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Abstract

Pd/C, PdAu/C, PdCu/C, and PdTiO,/C electrocatalysts were prepared by a
sodium borohydride reduction process for methane activation at low temperatures
in a PEMFC reactor. These electrocatalysts were characterized by XRD, TEM,
XPS, ICP-MS, ATR-FTIR, and cyclic voltammetry. The diffractograms of Pd/C,
PdAu(50:50)/C, PdCu(50:50)/C, and PdTiO,(50:50)/C electrocatalysts showed
peaks associated with Pd face-centered cubic structure. PdAu(50:50)/C showed a
small shift in the peak center when it was compared to Pd/C, while PdCu(50:50)/C
showed a shift to higher angles when it was also compared to Pd/C. This effect can
be due to the formation of an alloy between Pd and Au, and Pd and Cu. By TEM
experiments, a mean nanoparticle size was observed between 6.9 and 8.9 nm for all
electrocatalysts. Cyclic voltammograms of Pd/C, PdAu/C, PdCu/C and PdTiO,/C
electrocatalysts showed an increase in current density values after the adsorption of
methane The ATR-FTIR experiments showed for all electrocatalysts the formation
of methanol and formic acidic. Polarization curves at 80 °C acquired in a PEMFC
reactor showed that PdAu(50:50)/C and PdTiO,(50:50)/C had superior performance
when compared to Pd/C, indicating the beneficial effect of adding the co-catalyst;
this behavior has been attributed to the bifunctional mechanism or electronic effect.
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Introduction

The recent advances in drilling technologies facilitated access to natural gas.
Therefore, it reduced the expenses of the production process [1-3]. However,
this compost could be considered an efficient alternative fuel for low-emission
transportation because it burns more cleanly with near-zero particulate matter [1].
The use of methane in the energy sector has been related to the combustion pro-
cess. Therefore, a new alternative would be to use methane in a type of proton
exchange membrane fuel cells (PEMFCs) reactor.

The fuel cell reactor type is a competitive alternative to provide energy consid-
ering a conversion of chemical into electrical energy by an electrochemical reac-
tion with possible formation of products with higher value [4-6]. They consist
of electrodes at the anode (negative), cathode (positive), and a membrane (elec-
trolyte) interspersed between the electrodes [6, 7]. These PEMFC fuel cells have
high efficiencies, flexibility in size, low sound emission operation, and almost
zero emissions of pollutants [7-9].

Platinum and palladium electrocatalysts have been proposed for methane oxi-
dation at room temperature [1, 6]. The Pt and Pd electrocatalysts are also efficient
for the combustion of hydrocarbons and CO [10, 11]. Pd electrocatalysts have
been considered better for methane combustion. In contrast, Pt electrocatalysts
are better for the oxidation process regarding others hydrocarbons [12].

Recently, Joglekar et al. [9] developed a new electrocatalyst for electrochemi-
cal oxidation of methane in a (PEMFC) at 80 °C. In this work, a maximum stand-
ard power of 403 pW mg~! was obtained, which is five times higher than the
power energy obtained from a commercial electrocatalyst and two orders of mag-
nitude higher than from a Pt carbon black.

Sekizawa et al. [13, 14] investigated Pd electrocatalysts for the methane oxi-
dation at low temperature. All Pd/ZrO, and Pd/SnO, electrocatalysts showed
high activity despite their small surface areas. For Pd/ZrO,, the electrochemical
activity was considered dependent on the crystalline phase. According to these
authors, a monoclinic phase of ZrO, increased the activity in comparison with the
tetragonal phase. For Pd/SnO,, the impregnation of Pd on SnO, solution was the
most effective using Pd(C;H,00), [13].

The addition of oxides such as CeO,, RuO,, SnO,, TiO,, WO,, and V,05 to
carbon as support [15, 16] has also increased the electrochemical activity regard-
ing oxidation of small organic molecules by the synergistic interaction between
oxides, carbon, and noble metals. The presence of metallic oxides favors the oxi-
dation of some intermediates adsorbed on palladium or platinum.

Chang el al. [17] applied copper to reduce CO, to methanol by water activa-
tion, and Munoz et al. [18] indicated that PdCu/C was more efficient than Pd/C
regarding ethylene glycol oxidation, propylene glycol, and glycerol in alkaline
media. This effect was attributed to both bifunctional and electronic effect.

Assumpcdo et al. [19] showed that Pd/C-TiO, was promising toward etha-
nol oxidation in alkaline electrolytes, where these results were attributed to the
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presence of carbon and TiO,, where the TiO, supplies OH species and also
changes the Pd d-band by a strong metal-support interaction.

Neto et al. [20] showed that PdAu/C was promising for formate oxidation in com-
parison with Pd/C, where the presence of Au in small quantities which contribute to the
formate adsorption.

Agarwal et al. [21] showed that the oxidation of methane could be favored in
PdAu(50:50)/TiO, electrocatalysts, where the methane was oxidized to methanol with
high selectivity at mild temperatures. These authors concluded that H,O, activates
methane, which incorporates molecular oxygen through a radical process.

The aim of this work was to prepare Pd/C, PdAu/C, PdCu/C, and PdTiO,/C by a
sodium borohydride reduction method and apply them for electrochemical oxidation of
methane in acidic medium.

Experimental
Electrocatalysts synthesis

20% Pd/C, 20% PdAu(50:50)/C, 20% PdCu(50:50)/C and 20% PdTiO,(50:50)/C
electrocatalysts were prepared using Pd(NO;),-2H,O (Aldrich) and HAuCl,-3H,0
(Aldrich), CuCl,-2H,0O (Sigma-Aldrich), and TiO, as metal sources and NaBH, was
used as a reducing agent and Carbon XC72 was used as support [22—-24]. The choice of
the respective binary compositions was based on Agarwal et al. [21] works. The Vulcan
Carbon XC72 was dispersed into a solution containing metal ions of Pd, Au, Cu, or
TiO,. This solution was dispersed to an Ultrason by 10 min for homogenization after
the NaBH, solution was added. This solution now was maintained under stirring for an
additional 1 h at room temperature for the reduction of the metal salts. After that, the
resulting material was filtered, washed with ultrapure water, and dried in a thermostatic
laboratory stove at 70 °C for 2 h [25-27]. Then, the electrocatalysts were macerated
and a thin powder was obtained, and its mass was weighed on a semi-analytical scale to
check the present metal load.

X-ray diffraction (XRD) and transmission electron microscopy (TEM)

Pd/C, PdAu/C, PdCu/C, and PdTiO,/C electrocatalysts were characterized by X-ray
diffraction analysis using a CuKa radiation source. The diffractograms were recorded
according to the works [16, 28, 29]. The morphology and nanoparticle distribution of
the electrocatalysts were determined by transmission electron microscopy using an
electron microscope model JEM-2100. The construction of the histograms and deter-
mination of the mean nanoparticle sizes were measured over 170 nanoparticles from
seven micrographs [20, 26].
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Elemental composition by ICP-MS analysis

The ICP-MS analysis (Agilent 7900) was utilized to determine the elemental com-
position of electrocatalysts prepared. The Pd, Au, Ti, and Cu extraction was carried
out using a closed vessel system. Approximately 20 mg of the electrocatalyst was
placed into 50-mL test tubes that contained 3 mL of nitric acidic solution + 1 mL of
hydrochloric acid. The isotopes monitored were 105pg, 63Cy, 197 Au, and *'Ti.

X-ray photoelectron spectroscopy (XPS)

XPS measurements were carried out using a Thermo Scientific K-Alpha' spectrom-
eter, monochromated with Al Ko X-ray source radiation (hv =1486.6 eV) and a spot
diameter of 400 pm at base pressure below 5 x 1077 Pa. Peak energies were given to
an accuracy of 0.1 eV, and peak areas were normalized by using appropriate atomic
sensitivity factors. The spectra were deconvoluted and optimized using a Leven-
berg—Marquardt algorithm in the Casa XPS software.

Cyclic voltammetry (CV)

The cyclic voltammetry of electrocatalysts was carried out with AutoLab
PGSTAT30 Potentiostat/Galvanostat with GPES software coupled to the interface,
at 25 °C in a 0.5 mol L™! H,SO, solution using a three-electrode conventional cell
[23]. The CV experiments were done at a scan rate of 10 mV s~ according to refer-
ence [27].

Attenuated total reflection: Fourier transform infrared (ATR-FTIR)

The ATR-FTIR measurements were performed on a spectrometer equipped with an
MCT detector cooled with liquid N,. The ATR accessory with internal reflection
element diamond/ZnSe is coupled to the spectrometer [30], where an electrochemi-
cal cell is connected above the internal reflection element. The working electrode
was an ultrathin porous carbon coating technique in the presence of CH, gas satu-
rated in 0.5 mol L™ H,SO, for 1.800 s. The background spectra were collected fol-
lowing Nandenha et al. work [27].

Fuel cell experiment

For experiments in fuel cell, the membrane electrode assemblies (MEAs) were pre-
pared by hot pressing at 125 °C for 5 min under pressure of 225 kgf cm~2 using a
pretreated Nafion® 117 membranes placed between anode (Pd/C, PdAu/C, PdCuC,
and PdTiO,/C) and cathode with Pt/C BASF electrocatalysts. The binaries anode
electrodes and the cathode prepared were made with 1 mg Pd cm™2 electrocatalyst
loading [19, 25]. The methane studies were realized in accordance with reference
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27. Polarization curves were obtained using AutoLab PGSTAT302N with GPES
software coupled, which receives the electric current produced by, and connected in
the fuel cell.

Results and discussion

The X-ray diffractograms of the Pd/C, PdAu/C, PdCu/C, and PdTiO,/C electrocata-
lysts synthesized by the sodium borohydride are shown in Fig. 1. Pd/C, PdAu/C,
PdCu/C, and PdTiO,/C electrocatalysts showed a broad peak centered at approxi-
mately 260=25° this peak was associated with the (002) plane of the carbon sup-
port material. All electrocatalysts also presented peaks at about 20=40°, 46°, 67°
and 81° associated with the planes (111), (200), (220) and (311) of Pd face-cen-
tered cubic structure (JCPDS # 46-1043). PdTiO,C showed peaks at approximately
20=125°, 37°, 38°, 39°, 48°, 54°, 69° and 70° associated with the tetragonal struc-
ture (JCPDF Card # 2-387) characteristics of titanium oxide (TiO,) anatase phase.
PdAu/C electrocatalyst showed a shift to smaller angles compared to Pd/C, indicat-
ing the incorporation of Au into the Pd lattice, consequently forming Pd—Au alloys
[22]. Assumpcdo et al. [19] showed diffractograms peaks of PtAu/C shifted to lower
260 values when compared to Pt/C, and they also suggested the formation of PtAu
alloy. PdCu/C electrocatalysts also showed a shift to larger angles compared to Pd/C,
also indicating the formation of an alloy characterized by the insertion of Cu atoms
in the crystalline structure of Pd. Ottoni et al. [31] showed that PtCu/C prepared
by different compositions by a borohydride reduction process had diffraction peaks
located in higher values of 20, so these authors concluded that the incorporation of
Cu atoms in the platinum crystalline structure occurred.
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Fig. 1 X-ray diffractograms of the Pd/C, PdAu(50:50)/C, PdCu(50:50)/C, and PdTiO,(50:50)/C electro-
catalysts synthesized by the sodium borohydride reduction method
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The micrographs and the nanoparticle size distribution of Pd/C, PdAu/C, PdCu/C,
and PdTiO,/C are shown in Fig. 2. The images obtained revealed that the nanoparti-
cles were well dispersed in the support. However, PdTiO,/C showed the presence of
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Fig.2 TEM images and histograms of the nanoparticle size distribution to: a Pd/C, b PdAu(50:50)/C, ¢
PdCu(50:50)/C, and d PdTiO2(50:50)/C electrocatalysts
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Fig.2 (continued)

some agglomerates. The synthesized materials showed a mean nanoparticle size of
6.9-8.9 nm with deviations standard from 1.6 to 1.9 nm, respectively.

The results of ICP-MS showed that the amount of Pd in the synthesized elec-
trocatalysts is close to that expected, according to Table 1. The obtained values of
Pd by ICP-MS were used in the normalization of the electrocatalytic activity of the
electrocatalysts in this work.

To further explore the chemical properties of the electrocatalysts, XPS analysis
was performed. XPS survey scans identified and quantified the chemical species
constituent of the electrocatalysts. As shown in Fig. 3, the atomic ratio of metals of
the PdAu/C and PdTiO,/C electrocatalysts is close to that expected, but the concen-
tration of the PACu(50:50)/C is lower because there is a low atomic concentration on
the surface of this electrocatalyst.

XPS spectra were obtained to identify the oxidation states of metals in the near-
surface region (<3 nm) of the electrocatalysts with high resolution of Pd 3d, Ti 2p,
Au 4f, and Cu 2p. As displayed in Fig. 4, the deconvoluted Pd 3d spectra exhibit
a spin—orbit doublet with Pd 3ds,, and Pd 3ds, at 335.2 and 340.5 eV to Pd’, and
336.5 and 340.8 eV to Pd*?, respectively, for Pd/C, as is reported in the literature
[32-34]. We can see that all binary electrocatalysts showed positive shifts to Pd’

Table 1 Pd, Au, Cu and TiO, mass ratio obtained by using ICP-MS and XPS
Electrocatalyst Pd nominal PdICP-MS  Pd XPS (%) 2nd metal 2nd metal 2nd metal

(%) (%) nominal ICP-MS XPS (%)
(%) (%)
Pd/C 20.0 18.2+0.1 24.9 n.d. n.d. n.d.
PdAu(50:50)/C 7.0 6.8+0.2 7.8+0.6 13 14.7+0,1 122+1.0
PdCu(50:50)/C 12.5 13.3+0.2 18.8+1.5 7.5 8.9+0.2 40+1.7
PdTi0,(50:50)/C 11.4 12.7+0.1 9.7+1.7 8.6 0.36+0.2 1.7+1.4

n.d. =not determined
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Fig.3 XPS survey scans of electrocatalyst in full spectrum with the ratio of surface metals

and Pd?*, and the shift was more intense for PdTi0,(50:50)/C [35, 36]. In all elec-
trocatalysts, there is the presence of the PdO; however, the amount of PdO is higher
than that of Pd® in the Pd/C and PdCu(50:50)/C electrocatalysts achieving 57 and
67%, respectively.

In the case of PdAu/C, the shift of Pd 3d is possible due to Au and/or eventu-
ally an electron transfer occurs from Pd to Au (electron affinity: Au-223 kJ mol~!,
Pd-54 kJ mol™!) [37-39]. Besides, in Fig. 5 we can see that the Au 4f peaks of
PdAu/C electrocatalyst are shifted to lower BEs compared to the literature reported
with 83.9 and 87.7 eV to Au°® 4f;,, and 4f;,,, respectively [38, 39]. This suggests that
there is strong interaction between Pd and Au, attributable to the electron transfer
between Pd and Au, with possible formation of an alloy between Pd and Au, as dis-
cussed above in the XRD section. To the PdCu/C and PdTiO,/C electrocatalysts, a
positive value indicates the formation of an alloy between Pd and Cu or Pd and TiO,
[40].

The deconvolution of the Cu 2ps, region in Fig. 5 shows two peaks at 932.2
and 934.2 eV corresponding to Cu*? and Cu’, respectively. Two more peaks are
observed in the 2p,,, region corresponding to 951.9 eV related to Cu®, which is in
the PdCu alloy state. Another peak at 953.9 eV can be assigned to Cu** [40—43].
The existence of Cu’" could be attributed to the oxidation of PdCu. The BE of the
Ti 2ps,, and Ti 2p,, spin orbit doublet at 495.5 and 465.2 are characteristic of the
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Fig.4 High-resolution spectra detailing the Pd 3ds, and Pd 3d;, to Pd/C, PdTiO,(50:50)/C,
PdAu(50:50)/C and PdCu(50:50)/C electrocatalysts

Ti** and TiO, anatase phase (Fig. 5) [44-45]. No other oxidation degree is detected
in this electrocatalyst.

In Fig. 6, are shown the cyclic voltammograms of the Pd/C, PdAu/C, PdCu/C
and, PdTi0,/C electrocatalysts, in the presence of 0.5 mol L' H,SO, saturated with
N, and (H,SO,+CH,). The CV of Pd/C, PdCu/C, and PdTiO,/C showed a region
of adsorption/desorption of hydrogen in the range of 0.05 to 0.4 V versus RHE
well defined, while PdAu(50:50)/C electrocatalyst showed a region poorly defined,
whose effect could be due to the partial coverage of palladium surface by gold atoms
(Au). For all electrocatalysts prepared, in anodic scan some processes of oxidation
were observed. These processes could be associated with the formation of oxides
or a larger quantity of adsorbed oxygenated species. For PdCu(50:50)/C, a peak
at approximately 0.6 V versus RHE was observed, indicating the formation of Cu
oxide (Fig. 6¢). For Pd/C, PdAu/C, PdCu/C and PdTiO,/C electrocatalysts, the oxi-
dation process between approximately 0.7 to 1.2 V versus RHE is attributed to the
formation of palladium oxides. The cathode peaks around 0.7 V versus RHE are
attributed to the reduction of palladium oxides formed during negative scanning.
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Fig.5 High-resolution spectra detailing the Ti 2p5, and Ti 2p,,, to PdTiO,(50:50)/C. High-resolution
spectra detailing the Au 4f;, and Au 4f;,, to PdAu(50:50)/C. High-resolution spectra detailing the Cu
2psj, and Cu 2p,, to PACu(50:50)/C. Sum of the fitting components is provided in brown

The cyclic voltammograms for methane oxidation on the Pd/C, PdAu/C,
PdCu/C, and PdTiO,/C electrocatalysts obtained at room temperature, in solution
of H,SO, with bubbling of methane gas for 1800 s, under rotation of 900 rpm in a
disk rotator (10 mV s_l) are shown in Fig. 6 (curves: black, red, green, and blue).

PdAu/C, PdCu/C, and PdTiO,/C showed that the hydrogen adsorption—desorp-
tion region (0.05-0.5 V vs RHE) increased due to adsorption of methane. In the
anodic scan, an increase was also observed in current, which corresponds to elec-
trochemical oxidation of the adsorbed species. This result indicated adsorption
of hydrogen in the electrode surface, and this process was more pronounced for
PdCu/C. However, complementary information about the products from methane
oxidation could be obtained by ATR-FTIR measurements, which were also pre-
sented in this work.

Figure 7 shows the FTIR spectra in the range of 1200-850 cm™!, a region
of the main products of methane electrochemical oxidation on Pd/C, PdAu/C,
PdCu/C, and PdTiO,/C electrocatalysts.
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Fig.6 Cyclic voltammograms of the Pd/C, PdAu(50:50)/C, PdCu(50:50)/C and PdTiO,(50:50)/C elec-
trocatalysts using H,SO, 0.5 mol L' electrolyte saturated with N, and those of methane oxidation
(H,S0, 0.5 mol L'+ CH,)

For Pd/C, a band was observed at 1078 cm™' from 0.3 V corresponding to
CH; rock [42]; this band increased at 0.4 V and decreased up to 1.0 V. Another
band was observed in 1105 cm™' corresponding to formic acid [46] which
appeared in 0.7 V and increased with potential. The band at 1034 cm™' can be
corresponding to both C-O str of methanol [46] and CH bend of formic acid
[47]. In spectra obtained on PdAu/C, the methanol band (1080 cm™h) appeared
in 0.2 V and disappeared close to 0.6 V. The band at 1034 cm™' was shifted to
1045 cm™' with the increase in potential and disappeared at 0.7 V, indicating
that methanol and formic acid were totally oxidized. A band at about 1000 cm™
corresponds to v(COC) in oligomers of the formaldehyde in aqueous solution
[48], and it was observed an increase in potential at 0.3 V, and in 0.7 V it was
extinct.

In the presence of a Pd (II) with Au(Ill), methane was converted to the metha-
nol with a yield above 70% at 81% selectivity [49, 50]. This electrocatalyst could
promote the functionalization of C-H bonds (Eq. 1) [49-51]:

[Pd"].H,S0,

The methyl bisulfate can be subsequently hydrolyzed to form methanol (Eq. 2):
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Fig.7 In situ ATR-FTIR spectra in the range of 1200-850 cm™! of methane (CH,) oxidation on Pd/C,
PdAu(50:50)/C, PdCu(50:50)/C and PdTiO,(50:50)/C electrocatalysts at potentials ranging from 0.05 to
1.2 V with an interval of 0.1 V

CH,0S0;H + H,0 — CH,OH + SO, + %02 +H,0.
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Using H,SO, as a solvent, it is difficult to separate methanol from the solvent;
consequently, it is necessary to use materials, and regeneration to spent H,SO,
also proves it difficult. Besides, Pd has been used as an electrocatalyst for the
oxidation of methane to methanol products in the acid medium [49, 50]. The CH,
oxidation to H,0, offers considerable advantages over the H, oxidation to H,0O,
because valuable organic oxygenates (methanol and formic acid) can be effec-
tively produced at the same time (Egs. 3 and 4) [52-54]:

CH,,, + H,0,,) 2 COy, + 3H,, AH’(298 K) = + 206 k] mol™' (CH,)  (3)

[PdII ’AuIII ]

H,+0, <& H,0,— CH,HCOOH,CH,OH. )

In the case of formaldehyde production, firstly, CH, reacts with O, and pro-
ducesHCHO and H,O (Eq. 5) [55, 56]:

CH, + O, —» HCHO + H,0. 5)

Then, the intermediate product HCHO further reacts with O, and producesCO,
and H,O (Eq. 6):

HCHO + 0, — CO, + H,0. 6)

The intermediate product formaldehyde can conveniently be oxidized to CO,
and H,O in a similar manner, with the involvement of active oxygen species
O;,0H™ and O™ [55].

For materials containing non-noble metals (Cu and Ti), a different behav-
ior was observed compared with Pd and PdAu in the bands at 1100 cm™' and
1015 cm™!; this increase in signal can be corresponding to the production of for-
mic acid with attraction of the electrolyte due to the electric field and/or to Cu
oxide dissolved [57] and Ti compounds solution [58]; due to the enlargement of
this band, it was difficult to observe the methanol bands. However, the partial
methane oxidation cannot be discarded due to current peaks observed in the vol-
tammetry experiments with methane nearby 0.4 and 0.5 V, distant of the profiles
observed in the cyclic voltammetry without the presence of methane [59].

Figure 8 illustrates the results in a type PEMFC fuel cell using Pd/C, PdAu/C,
PdCu/C, and PdTiO,/C as anodic electrocatalysts using Nafion® 117 as a mem-
brane at 80 °C and 150 mL min~' of methane (CH,).

The PdAu/C and PdTiO,/C electrocatalysts showed an open circuit potential
values of 397.70 mV and 355.59 mV, while Pd/C and PdCu/C electrocatalysts
were approximately 242.56 mV and 292.35 mV, respectively, (Fig. 8a). The
PdAu(50:50)/C electrocatalyst presented a higher value of maximum power den-
sity for methane oxidation (0.96 mW cm™2 in 3.83 mA cm™2) compared to the
PdTi0,(50:50)/C (0.85 mW cm™2 in 3.51 mA cm™2), Pd/C (0.50 mW cm™ in
3.95 mA cm~2) and PdCu(50:50)/C (0.57 mW cm~2in 3.51 mA cm™2), indicating
the positive effect of cocatalysts added to the Pd for the methane oxidation.
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Fig.8 a Polarization and b power density curves of a 5-cm? direct methane fuel cell using 20 wt% PdAu,
PdCu and PdTiO, materials in the anode and Pt/C at the cathode (1 mg Pt cm~2) and Nafion® 117 as a
membrane at 80 °C, using 150 mL min~! of methane (CH,)

Experiments in single direct methane fuel cells (DMEFC) at 80 °C also revealed
that the PdAu(50:50)/C, PdCu/C, and PdTiO,/C electrocatalysts could promote the
activity for the methane oxidation in comparison with Pd/C. The presence of Au,
Cu or, TiO, increased the formation of oxygenated species, which have the func-
tion of promoting the oxidation of adsorbed intermediates on the palladium surface
(Fig. 8b).

The high electrocatalytic activity of the PdAu(50:50)/C electrocatalyst synthe-
sized by the sodium borohydride reduction process could be attributed to the bifunc-
tional mechanism and to the electronic effect.

Conclusions

The method utilized in this work was an efficient methodology to produce Pd/C,
PdAu/C, PdCu/C, and PdTiO,/C for methane oxidation because ICP-MS results
showed that the amount of Pd in the synthesized electrocatalysts is close to that
expected.

XRD of all electrocatalysts showed a face-centered cubic structure of palladium,
and that of PdTiO,/C also showed peaks associated with the tetragonal structure
characteristics of titanium oxide anatase phase. TEM images revealed that the nano-
particles were well dispersed in the support; however, the presence of agglomerates
and a mean nanoparticle size of 6.9 nm at 8.9 nm were also observed. XPS analysis
showed the presence of alloys for PdAAu/C and PdCu/C binary electrocatalysts pre-
pared and the presence of Cu and Ti oxides species.

For all the prepared electrocatalysts, in the anodic scan an increase in current
was observed in the hydrogen desorption region that doesn’t correspond to prod-
uct formation potentials. However, in the anodic scan, a process of oxidation was
also observed that could be attributed to methane oxidation for other products as
observed by ATR-FTIR in situ experiments.
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The experiments at 80 °C in DMEFC showed that the addition of Au, Cu, and
TiO, to the Pd/C electrocatalyst promotes the methane activation by the bifunctional
mechanism and electronic effect.

However, new studies yet are necessary to investigate the mechanisms of methane
activation in alkaline electrolytes using PdAu/C, PdCu)/C, and PdTiO,/C prepared
in different atomic compositions.
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