higher electrochemical activity for EOR, the
support used was of much higher cost than ours (Vulcan
XC72). Considering the CV in Fig. 6, we can see that the peak
current density is higher in the reverse potential scan than in
the forward potential scan. Then, after the formation of inter-
mediate species that are adsorbed on the Pd layer in the out-
ward potential sweep that prevents the adsorption of new eth-
anol molecules, the reverse potential scan should have a lower
current density peak. However, this expectation is not the
case. This result suggests that the presence of Nb and Nb,Os
has facilitated the oxidation of intermediates due to the bifunc-
tional effect [34]. Consequently, the sites are free again for the
electrooxidation of ethanol.

Figure 7 shows the chronoamperometry results that were
obtained at room temperature for 1800 s of ethanol
electrooxidation reaction with the Pd,Nb,/C electrocatalysts.

Table 6 Overview of electrochemical results CA and CV

Electrocatalyst  Eqpser (V) Peak current density — Current density at
(mA mg{1 Pd) CA (mA mg{1 Pd)

Pd/C -0.72 15.9 0.72

Pd;Nb,/C -0.74 455 1.06

Pd;Nb,/C - 0.69 16.9 0.53

Pd;Nbs/C -0.63 14.0 0.36

The prepared electrocatalysts were tested for 1800 s to
evaluate their activity, stability and tolerance to poisoning by
intermediate species. During the experiments, the current den-
sity reaches a stable condition, and the electrocatalyst stability
can be evaluated. The peaks that occur in the first few seconds
are due to charging of the electric double layer and the insta-
bility of the system under the conditions in which the exper-
iment was performed. After this short interval, the system
stabilized. For all electrocatalysts, the measurement showed
a slow decrease in the current values for the electrocatalysts
that were studied during the experiments. However, this de-
crease is slower for Pd;Nb;/C samples, as shown in Fig. 7. As
before, the Nb/C electrocatalyst did not exhibit any electro-
chemical activity for the oxidation of ethanol.

From the graphs, it was observed that the electrocatalyst
Pd;Nb,/C exhibited a less pronounced drop in the density
current value than the other electrocatalysts. It was also ob-
served that the electrocatalyst Pd;Nb;/C was the most active
among all the evaluated samples. Its current density was 1.47
times higher than that of Pd/C, as shown in Table 6.

That is, it produced more energy in the same operating
time. These results suggest that at the investigated electrode
potential, the addition of Nb contributes to the activity and
stability of Pd-based electrocatalysts and to the ethanol
electrooxidation reaction, yielding electrocatalysts that are
more efficient and more tolerant to poisoning. This fact may
be attributed to the synergistic effect that Nb exerts on palla-
dium and to the bifunctional mechanism [41].

XPS analysis

To obtain information on the oxidation states of Pd and Nb in
the near surface region (< 3 nm) of the catalysts, high-
resolution Pd 3d and Nb 3d core level XPS spectra were re-
corded. As displayed in Fig. 8, the deconvoluted Pd 3d spectra

16 T T T T T T T T
14 1 ——Pd/C
1 ——PdNb/C |
——Pd,Nb,/C
- ——Pd,Nb,/C
g ——NbiC
<
£
0 T T T T T T T T T T T
0 300 600 900 1200 1500 1800

time (s)

Fig. 7 Chronoamperometry at — 0.40 V of Pd,Nb,/C electrocatalysts,
using 1.0 mol L™" ethanol in 1.0 mol L' KOH
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Fig.8 High-resolution Pd 3d and
Nb 3d core-level XPS spectra re-
corded for Pd,Nb,,
electrocatalysts
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exhibit a spin—orbit doublet with Pd 3ds/, and Pd 3d5, binding
energy subpeaks at 337.5 and 342.9 eV, respectively, that are
associated with the PdO, phase [42]. The binding energies of
the Nb 3ds/, and Nb 3d;,, spin—orbit doublet, centred at 207.8
and 210.6 eV, respectively, are characteristic of the Nb,Os

@ Springer

phase [43]. The detected chemical shifts of both spectra sup-
port the XRD results, indicating the presence of only pure
oxide phases for both elements in the nanoparticle shell.
Also, the identified oxidation states agree with the XRD re-
sults, although no metallic phase was detected at the low
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energy tail of the Pd 3d and Nb 3d spectra. The average particle
size of the catalysts (3—10 nm) being larger than the exponen-
tially decaying XPS sampling depth (34~3 nm), A = 1 nm
being the electron inelastic mean free path of photoelectrons
that were ejected from the Pd 3d and Nb 3d orbitals, might
explain the absence of a component related to the metallic
phase in the nanoparticle core, which was expected at approx-
imately 335 and 202 eV for Pd 3d an Nb 3d, respectively.

Conclusions

PdNb,/C electrocatalysts were successfully synthesized using
the sol-gel method. The addition of Nb to Pd electrocatalysts
significantly changed their electrochemical EOR activities in
alkaline medium. Among the electrocatalysts that were tested,
Pd;Nb,/C samples, with a Pd/Nb mass ratio of 1:1, showed
superior activity. This electrocatalyst showed 2.2 times higher
ECSA, 1.7 times higher CV peak current density and 1.5 times
higher CA current density than Pd/C did.

Pd;Nb,/C samples also showed the lowest EOR onset po-
tential of the studied electrocatalysts. The promoting effect of
Nb can be explained by the bifunctional mechanism in which
Nb would adsorb and increase the concentration of OH  spe-
cies in proximity to Pd and thus favour the oxidation of inter-
mediates that were adsorbed on the Pd surface. These results
demonstrate the possibility of replacing some Pd with Nb in a
50:50 ratio to improve electrochemical activity. Moreover, the
addition of Nb in the Pd/C reduces CO,q4s poisoning of the
electrocatalyst. Therefore, Nb is a promising co-catalyst in
Pd-based electrocatalysts for electrocatalysis of ethanol in al-
kaline medium.
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