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Abstract: This study investigates the electrochemical conversion of methane to methanol
using fuel-cell-type reactors with palladium- and lanthanum-based catalysts supported on
antimony-doped tin oxide (ATO). The combination of these elements demonstrated promis-
ing characteristics for selective methanol production. Transmission electron microscopy
(TEM) analysis revealed the impact of lanthanum addition on palladium nanoparticles,
influencing size distribution and clusters. Polarization curves and power density plots high-
lighted the Pd50La50/ATO catalyst, indicating an optimal palladium/lanthanum ratio for
methanol optimization. FTIR analysis confirmed the presence of methanol in the reaction
products, while the methanol production rate showcased the superior performance of the
Pd50La50/ATO catalyst compared to other compositions. The synergistic effects between
lanthanum’s water activation capability and the carbophilic nature of PdO emerged as
crucial factors for the catalyst’s success.
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1. Introduction
Methane, long regarded as a clean energy source, aligns with the growing demand

for energy, particularly cleaner and more sustainable options. However, when used as a
conventional energy source, methane’s combustion results in the emission of an amount
of CO2 equivalent to the methane consumed [1–3]. Moreover, methane is a greenhouse
gas more potent than CO2 when present in the atmosphere. Thus, the pursuit of means to
mitigate its emissions represents a significant advancement [3–10].

One alternative involves converting methane, an abundant hydrocarbon source, into
industrially relevant chemicals, with methanol being an attractive option due to its applica-
tions as a solvent, fuel, disinfectant, and synthesis precursor. Various pathways for methane
to methanol conversion have been explored, including homogeneous catalysis, photocatal-
ysis, biocatalysis, plasma technologies, and electrochemical routes [6–14]. Electrochemical
processes emerge as promising, especially those characterized by the co-generation of
chemicals and electricity [6]. In this context, the use of polymer electrolyte fuel cells as
reactors for methane conversion has been studied, showing significant potential to operate
under mild conditions and achieve the desired conversion [14–21].

However, the intricacy of this obstacle stems from the inherent resistance posed by
the C-H bond (434 kJ mol−1) in methane, coupled with its low polarizability, rendering
the oxidation of methane a formidable undertaking [20,22]. To surmount this challenge,
investigators have pursued an alternative strategy that entails the indirect oxidation of
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methane. This involves activating methane with more reactive species generated through
Faradaic processes, specifically oxygenated reactive species (ROS) originating from the
activation of water in an electrochemical reaction [5,18].

Pd has been identified in the literature as a crucial metal for methane adsorption and
increased catalytic activity in the reaction. However, it typically needs to be associated
with another transition metal that facilitates water activation, such as Ni, Cu, or Sb, among
others [12,13,15,19]. Lanthanum, when used in conjunction with other metals, acts as a
catalyst, aiming to improve water resistance in these materials, enhance oxygen storage
capacity, and improve the interaction between active species and support [6,11].

For electrocatalysis in the methane-to-methanol conversion, the catalyst must possess
specific characteristics, including the bifunctional capacity to adsorb methane and activate
water molecules [2]. Additionally, the support for these materials must be resistant to
corrosion by reactive oxygen species. In this context, metallic oxides like TiO2 or antimony-
doped tin oxide (ATO) have emerged as promising catalytic supports. Among these options,
ATO has been strategically chosen due to its tendency to form oxygenated reactive species,
as well as its notable properties of electrical conductivity and corrosion resistance [23]. This
choice makes ATO a viable and effective option as a catalytic support for the methane-
to-methanol conversion reaction [9]. It is known that the radical reaction promoted by
ROS is poorly selective and can lead hydrocarbons to more oxidized molecules. Therefore,
modulating the optimal amount of ROS to obtain more methanol rather than CO2 or
formates is highly recommended. We discovered that this modulation can be achieved not
only through the operating potential but also through the catalytic material composition.
These ROS, which tend to be corrosive, are responsible for methane conversion. Finally,
ATO provides stability to the catalyst by preventing further agglomeration of catalytic
particles and protecting them from additional oxidative processes caused by ROS.

In this study, we demonstrate the activity of adding La to Pd supported on ATO for
the conversion of methane into methanol.

2. Methods
The PdLa/ATO materials were produced by a sodium borohydride reduction

method [4] with varying atomic ratios. In the preparation process, a mixture of ultra-
pure water and isopropanol (50/50 v/v) was ultrasonically bathed with a specific quantity
of ATO support (Sb2O5•SnO2 Aldrich (Sigma-Aldrich, Milwaukee, WI, USA)) for 15 min.
After, metallic precursors Pd(NO3)2•2 H2O (Aldrich) and LaCl3• H2O (Aldrich) in differ-
ent atomic ratios (20%) were added to the solution. NaBH4 (Aldrich) was then added to
a 10 mL 0.01 mol L−1 NaOH solution with a 5:1 excess in relation to the metals, and stirring
was maintained for 30 min. The synthesized material underwent washing and filtration
using 4.0 L of ultrapure water.

Transmission electron microscopy (TEM) with a JEOL JEM-2100 (JEOL, Tokyo, Japan)
at 200 keV was employed to examine the morphology of PdLa/ATO materials. ImageJ
software (Version 1.54m) analyzed the size of 300 nanoparticles for each catalyst, generating
histograms. X-ray Diffraction (XRD), utilizing a Rigaku Miniflex II diffractometer (Rigaku,
Tokyo, Japan) with Cu/kαλ = 0.154 nm, covered the 2θ range from 20 to 90◦ at a scan speed
of 2◦ min−1. Cyclic voltammetry experiments utilized a three-electrode cell setup with
a PdLa/ATO working electrode, a Pt plate counter electrode (2 cm2), and a commercial
Ag/AgCl (3.0 mol L−1 KCl) reference electrode. In situ Raman analysis utilized a Raman
Microspectrometer with a 785 nm laser.

A Proton Exchange Membrane (PEM) fuel cell reactor assembled with a PdLa-catalyst-
containing anode, similar to that used in previous studies [4,18,23], operated under a
methane flow of 300 mL min−1 and a 1.0 mol L−1 NaOH solution at 1.0 mL min−1. The
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cathode received humidified O2 (200 mL min−1) at 85 ◦C. Reaction products were collected
and analyzed via infrared spectroscopy (Nicolett® 6700 (Thermo Fisher Scientific, Waltham,
MA, USA)) and HPLC (YL9100) at intervals from the open circuit potential to 0.0 V. The
calibration curve for methanol analysis showed a peak area = 0.29574 + 0.00979 [methanol]
with r2 = 0.994. HPLC analysis employed a C18 (Phenomenex Luna (Phenomenex, Torrance,
CA, USA) 5 µm, 250 × 4.6 nm) column with a flow of 0.8 mL min−1 containing 50% water,
40% acetonitrile, and 10% buffer solution in an isocratic run.

3. Results and Discussion
Transmission electron microscopy (TEM) was utilized to analyze the particle size

distribution of PdLa catalysts supported on ATO, as depicted in Figure 1. The results
reveal that increasing the lanthanum content leads to a higher number of visible clusters,
a trend reminiscent of the effects observed when incorporating other rare-earth elements
into noble metal nanoparticles, such as PtCe/C [1]. This increase is clearly depicted in the
histograms, where it was observed that, at varying compositions, the average nanoparticle
size ranges between 7.0 and 9.0 nm. Specifically, the smallest average size was recorded
for Pd80La20/ATO, while the largest was observed for La/ATO. This finding suggests that
the lanthanum content significantly influences the particle size distribution of the catalyst,
with implications for its catalytic performance.
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Figure 1. Transmission electron microscopy (TEM) micrograph and histograms of nanoparti-
cle size distribution for (a) Pd/ATO, (b) Pd80La20/ATO, (c) Pd50La50/ATO, (d) Pd20La80/ATO,
and (e) La/ATO.

Figure 2 shows the X-ray diffractogram patterns of Pd/ATO, PdLa/ATO, and La/ATO
electrocatalysts. The identified peaks at 2θ≈ 26◦, 33◦, 38◦, 51◦, 54◦, 62◦, and 64◦ correspond
to characteristic diffraction peaks of ATO (JCPDS# 88-2348). Notably, the palladium peaks
appear subtly against the background of ATO peaks. Normalizing the diffraction pattern
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intensity with a logarithmic function (Figure 2b) brings forth the distinctive peaks of Pd
and La. Pd-related peaks at 2θ ≈ 38◦, 49◦, and 66◦, corresponding to the crystalline planes
(111), (200), (220), and (311) according to (JCPDS# 89-4897), confirm a face-centered cubic
(FCC) structure for Pd/ATO. Additionally, La2O3-related peaks (JCPDS no. 05-0602) are
discerned at ~28, 47, 56, and 72◦.
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Figure 2. X-ray diffractogram patterns of Pd and La catalysts supported on ATO in various ratios,
with panel (a) depicting the XRD pattern and panel (b) presenting the XRD pattern with intensities
normalized by the logarithmic function.

To examine the material’s performance under conditions mirroring practical appli-
cations, cyclic voltammetry coupled with in situ Raman spectroscopy was employed. In
Figure 3a, cyclic voltammograms of PdLa materials in different ratios are depicted. Mate-
rials containing Pd exhibit oxidation/desorption peaks between −0.8 and −0.5 V during
the positive scan, followed by a reduction/adsorption profile starting from −0.6 V [6]. It
is noteworthy that in cyclic voltammetry, the region of hydrogen adsorption/desorption
becomes less clear with increasing La content due to the synergistic effects of metallic
oxides present, which can potentially block the palladium surface [17].

The interaction between methane and PdO is weak and does not significantly alter
the current profile or density, which is why it is not presented. The predominant process
depends only on the activation of water. In addition, the solubility of methane in water
is very low, so we are looking for other types of electrochemical reactors to study the
oxidation of methane, such as the fuel-cell-type reactor, built for the gaseous reaction due
to the region where solid, liquid, and gas are present and reactive simultaneously.
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Figure 3. Cyclic voltammetry coupled with in situ Raman spectroscopy (a) CV of La/ATO, Pd/ATO,
and PdLa/ATO in different ratios (scan rate v = 10 mV s−1) in a 1.0 mol L−1 NaOH aqueous solu-
tion. Additionally, panels (b–f) showcase spectra of Raman-assisted electrochemical measurements
collected at −0.85 at 0.2 V during CV experiment.

For further insights into the electrochemical processes promoting partial methane oxi-
dation and the interaction between the catalyst and the electrolyte, electrocatalytic activity
analysis was performed in situ with Raman spectroscopy, as indicated in Figure 3b–f). The
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Raman spectra reported bands in the range of 300 to 1200 cm−1. Distinctive bands of SnO2

are identified at approximately 486, 602, and 780–793 cm−1 [15,23,24], representing the
active bands of SnO2 Eg, A1g, and B2g, respectively. In Pd-containing materials, the band
at 638 cm−1 exhibits heightened intensity and width, indicating a convolution of the Eg
mode of TiO2 torsion of the PdO-H bond at 637cm−1 [16]. Bands below 500 cm−1 are likely
attributed to La-O vibrations, showing an increasing trend with a shift to less positive
potentials. It is observed that the increase in the La-O band diminishes the definition of
the PdO-H band, both by shifting towards less negative potentials and by the increase
in lanthanum concentration. This is due to the oxygen buffering nature of rare-earth ele-
ments, which should hinder the formation of PdO-H, as well as steric hindrance of sites.
Additionally, the Nafion bands appear at 794, 974, and 1166 cm−1 [7,8].

In Figure 4, the polarization curves for the electrochemical methane conversion in a
polymeric reactor using PdLa/ATO anodic catalysts in different compositions are presented.
The obtained open-circuit potential (OCP) values ranged from 0.25 to 0.50 V, consistent
with the literature findings for similar reactors [6,19], except for the Pd20La80/ATO cat-
alyst, which exhibited an OCP of 0.15 V. The highest OCP value was observed for the
Pd50La50/ATO catalyst, corresponding to the highest power density of approximately
~1.3 mW cm−2.
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Figure 4. Polarization curves for electrochemical methane conversion (a) E/j curves of PdLa/ATO
in various compositions. (b) Power density curves. (a) Illustrations of polarization curves for PdLa
supported on ATO.

The incorporation of lanthanum with palladium was undertaken, as the fluctuation in
lanthanum content relative to palladium did not result in a higher open-circuit potential
and power density compared to the Pd50La50/ATO catalyst. This observation might be
associated with a mechanism favoring the generation of methane oxidation products
through oxygenated reactive species [18]. Furthermore, the distribution of nanoparticles
across the catalyst surface may facilitate their oxidation by palladium. This phenomenon
could contribute to an elevation in the open-circuit potential, given that the oxidation
potentials of methanol and formic acid are lower than the water activation potential.

The FTIR spectra presented in Figure 5 were obtained through the analysis of aliquots
collected every 100 mV over the reactor’s operation for 5.0 min. The band observed at
~1304 cm−1 is characteristic of methane, indicating the dissolution of the gas in the aqueous
medium [19], indicative of an increase in organic species in solution. Meanwhile, bands
related to methanol are observed at 1033, 1077, and 1082 cm−1 [9], more prominently
in the Pd/ATO and Pd80La20/ATO materials. Bands at ~1340 cm−1, corresponding to
formate [4], were also found in all materials, indicating that the oxidative process leading to
methanol formation ultimately produces other more-oxidized products. For Pd80La20/ATO,
methanol production occurred at 0.2 V, but with a higher presence of formate, as observed
in the FTIR spectra, which may have masked the detection and prevented it from being
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accurately reported in Figure 6. At 0.0 V, methanol was not observed, as also seen in the
FTIR spectrum.
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Figure 5. FTIR spectra (a–e) Spectra of FTIR aliquots obtained from the reactor effluent were collected
at intervals of every 100 mV for a duration of 5.0 min in a 1.0 mol L−1 NaOH solution, with the
methane flow set at 100 mL min−1 for all catalysts.

The quantification of produced methanol was carried out using HPLC, and the results
were expressed as a reaction rate following Equation (1):

r =
Methanolamount

Volume × Time
(1)

Figure 6 illustrates the reaction rate for methanol production with Pd- and La-based
catalysts supported on ATO. According to the data, the Pd50La50/ATO catalyst exhibits
higher reaction rates at the potential of 0.0 V, a material that also shows a higher power
density, as observed in Figure 4b. However, the Pd80La20/ATO and Pd/ATO materials
show methanol production rates at various potentials, while La/ATO did not exhibit the
presence of methanol. The data indicate that catalysts containing Pd and La in an optimal
ratio promote a balance between sites across the material that favors methanol production.
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This combination is successful due to the synergy between the water activation capacity
from lanthanum and the carbophilic nature of PdO [6,19].
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Figure 6. Reaction rate for methanol production calculations were performed using Equation (1) for
Pd-La materials at various potentials.

4. Conclusions
The study focuses on the electrochemical conversion of methane to methanol using

fuel-cell-type electrochemical reactors with palladium- and lanthanum-based catalysts
supported on antimony-doped tin oxide (ATO). The combination of these elements revealed
promising features for the selective production of methanol.

Transmission electron microscopy analysis highlighted the influence of lanthanum
addition to palladium nanoparticles, affecting the size distribution and clusters. Polariza-
tion curves and power density plots underscored the effectiveness of the Pd50La50/ATO
catalyst, suggesting an optimal relationship between palladium and lanthanum to opti-
mize methanol production. FTIR analysis revealed the presence of methane and methanol
in the reaction products, while the methanol production rate highlighted the superior
performance of the Pd50La50/ATO catalyst compared to other compositions. The syn-
ergy between lanthanum’s water activation capability and the carbophilic nature of PdO
emerged as a crucial factor for the success of this catalyst.
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Abbreviations

ATO Antimony-Doped Tin Oxide
TEM Transmission Electron Microscopy
XRD X-ray Diffraction
PEM Proton Exchange Membrane
FTIR Fourier-Transform Infrared Spectroscopy
HPLC High-Performance Liquid Chromatography
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