BmoR e ¥ ¥ R
Journal of Fuel Chemistry and Technology

%46 % 9o M
2018 4£9 H

Vol. 46 No.9
Sep. 2018

Direct oxidation of methane at low temperature using
Pt/C, Pd/C, Pt/C-ATO and Pd/C-ATO electrocatalysts prepared
by sodium borohydride reduction process
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Abstract: The main objective of this paper was to characterize the voltammetric profiles of the Pt/C, Pt/C-ATO, Pd/C and Pd/C-
ATO electrocatalysts and study their catalytic activities for methane oxidation in an acidic electrolyte at 25 C and in a direct methane
proton exchange membrane fuel cell at 80 C. The electrocatalysts prepared also were characterized by X-ray diffraction (XRD) and
transmission electron microscopy ( TEM ). The diffractograms of the Pt/C and Pt/C-ATO electrocatalysts show four peaks
associated with Pt face-centered cubic (fcc) structure, and the diffractograms of Pd/C and Pd/C-ATO show four peaks associated
with Pd face-centered cubic (fcc) structure. For Pt/C-ATO and Pd/C-ATO, characteristic peaks of cassiterite ( SnO,) phase are
observed, which are associated with Sb-doped SnO,( ATO) used as supports for electrocatalysts. Cyclic voltammograms (CV) of
all electrocatalysts after adsorption of methane show that there is a current increase during the anodic scan. However, this effect is
more pronounced for Pt/C-ATO and Pd/C-ATO. This process is related to the oxidation of the adsorbed species through the
bifunctional mechanism, where ATO provides oxygenated species for the oxidation of CO or HCO intermediates adsorbed in Pt or Pd
sites. From in situ ATR-FTIR ( Attenuated Total Reflectance-Fourier Transform Infrared) experiments for all electrocatalysts
prepared the formation of HCO or CO intermediates are observed, which indicates the production of carbon dioxide. Polarization
curves at 80 C in a direct methane fuel cell (DMEFC) show that Pd/C and Pt/C electroacatalysts have superior performance to
Pd/C-ATO and Pt/C-ATO in methane oxidation.
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Methane is the main constituent of natural gas The activation of C—H and C-C bonds in small

widely used as fuel in the industry and in private
households, where it has been exerted a profound
economic and sociologic influence on the world at
large because of its enormous reserves 2. The
methane (CH,) can also be generated from renewable
sources like biomass, solid organic waste, landfill
gas. Consequently, methane is among the simplest
and readily available organic compounds that could be
used in a fuel cell®’.

In the fuel cell, the methane could be used after
steam reforming or directly in solid oxide fuel cell'*’.
The high operating temperature of a solid oxide fuel
cell ( SOFC ) leads to problems, like carbon
deposition, and requires high startup time,
consequently the use of methane directly in a proton
exchange membrane fuel cell (PEMFC) would avoid
these problems. So, it’ s necessary to select
electrocatalysts to be used in a direct methane fuel cell
(DMEEFC).
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hydrocarbons by various transition metal oxide ions
has been investigated experimentally and theoretically
by several authors">~'"*). Berthelot et al'''’ showed that
electro-oxidation of methane could be carried out
using Pt or Pt-Ru as electrocatalysts, where they
reported that carbon dioxide was produced for Pt and
methanol resulted when using Pt-Ru.

Platinum (Pt) is widely used in electrochemical
reactions because of its higher electrocatalytic activity
than other metals. However, the limitation of use of
the Pt electrocatalysts comes from the high cost and
limited resources of Pt. Consequently, the use of
palladium (Pd) and Pd group metals are frequently
employed as anodic electrodes for the electrochemical
oxidation of methane, because Pd is at least fifty times
more available than Pt in the earth''>"*). Joglekar et

al'"’  showed the development of platinum
organometallic complexes covalently anchored to
ordered mesoporous carbon ( OMC ) for
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electrochemical oxidation of methane in a proton
exchange membrane fuel cell at 80 C, where was
obtained a power density of 403 wW/mg Pt, which
was five times higher than the power density observed
from a modern commercial catalyst and two orders of
magnitude higher than that from a Pt black catalyst.

In another study, Neto et al'"' prepared a Pt
supported on Sb,0; - SnO, ( ATO ) with various
amounts of Pt loaded on ATO and tested for methanol
and ethanol electro-oxidation using electrochemical
techniques. The activities of Pt/ATO for methanol
and ethanol electro-oxidation were higher than those of
Pt/C, where the enhancement of activity was
attributed to better dispersion of Pt nanoparticles on
the ATO support, as well as to the effects of SnO,
adjacent to Pt.

Li et al'®

synthesized Palladium nanoparticles
( PANPs ) using n-alkylamines ( C,-NH, ) as
stabilizing ligands. These authors showed that the
PdANPs were more activity and stable response to CH,
when compared to the bare Pd electrodes.

Agarwal et al''”’ showed that PdAu nanoparticles
supported on titanium oxide had high selectivity
(92% ) for oxidized methane to methanol in aqueous
solution at mild temperatures.

This work aimed to prepare Pt/C, Pt/C-ATO,
Pd/C and Pd/C-ATO electrocatalysts by sodium
borohydride reduction process for methane oxidation
in acidic electrolytes. This work includes not only
electrochemical experiments but also single-cell
experiments.

1 Experimental

Pt/C, Pt/C-ATO, Pd/C and Pd/C-ATO
electrocatalysts were prepared using H,PtCl, - 6H,O
(chloroplatinic acid - Aldrich) and Pd(NO, ), -2H,0
(Fluka) as metal sources and sodium borohydride
(NaBH,, Aldrich) as reducing agent. For Pt/C-ATO
and Pd/C-ATO, a physical mixture of 85% Vulcan
Carbon XC72 and 15% ATO (Sb,0,-SnO,- Aldrich,
nanopowder, < 50 nm, composition ( by weight) .
7% —11% Sb,0, and 89% -93% SnO,) was used as
support, this proportion was chosen according to
reference'”’. The 100% Vulcan XC72 or 85%
Vulcan XC72-15% ATO support were dispersed into a
solution of water/2-propanol (50/50, volume ratio) ,
containing metal ions of Pd or Pt. The mixture
resulting was submitted to an ultrasonic bath and a
NaBH, solution in 0. 01 mol/L NaOH was added in
one step under stirring at room temperature, and the
resulting solution was then maintained under stirring
for an additional 30 min'"’. Finally, the material was
filtered, washed with ultrapure water and dried at
70 C for 2 h.

X-ray diffraction ( XRD) analysis of Pt/C, Pt/
C-ATO, Pd/C and Pd/C-ATO electrocatalysts were
obtained in a Rigaku Diffractometer model Miniflex II
using Cu Ka radiation source (A = 0. 15406 nm).
All diffractograms were recorded in the range of 26 =
20° to 90° with a step size of 0.05° and a scan time
of 2 s per step. The morphology, distribution, and
size of Pt/C, Pt/C-ATO, Pd/C and Pd/C-ATO
nanoparticles were determined in a JEOL electron
microscope model JEM-2100 operated at 200 kV by
measuring 205 nanoparticles from 10 micrographs.

The cyclic voltammetry of Pt/C, Pt/C-ATO,
Pd/C and Pd/C-ATO electrocatalysts were carried out
with an AutoLab PGSTAT30 Potentiostat, at 25 C in
a 0.5 mol/L H,SO, solution using a three-electrodes
conventional cell. The reference electrode was a
reversible hydrogen electrode (RHE), Pt wire was
utilized as a counter electrode and thin porous coating
technique as work electrode as previously reported" ™.
The cyclic voltammetry experiments were done at a
scan rate of 10 mV/s for the potential range of 0. 05 to
1.2 V with the presence or absence of methane. The
adsorption of methane was realized at 0. 05 V with
bubbling for 30 min in 0.5 mol/L H,SO,.

The spectroelectrochemical ATR-FTIR in situ
measurements were performed on a Nicolet 6700 FT-
IR spectrometer equipped with an MCT detector
cooled with liquid N,, ATR accessory ( MIRacle with
a Diamond/ZnSe Crystal Plate Pike® ), and an
electrochemical cell. The working electrodes were
ultrathin porous coating technique in the presence of
methane and 0. 5 mol/L H,SO,. The absorbance
spectra were collected at the ratio R : R,, where R
represents a spectrum at a given potential and R, is the
spectrum obtained at 0. 05 V, where positive and
negative directional bands represent gain and loss of
species at the sampling potential, respectively. The
spectra were computed from 128 interferograms
averaged from 3250 to 850 cm™' with the spectral
resolution set to 8 cm™', and the sample spectra were
collected after applying potential successive steps from
0.1V, from0.05t0 1.2 V.

The direct methane fuel cell performances were
determined in a single cell with an area of 5 cm’. The
temperatures were set to 80 C for the fuel cell and
85 C for the methane humidifier and 85 ‘C for the
oxygen humidifier. The fuel was 500 mL of 99%
methane gas at approximately 200 mL/min, the
oxygen flow was regulated at 200 mL/min and
pressure atmospheric.  Polarization curves were
obtained using an AutoLab PGSTAT302N Potentiostat
connected in the fuel cell, and a panel of cell
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experiments was used-Electrocell® Group. Membrane
Electrode Assemblies ( MEAs) were prepared by hot
pressing of a pretreated Nafion® 117 membranes
placed between Pt/C, Pt/C-ATO, Pd/C and Pd/C-
ATO electrocatalysts. The anode prepared in this work
was made of 1 mg .,/ cm’ electrocatalyst loading. The
cathodic electrocatalyst was made of 20% Pt/C BASF
and 1 mg .,/ cm’ electrocatalyst loading. After this,
they were pressed at 125 C for 2 min under pressure
of 225 kgf/cm’.

2 Results and discussion

The X-ray diffractograms of the Pt/C, Pt/C-
ATO, Pd/C and Pd/C-ATO electrocatalysts are
shown in Figure 1. For all electrocatalysts prepared
are observed a broad peak at about 260 = 25° that are
associated with the Vulcan Carbon XC72 support
material. For Pt/C and Pt/C-ATO electrocatalysts are
observed four peaks at approximately 20~ 40°, 47°,
67° and 82°, which are associated with the (111),
(200), (220) and (311) planes, respectively,
characteristic of Pt face-centered cubic (fcc) structure
JCPDS Card #40-802'"'. For Pd/C and Pd/C-ATO
electrocatalysts are observed at 20 = 40°, 47°, 67°
and 82°, which are associated with crystal planes
(111), (200), (220) and (311) corresponding to
the face-centered cubic structure of palladium JCPDS
46-1043""". For Pt/C-ATO and Pd/C-ATO are also
observed peaks at about 26 = 27°, 34° 38°, 52°,
55°, 62°, 65° and 66°, which are characteristic of
cassiterite (SnO,) phase'"’.
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Figure 1 X-ray diffractograms of Pt/C, Pt/C-ATO,

Pd/C and Pd/C-ATO electorcatalysts

The micrographs and histograms of the
nanoparticle size distribution, obtained by TEM for
Pv/C, Pv/C-ATO, Pd/C and Pd/C-ATO
electrocatalysts are illustrated in Figures 2 and 3.

The mean diameter of the nanoparticles for Pt/C, Pt/
C-ATO, Pd/C and Pd/C-ATO are in the range of 6. 4
—8. 1 nm. All electrocatalysts prepared show a good
distribution of the nanoparticles on the carbon support
and the morphologies are not significantly changed.
The nanoparticles sizes of the Pt/C and Pd/C are
smaller than those of Pt/C-ATO and Pd/C-ATO,
respectively in accordance with the results of Neto et
al works' ")

Cyclic voltammograms of Pt/C, Pt/C-ATO, Pd/
C and Pd/C-ATO electrocatalysts before and after
adsorption of methane at 0.05 V while bubbling
methane for 30 min in 0. 5 mol/L H,SO, are shown in
Figure 4. For Pt/C and Pt/C-ATO electrocatalysts it
is observed that the hydrogen adsorption-desorption
regions increase partially in comparison with cyclic
voltammograms before adsorption of methane. This
indicates the presence of oxygen species covering the
electrode surface. It is also observed an increase in
current during the anodic scan which presumably
corresponds to the oxidation of the adsorbed species.
This effect is more pronounced for Pt/C-ATO which
indicates that the presence of the ATO favors the
oxidation of methane to other products of higher
commercial These results are partially
following the work of Hahn et al"*’.

For Pd/C and Pd/C-ATO it is observed a
formation of PAOH (Pd,0) at0.60 V and it is further
oxidized to PdO at 0. 90 V. The oxidation peak
increases after the adsorption of methane, and the
reduction peak current at 0. 70 V doesn’t vary, which
indicates that the oxidation process is irreversible. The
oxidation peak increment is more pronounced for Pd/
C-ATO indicating that the presence of ATO favors the
oxidation of methane toward intermediates species,
such as CO or —CHO, and toward products, such as
CO,. This result also indicates higher electron transfer
rate for methane oxidation at the Pd/C-ATO electrode
than that at the Pd/C. For Pd/C and Pd/C-ATO it is
also observed that the hydrogen adsorption-desorption
increases dramatically in comparison with Pt/C and
Pt/C-ATO cyclic voltammograms after adsorption of
methane. This indicates the presence of many oxygen
species covering the electrode surface.

Finally, for Pd/C and Pd/C-ATO it is also
observed a partially suppressed hydrogen adsorption
peak, which is an indication of the presence of
another species on the electrode surface. Pd/C and
Pd/C-ATO results are partly following the work of
Zhang et al'?’.

values.
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Figure 2 TEM images and histograms of the nanoparticles size distribution

to Pt/C (a) and (b) Pt/C-ATO electrocatalysts

Figure 3 TEM images and histograms of the nanoparticles size distribution

to Pd/C (a) and (b) Pd/C-ATO electrocatalysts
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Figure 4 Comparison of the current-potential curves for (a) Pt/C, (b) Pt/C-ATO, (c) Pd/C and
(d) Pd/C-ATO electrodes in the absence of methane and methane (CH, ) passing through
the 0.5 mol/L H, SO, electrolyte for 30 min

Figures 5 and 6 display in situ ATR-FTIR spectra
in the range of 3250 to 850 cm™' of electrochemical
oxidation of methane on Pt/C, Pt/C-15% ATO, Pd/
C and Pd/C-15% ATO electrocatalysts at potentials
range from 0. 05 to 1.2 V with step of 0.1 V. It is
possible to observe the presence of methane for all
electrocatalysts studied. Its appearance is due to the
degenerate deformation f, ( deg deform. f,) band
approximately in 1306 cm™', degenerate deformation
e (deg deform. e) band in about 1533 cm™' and
degenerate stretching f, ( deg stret. f,) band in
approximately 3019 cm™ ', All materials, except
Pd/C, exhibited peaks in 1045, 2177 and 2600 cm™'.
They are respectively associated with CO stretching in
a CO matrix ( CO str CO matrix )'** CO
stretching in a gas environment ( CO str gas)'*?*
and CH stretching in a gas environment ( CH str
gas) ™! of the intermediate species ( — CHO and
CO). The carbon dioxide band is removed because
the interference of CH, gas in the in situ experiment is
too high. It should be noticed that in Figures 5(a. 1,
b.2) and 6 (d. 2) all the bands have similar
variations, indicating that —-CHO or CO are produced
in near potentials. Also, this can be a good indicator
of CO, production'”’. For high potentials, Pt/C and

Pt/C-15% ATO electrocatalysts have shown a good
agreement between CV experiments and FT-IR
measurements. CO str CO matrix and CO str gas
increased linearly, while the current density also has
grown. Pd/C also doesn’t show any intermediate
products for the potentials studied, which agrees with
CV results, because the CV results using H,SO,
solution is very similar to CV using H,SO, plus CH,
solution. Besides all that, we can notice that ATO
plays a decisive role in the electrocatalytic activity.
Pd/C-15% ATO produces intermediate products,
while Pd/C doesn'’t.

Hahn et al®’ showed for Pt that the final product
observed was CO,, and CO, -CHO (aldehyde) or
—COOH (acid) species were identified as reaction
intermediates. These authors concluded that the
activation of methane at room temperature was
nevertheless possible using noble metals as
electrocatalysts. For Pd CO, was also observed as
final product, however, the detection of — CHO or
—COOH species did not yield definitive results"’.
These authors also suggested that the use of SEIRAS
( Surface-Enhanced Infrared Absorption
Spectroscopy ) technique was more appropriate to
investigate in-situ methane oxidation than that of a
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conventional FT-IR spectroscopy.

Figure 7 shows the polarization and power
density curves obtained in a single direct methane fuel
cell using Pt/C, Pt/C-ATO, Pd/C and Pd/C-ATO
as anode electrocatalysts. Pd/C electrocatalyst is more
than Pt/C, Pd/C-ATO and Pt/C-ATO
prepared. This result is not in agreement with that
obtained using CV experiments, in which Pt/C-ATO
and Pd/C-ATO are more active for methane
oxidation. The disagreement between electrochemical

active
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Figure 5

experiments and direct methane fuel cell results could
be attributed to different experimental conditions of
conventional CV and fuel cell, which are the
diffusion of the fuel through the catalytic layer, the
continuous and constant flow, and the temperature.
Our results show that new studies
membranes, new diffuser layers, and new
electrocatalysts are necessary for the development of
direct methane fuel cells ( DMEFCs).

with new
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3 Conclusions indicates the presence of carbon dioxide species
The sodium borohydride reduction method is an ~ coming from methane oxidation.
efficient process to produce Pt/C, Pt/C-ATO, Pd/C The disagreement between electrochemical
and Pd/C-ATO electrocatalysts for methane experiments and direct methane fuel cell results could
oxidation. Pt/C and Pt/C-ATO electrocatalysts show ~ be associated with different settings used in a
four peaks associated with Pt face-centered cubic conventional CV and fuel cell. Pd/C and Pt/C show
( fcc )  structure, and Pd/C and Pd/C-ATO superior performance for methane oxidation in direct
electrocatalysts show four peaks associated with Pd ~ methane fuel cell, while Pd/C-ATO and Pt/C-ATO
face-centered cubic (fcc) structure. Pt/C-ATO and indicated a decrease in kinetics reaction that is why

Pd/C-ATO are also observed peaks characteristic of Pd/C has a better open circuit voltage.

cassiterite ( SnO, ) phase, which are associated with
Sb-doped SnO,( ATO) support.

intermediate species,
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