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Abstract

The use of palladium nickel catalysts with different compositions supported metal
oxides, such as Sb,05-SnO, (ATO) catalyst combinations were employed to convert
the methane-to-methanol in mild conditions using a fuel cell polymer electrolyte
reactor. The catalysts used for the conversion of methane to methanol were charac-
terized by XRD and observed the phases of ATO, the face-centered cubic structure
of the Pd and Ni phases. All nanoparticles have a mean size between 9 and 12 nm
as measured by TEM images. The products obtained from the methane oxidation,
such as methanol and formate, were monitored using FT-IR spectroscopy to qualify
the products formation, while High-Performance Liquid Chromatography was used
to quantify them. In these studies, it was observed that as the electrical potential of
the reactor increases, the generation of products decreases. The best results for the
conversion of methane into methanol and energy co-generation were obtained from
PdsNis/ATO.
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Introduction

The warming caused by anthropogenic emissions will persist for centuries, and con-
sequently, long-term changes in the climate system will be continuous and irrevers-
ible. However, achieving and maintaining net-zero global anthropogenic emissions
and decarbonization would be sufficient to keep global warming below 2 °C. In this
sense, different mitigation strategies can achieve net emission reductions through
combinations of technologies and innovations. In this vein, the global methane
pledge, announced at COP26, aims to reduce methane emissions by 30% by 2030
compared to 2020 levels [1].

The conversion of methane into higher energy products such as methanol is a
great challenge because it contributes both to the environment and to the economy.
However, it is not a simple task because this hydrocarbon showing high stability and
its products have substantial reactivity, such as methanol, formaldehyde, or formic
acid [2]. Thus, the selectivity and production of methanol from methane oxidation in
excellent yields are dependent on the catalyst and the reaction system. Under these
conditions, it is necessary to ensure that the reaction system needs to activate the
methane under mild conditions and also controls the reaction path of the activated
methane.

Using fuel cell technology, such as a polymer electrolyte membrane fuel cell
(PEMFC), methane can be partially oxidized and converted into more useful chemi-
cals. In these devices, the reaction products can be selected by adjusting the applied
work potential. Thus, selectivity for methanol can be achieved [3]. The partial oxi-
dation of methane in a polymer electrolyte reactor-fuel cell type (PER-FC) occurs by
the activation of water, which results in the generation of reactive oxygenated spe-
cies, which are capable of activating the C—H bond of methane [4], as explained in
Egs. 1-3, by a non-faradaic pathway [4—6].

H,04 + M — MOH 1
MOH - M + OH - and/or - OH 2)
‘OH + CHy,, — CH;0H (3)

However, one of the main challenges for the practical application of the conver-
sion of methane to methanol in PER-FC is the development of efficient, stable, and
selective electrocatalysts. This kind of reactor can activate the water in the anode
and promote the oxygen reduction reaction, as in a conventional fuel cell, and some
electrical potential difference is established so that the reaction occurs spontane-
ously, and the electrical energy released can be used [3, 7].

Studies show that the use of palladium-based catalysts should significantly reduce
the activation energy of CH,, at its highest oxidation potential (Pd™) [8]. In addi-
tion, many anodic catalysts based on transition metals, such as Ni, Cu, V, among
others, are described in the literature for the conversion of methane [9-12]. The
methane molecules can chemisorb on the surface of the catalysts and then form a
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slightly polarized state. In addition, catalysts based on these transition metals favor
the formation of active oxygen species, a fundamental requirement for the conver-
sion of methane to methanol. In this sense, Ni-containing catalysts have attracted a
lot of attention for the partial oxidation of methane by electrocatalysis. Many stud-
ies show excellent adsorption of methane on metallic Ni and NiO. Some reports
report the oxidation ability of electrogenerated NiOOH to convert CH,, while others
focus on providing suitable oxidizing species for selective oxidation of CH, [13—15].
Nickel can be used in conjunction with other materials to produce a high catalytic
performance for methane conversion.

On the other hand, the use of metallic oxides as a support can bring stability to
the catalyst, since the reactive oxygenated species (ROS), responsible for the oxi-
dation of methane in these devices, also act in the degradation of Vulcan carbon
particles, which are usually used as supports for this process catalyst type [16, 17].
In this sense, we investigated the conversion of methane to methanol in a PER-
FC using nickel-palladium anodic electrocatalysts in different atomic ratio using
SbsO-SnO, (ATO) support, because this oxide favors the formation of ROS, [18],
it has good electrical conduction, corrosion resistance [19]. These characteristics
make SnO,-Sb,05 a great option for catalyst support for this reaction.

Experimental

The ATO-supported Pd and Ni-based materials were prepared by the sodium boro-
hydride reduction method [20], that consist of a mixture of ultrapure water with iso-
propanol 50/50 (v/v) with an appropriate amount of support—ATO (Sb,05-SnO,—
Aldrich) was dispersed and later metallic precursors of Pd(NO;),-2H,0O (Aldrich)
and NiCl,-2H,0 (Aldrich) of catalytic in order to obtain a load of 20% by mass of
these metals in relation to the ATO. In this medium, NaBH, (Aldrich) was added
in an aqueous solution with an excess of 5:1 in relation to the metals, and stirring
was maintained for 30 min, after which time the material obtained was washed with
ultrapure water and filtered.

The materials were characterized by X-ray diffraction, using a Rigaku X-ray dif-
fractometer—Miniflex II, with a Cuka radiation source of 0.15406 A. The diffracto-
grams were obtained from 20° to 90°, with a scan speed of 2°min~!. The morphol-
ogy was observed by transmission electron microscopy performed by a transmission
electron microscope, JEOL JEM-2100, operated at 200 keV. For the construction
of the histogram and the calculation of the average size, 300 nanoparticles of each
catalyst were digitally mediated by microscopy.

The catalysts were further characterized by cyclic voltammetry performed in a
three-electrode electrochemical cell in a PGStat 302 N Autolab potentiostat, with
a working electrode built on a glassy carbon (0.2 cm?) support covered with an
ultra-thin porous layer, produced from a paint made with 8 mg of catalyst, 600 uL.
of ultrapure water, 400 uL of isopropanol and 15 pL of Nafion® (D-520) mixed in
ultrasound, an Ag/AgCl 3.0 mol L™! electrode used as a reference electrode and a 2
cm? Pt electrode used as a counter electrode. This same potentiostat and electrodes
were used in conjunction with a Raman Macroram spectrometer—Horiba, with a
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785 nm laser and an electrochemical cell suitable for carrying out the electrochemi-
cal assays assisted by in-situ Raman spectroscopy as reported by De Souza [21].

The conversion of methane to methanol was carried out in a PER-FC, with elec-
trodes constructed with 1 mg of Pd+ Ni per cm? at the anode, a membrane of Nafion
117 treated with KOH as electrolyte, and 1 mg of Pt/C—Basf (20% w/w) as the
cathode. All electrodes were prepared by depositing the ink containing the catalyst
with 30% by mass of a solution of Nafion D-520 (Aldrich) and isopropanol applied
by brushing on a carbon cloth treated with PTFE. The reactor is based on a typi-
cal fuel cell coil plate design made in 316L steel, fed with a mixture of methane
100 mL min~! and NaOH 1 mL min~!, the ambient temperature at the anode, while
the cathode is supplied with humidified O, in a bottle at a temperature of 85 °C with
a flow rate of 400 ml min~" at the cathode.

Aliquots of the reactor effluent are collected every 100 mV for 300 s from the
open circuit potential to 0 V and analyzed by infrared spectroscopy performed on
a Nicolett® 6700 with an ATR Miracle (Pike) accessory and diamond/ZnSe crys-
tal and a detector of MCT, and high-performance liquid chromatography—HPLC
(YL9100) with a UV/Vis detector with detection made at 205 nm, with flow of
0.8 ml min~! of 50% water and 50% acetonitrile in an isocratic run on a C18 col-
umn (Phenomenex Luna 5 pm, 250x4.6 mm). The calibration curve presents the
following linear equation: peaks area=59.916+238.59 [methanol], and presenting
r*=0.9981.

Results and discussion

Figure la, b shows the X-ray diffraction patterns of palladium and nickel supported
on ATO electrocatalysts. Intensive peaks are observed for all materials at 20 to~26°,
33°,37°, 51°, 54°, 61°, and 64°, which corresponds to the support of the electrocata-
lysts, Sn,O-Sb,05 (JCPDS# 88-2348). The sharpest and narrowest peaks are charac-
teristic of the crystallographic planes (1 1 0) and (1 O 1) of the ATO. Based on the
diffraction pattern with the intensity normalized by the logarithmic function, it was
possible to observe more clearly the characteristic peaks of Pd, Ni, and the PdNi
alloy. The Pd-related peaks at 20 ~38°, 49°, 66°, and 81° are associated with the crys-
talline planes (111), (200), (220), (311) and (222) according to (JCPDS# 89-4897),
reveals a face-centered cubic (FCC) structure. Furthermore, it can be observed that
the position of the diffraction peaks of Pd—Ni undergoes a slight shift to an angle 2 0
smaller than that of Pd. This fact can occur when the Ni atom partially replaces the
Pd position in the crystal lattice when the metal alloy is formed [22]. While the Ni/
ATO catalysts show peaks at 20 at 44, 57, and 78° corresponding to the Ni (JCPDS
#87-0712) (111).

In addition, Fig. 1c showed the Raman spectra of the nanocatalysts Pd—Ni on
ATO support. The Raman spectra present typical bands correspondent to the three
fundamental active Raman vibration modes, Eg, Alg, and Bzg near to 470, 636 and
775 em™!, respectively. These results showed a typical feature of the phase of SnO,
according to the XRD patterns. It can be observed that the Pd—Ni inserted into ATO
nanostructure led to a shift of these bands. Furthermore, the spectra region around
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Fig. 1 a X ray diffractogram (XRD) pattern of the Pd and Ni catalysts supported on ATO; b logarithm of
the intensities of the diffractograms in Fig. 1a. ¢ Raman spectra of these materials
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550-580 cm™! indicates fingerprints of the SnO, structure’s nano-size. At present,

the addition of Ni in the materials can be the reason for the observation of the band
in this region of the Raman spectra, due to the structure local disorder effect [23,

24].

The micrograph images of the Pd Ni-dopped on the ATO electrocatalyst are
shown in Fig. 2 and their respective particle size histograms. The average measured
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Fig.2 TEM micrograph and histograms of the particle size distribution to Pd and Ni catalysts supported
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Fig.2 (continued)

particle size of the nanoparticles ranges between 9 and 12 nm. It can be observed
that the metallic nanoparticles are agglomerated under the surface of the ATO,
which indicates that the support can favor agglomeration, which concerns the size of
the particles. In addition, the average particle size is slightly larger than the carbon-
supported PdNi metallic particles described by Santos (6—10 nm) [25].

The cyclic voltammetry (CV) is shown in Fig. 3 and describes the electrochem-
ical properties of the Pd Ni-dopped/ATO catalysts. The results were obtained
from the electrocatalysts with different compositions using NaOH 1.0 mol L™!
aqueous solution at room temperature and a sweep speed of 10 mV s~!. The CV
of the Pd/ATO electrocatalyst clearly indicates the current densities for hydro-
gen adsorption/desorption at —0.85 and — 0.6 V, respectively. However, the peak
definition is suppressed with the addition of Ni in the Pd nanostructure due to the
synergistic effect of metallic oxides present, which can lead to a palladium sur-
face [19]. The reduction of oxide to decrease with the higher proportion of Ni is
a trend and in different perspectives of 0.05 V from PdgNi,,/ATO, Pds,Nis,/ATO
to Pd,(Nigo,/ATO, with the benefit of a higher proportion of Ni showing more
potential. This fact can be explained by the stronger adsorption of oxide species
on the surface of bimetallic materials due to the presence of Ni [26].
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Fig. 3 Cyclic voltammetry 0.21 F
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Analyses of the electrocatalytic activity in situ with Raman spectroscopy were
performed to obtain more details of the processes that occur in the interaction of the
catalyst with the electrolyte and the step of partial oxidation of methane, as shown in
Fig. 4. In the spectra of all Pd Ni-dopped on ATO electrocatalysts, the characteristic
bands of SnO, are observed at approximately 486, 602, and 780-793 cm™", referring
to the active bands of SnO, E, A, " and By, respectively [27, 28]. Furthermore, it is
observed that there is a slight shift in the wavelength of these active bands because
of Pd and Ni metallic nanoparticles. In addition, bands with wavelengths at 1314
and 1600 cm™! are observed in materials containing Ni in their composition, indicat-
ing the presence of NiO [29], and these bands increase with the potential.

A band centered at 639 cm™! corresponding to the bending of the PAO-H bond
[30], indicating the oxidation of Pd as a function of potential, in the Pd/ATO cata-
lyst, was convolved with the band at 602 cm™" of SnO,, and it is possible to see the
bands at 794, 974, and 1166 cm™! corresponding to Nafion [21].

The activities of Pd Ni-dopped on ATO electrocatalysts for the conversion of
methane to methanol were analyzed in a PER-FC. In Fig. 5, observe the open circuit
value presented by the electrocatalysts (OCV) that varies between 0.35 and 0.5 V
values higher than that reported for materials supported on C [25, 31, 32]. This
suggests that ATO support can act as a synergistic metallic Pd and Ni effect target
higher potentials [3]. And the maximum power density was obtained for Pds;Nis,/
ATO (0.37 mW cm_z), about 20% bigger than Pd/ATO (0.30 mW cm_z), the same
composition that presents a higher power density than supported in carbon [25].
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Fig.4 Spectra of in-situ Raman-assisted electrochemical measurements collected at different potentials
in NaOH 1.0 mol L™!
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Fig.5 The Polarization curves and the Power Density of a PANi/ATO catalysts anode (5 mg cm™

catalysts loading) and Pt/C Basf or the cathode in all experiments (I mg Pt cm™2 catalyst loading
with 20 wt% Pt loading on carbon), Nafion 117 membrane KOH treatment; NaOH 1.0 mol L! +CH,
50 mL min_l, and O, flux of 200 mL min~!

To qualify the products formed during the operation of the Pd—Ni/ATO electro-
catalysts in FC, the effluents were collected every 100 mV for 5 min. Each sample
collected was analyzed by FT-IR spectroscopy and the graphs are plotted in Fig. 6.
The spectra obtained show that for all effluents present a characteristic band of meth-
ane at~ 1304 cm™! [33, 34], this band appears near open circuit voltage (OCV) and
increases with the potential decrease. Furthermore, the activities of partial oxidation
of methane in the alkaline medium are such that, in addition to methanol, two other
species, formate and carbonate, may form. Methanol has two characteristic bands,
at 1034 and 1095 cm™", referring to the v(C-O) stretching [9, 34] that are present in
OCYV until 0 V. The presence of formate and carbonate species can be confirmed by
bands at wavelengths of approximately 1337 and 1395 cm™!, respectively, and are
characteristic of v(COO) stretching [35, 36]. These species are detected for all elec-
trocatalysts, including the Pd/ATO catalyst, the formation of a formate is observed
as the potential increases.

The methanol produced was quantified by liquid chromatography and reported as
a rate reaction according to Eq. (4) and the result is shown in Fig. 7, where it is pos-
sible to observe that the Pd/ATO composition is the most active for the conversion
of methane into methanol at all potentials. Furthermore, other electrocatalysts show
good activity to obtain methanol, but Pd/ATO is shown to be the second electrocata-
lyst to produce methanol at various potentials applied.

Methanol, ;i
r= o0———— 4
Volume X Time

Figure 8 presents the dependence of the maximum power density (MPD) on
Ni content, and this curve shows an optimal composition as observed by San-
tos et al. [25], and the maximum rate reaction accompanies the decrease of Pd.
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PANi/ATO catalysts

However, it is worth mentioning that for materials containing Pd and Ni the rate
reaction is very close. Indicating that the Pds,Nis, composition may be the most
interesting for the co-generation of methanol and energy.

The insertion of transition metals such as Pd and Ni, and the metallic alloy
PdNi in different compositions on the ATO surface showed promising results for
the electrocatalytic conversion of methane to the methanol due the saving of pal-
ladium in the material and increasing the power obtained.

@ Springer



Methane-to-methanol conversion and power co-generation... 5167

Conclusion

The ATO showed promise to be used as support for PdNi catalysts applied in the
partial oxidation reaction of methane to methanol with co-generation of electrical
energy. ATO as well as Ni activate water at low overpotentials providing reactive
oxygen species for the reaction, and Pd as well as nickel also act as methane adsorp-
tion sites. The best proportion found was Pds;Nis/ATO, even producing 20% less
methanol than Pd/ATO. However, in compensation, it produces more than 20%
more energy and uses 50% less noble metals.
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