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ABSTRACT: Methane is an abundant resource and the main constituent of natural gas. It can be
converted into higher value-added products and as a subproduct of electricity co-generation. The
application of polymer electrolyte reactors for the partial oxidation of methane to methanol to co-generate
power and chemical products is a topic of great interest for gas and petroleum industries, especially with
the use of materials with a lower amount of metals, such as palladium complex. In this study, we
investigate the ideal relationship between cis-[6-(pyridin-2-yl)-1,3,5-triazine-2,4-diamine(dichloride)-
palladium(II)] (Pd-complex) nanostructure and carbon to obtain a stable, conductive, and functional
reagent diffusion electrode. The physical and structural properties of the material were analyzed by
Fourier transform infrared (FT-IR) and Raman spectroscopies, transmission electron microscopy (TEM),
and X-ray powder diffraction (XRD) techniques. The electrocatalytic activity studies revealed that the
most active proportion was 20% of Pd-complex supported on carbon (m/m), which was measured with
lower values of open-circuit and power density but with higher efficiency in methanol production with
reaction rates of r = 4.2 mol L−1·h−1 at 0.05 V.

■ INTRODUCTION
Direct partial oxidation of methane to methanol is a hot topic
for gas industries and a great challenge in the areas of catalysis
and energy.1 Methane is the major component of natural gas.
In the oil and gas industries, methane is combusted to produce
energy for the extraction process. The combustion is also a
quick method to eliminate the gas. Approximately 145 billion
square meters of this natural gas per year is produced, and the
majority is used for thermal power generation, thus generating
around 1% of the global carbon dioxide emissions.1 The
conversion of methane into value-added chemicals and fuels
such as methanol is thus highly desirable. Partial oxidation of
CH4 gas to MeOH liquid is one of the most promising
alternatives to exploit this abundant energy resource and
facilitate its transport. Nowadays, due to the emerging energy
applications, the demand for methanol is over a few tens of
million cubic tons per year.2

Currently, available technologies to produce methanol from
methane involve a two-step process, namely, the steam
reforming of CH4 to syngas at 850 °C and its subsequent
catalytic conversion to MeOH.3 Steam reforming is the most
energy-consuming and expensive process. To generate
sufficient profit, it is primordial for industries to develop new
synthetic routes. The development of direct conversion of CH4
to MeOH under ambient conditions to offer a sustainable way
for the efficient use of natural resources such as natural gas,
shale gas, and biogas is a great goal.4 Bearing this in mind,
scientists have made tremendous efforts to develop methods to

produce MeOH. Presently, the electrochemical process using
polymer electrolyte reactor-fuel cell type (PER-FC) for partial
oxidation of methane in one step under mild conditions (∼80
°C or less) is one of the most successful methods because of
the possibility to operate in electrolytic and galvanic modes
under continuous flow to simultaneously produce methanol
and energy co-generation.5−9 Low-temperature operation is
interesting to avoid warm-up time (quick start) and reduces
deterioration of system components.
However, there are still many other drawbacks that need to

be changed before reaching an efficient and inexpensive PER-
FC technology. One of the disadvantages of the technology is
the use of noble metals (platinum, platinum alloys, etc.) as
catalysts thus adding to system cost.5,8,10 Furthermore,
platinum is also extremely sensitive to carbon dioxide
poisoning, which obliges the addition of extra reactors to
separate CO2 from the fuel gas.
Recently, palladium has been reported as a promising metal

for partial oxidation of methane due to the formation of a thin
layer of PdO on the catalytic surface, which displays an affinity
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with methane and the oxy-hydroxide species at a low
overpotential that can activate the water, an important step
for hydrocarbon oxidation.10−13 However, the price of Pd
metal has increased over the last few years. Meanwhile, the
metal−ligand complex has gained increasing attention as
electrocatalysts due to the lower proportion of metals; these
materials have a large specific surface area and high porosity
and are readily available.14−18 In this sense, electrocatalysts
based on macrocyclic, linear, and multidentate ligands N-
coordinated to transition metals have been explored in fuel
cells.19−24

In our previous report, we have demonstrated that the
chemicals and the power from methane can be co-generated
using PER-FC with [6,6′-(2,2′-bipyridine-6,6′-diyl)bis(1,3,5-
triazine-2,4-diamine)(nitrate-O)copper(II)] complex as a
catalyst.9 Here, we investigated the conversion of methane to
methanol using the cis-[6-(pyridin-2-yl)-1,3,5-triazine-2,4-
diamine(dichloride)palladium(II)] (Pd-complex) in an anode
of PER-FC type for the conversion of methane to methanol.
Our objective is to study the catalytic activity of Pd-complex
using PER-FC to convert CH4 into MeOH. The use of Pd-
complex as a catalyst can be advantageous due to the known
adsorption capacity of methane on oxidized Pd nodes with the
characteristics of organometallic complexes, in addition to
reducing the amount of metal expended for its works. Besides,
the strategy to use these compounds to drive the electro-
catalytic methanol formation was due to the molecular
structure of the Pd(II) complex presenting bidentate triazine-
pyridine ligand N-donor atoms, and the ligand chelates to form
a five-membered ring with characteristic strong electron
donors ensuring stability to the complex due to its resonant
character. Besides, the stereochemical environment of the
Pd(II) complex is favorable since the structure presents
quadratic geometry with greater exposure of the metallic
center, suggesting a potential precursor for heterogeneous
catalytic processes.25

■ EXPERIMENTAL SECTION
Pd-complex was obtained by reacting the pre-ligand 6-
(pyridin-2-yl)-1,3,5-triazine-2,4-diamine (1 equiv) with the
metal salt PdCl2 (1 equiv) in acetonitrile according to the
known method.26 The electrocatalyst was prepared by

mechanically mixing the Pd-complex with Vulcan carbon in
proportions of 1, 2.5, 5, 10, and 20% (mass/mass). The
physical and chemical characterizations of the Pd-complex
were performed using Fourier transform infrared (FT-IR) and
Raman spectroscopies. The crystalline structure was confirmed
by X-ray powder diffraction (XRD) using a Miniflex II
diffractometer, with a Cukα radiation source of 0.15406 Å,
regulated in the range of 2θ = 2−90°, with a scan speed of 2
min−1. A JEOL JEM-2100 electron microscope operated at 200
kV was used to determine the morphology and nanostructure
of the Pd-complex particles.
All electrochemical activities using polymeric electrolytic

reactor-fuel cell type (PER-FC) for partial oxidation of
methane are well described in the literature.9,11,27,28 The
electrochemical measurements were performed using a three-
electrode cell, Ametek PARSTAT 3000A-DXbi-potentiostat/
galvanostat. In the conventional electrochemical cell, Ag/AgCl
and Pt were used as the reference electrode and counter
electrode (area = 2 cm2), respectively. Aliquots of 15 μL of
each sample were added to the working electrodes, which
consisted of a previously prepared ink composed of a mixture
of 8 mg of catalyst, 750 μL of H2O, 250 μL of isopropyl
alcohol, and 15 μL of 5% Nafion D-520. All experiments with
different percentages of the Pd-complex were carried out in an
aqueous solution of KOH 1 mol·L−1.
To perform the PER-FC tests and obtain the polarization

curves, the membrane electrode (MEA) was mounted with a
Nafion 117 membrane doped with KOH. BASF Pt/C catalyst
(20% by weight) with 1 mg·cm−2 was used as the cathode in
gas diffusion electrodes, and catalysts with different Pd-
complex ratios served as the anode. The reactor, a stainless-
steel cell-type with serpentine to distribution, was fed with
CH4 at a flow rate of 50 mL·min−1 and 1.0 mol·L−1 KOH
solution at a flow rate of 1 mL·min−1 at ambient temperature at
the anode. In the cathodic chamber, it was fed with external O2
with the aid of a humidifier bottle with a controlled
temperature of 80 °C with a flow rate of 200 mL·min−1.
Scheme 1 shows the diagram of the polymer electrolytic
reactor-fuel cell (PER-FC) system for the partial oxidation of
methane to methanol.
Fourier transform infrared (FT-IR) spectroscopy was used

to determine the different species formed during the

Scheme 1. Diagram of the PER-FC Electrochemical System
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electrochemical oxidation of methane in an alkaline medium at
different potentials. Anodic reaction products were collected at
300 s increments of 50 mV and analyzed by attenuated total
reflectance Fourier transform infrared (ATR-FT-IR) spectros-
copy performed on an ATR accessory (MIRacle with ZnSe
Crystal Plate Pike) installed on a Nicolet 6700 FT-IR
spectrometer equipped with an MCT detector and cooled
with liquid N2. Raman spectroscopy was used for the
characterization and quantitative determination of the products
obtained using Horiba Scientific MacroRam Raman spectros-
copy equipment, using a wavelength fixed at 785 nm. The
concentration of methanol obtained from the solutions
collected in the effluent of the polymeric membrane reactor
was determined by the method described by Boyaci et al.29

■ RESULTS AND DISCUSSION
The physical characterizations of the nanostructure palladium
complex were performed to determine its morphological,
crystallographic, and surface state structures. Figure 1 shows

the FT-IR and Raman spectra that were used to determine
their structural properties. From the FT-IR spectrum, it is
possible to observe the characteristic bands of the bidentate
ligand of the Pd-complex, referring to the triazine and pyridine
groups, and showing good agreement with the literature.30−33

Symmetrical and asymmetrical stretches of the amine group
linked to the aromatic ring triazines are confirmed in regions of
3069 and 3193 cm−1, respectively. The coordination of the N
atom to the metallic center of Pd, on the other hand, can be
characterized by the stretch ν(Pd−N) in 587 cm−1, while the
Pd−Cl bond is found in the low-frequency regions of the
spectrum. The Pd-complex with square planar geometry of cis
conformation shows a characteristic Raman spectrum,34,35 and
the bands due to metal−halogen vibration are at a low
frequency and have high intensity found at wavenumbers 331
and 351 cm−1. However, the chelated form of Pd-complex, N−
Pd−N, can be confirmed by symmetric and asymmetric
stretches at 585 and 629 cm−1, respectively.36 Furthermore,
Pd−N binding is evidenced by bands in the low-frequency
regions, as shown in the spectrum.

The nanostructure of the Pd-complex was analyzed by
transmission electron microscopy (TEM) and X-ray powder
diffraction techniques. Figure 2A shows the cluster of
nanoparticles of the Pd-complex. At a higher magnification,
the micrograph (Figure 2B) shows periodic fringed folds with a
d-spacing between the crystallographic planes (002), (111),
and (004) of approximately 0.761, 0.514, and 0.381 nm,
respectively, which can be attributed to the organization of the
solid-state Pd-complex as reported by Duong et al.26 To
facilitate the observation of the analogy between the TEM
image and the crystallographic data, a view of the structure of
Pd-complex is presented succinctly in Figure 2C,D. As
determined from the single-crystal X-ray diffraction
(SCXRD), the Pd-complex crystal structure is formed by
two-dimensional (2D) π-stacking interactions, and hydrogen
bonds join these two-dimensional columns together to form a
three-dimensional (3D) structure that is further stacked to
generate the layer structure. From the XRD powder (Figure 3),
the d-spacing between layers is in good agreement with the
value determined by TEM. The diffraction pattern obtained
experimentally corresponds to the pattern calculated from the
crystal structure obtained by single-crystal refinement. The
diffraction pattern shows the planes corresponding to the
diffraction angles, and the distances between the planes were
correlated with those obtained through TEM analysis.
Figure 4 shows the cyclic voltammetry of the catalyst in

several mass ratios of Pd-complex. As can be seen, the
reduction peak at −0.32 V shifts to a higher potential with the
increase of the percentage of Pd-complex.37 For Pd-complex
20%, the shift is much more important. This observation can
be assigned to the reduction of palladium species.2

Furthermore, a small peak at 0.01 V is notable, indicating
the formation of palladium oxides or surfaces containing
palladium.2,11

Figure 5 presents the electrochemical curves of PER-FC for
different Pd-complex/carbon proportions with KOH and
methane introduced on the anode. In this figure, it is possible
to observe that electrocatalyst in a higher amount of Pd-
complex shows a lower value of open-circuit voltage (OCV).
The composite with 10% of the Pd-complex is the one that
displays the biggest open-circuit value and power density
compared to the other catalysts. The values of OCVs obtained
for all Pd-complex/C (∼0.27−0.5 V) are similar to those
reported in the literature that contains palladium systems (ca.
0.2−0.4 V).1,9,10 The higher OCV values measured in our case
can be explained by the formation of methanol or formates
close to onset potential, and/or lower potential of water
activation.
Figure 6 shows the IR spectra of PER-FC effluent to detect

the products obtained during the operation. Spectra obtained
for all materials display the deg deform band characteristic of
the methane at ∼1308 cm−1.38,39 It is known that methane is
poorly soluble in water, but its solubility greatly increases with
the presence of the other organic compounds in the solution.10

In the alkaline medium, three species (methanol, formates, and
carbonates) are observed during the partial oxidation of
methane. Methanol was detected with the bands at 1033, 1078,
and 1482 cm−1.10,40 Its formation is observed at a potential
close to the OCV. The presence of formate molecules is noted
with the bands at 1337 cm−1 attributed to ν(COO).41 This
compound is principally formed with the Pd-complex 2.5%
catalyst. The quantity of formate generated increases near
OCV. For Pd-complexes 10 and 20%, the formate is formed at

Figure 1. FT-IR and Raman spectra of the cis-square planar Pd-
complex.
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a potential of 0.25 V and lower. The carbonate is observed at
∼1380 cm−1,42,43 in the case of Pd-complex 2.5%. For Pd-
complex 10%, this band appears for all potentials. In the case of
Pd-complex 20%, carbonate molecules are not detected at all.
The activity of catalysts for the conversion of methane into

methanol is measured by the number of molecules converted
as a function of time, for which the reaction rate (r) (eq 1) is
an important parameter to be evaluated. Figure 7 presents the
correlation between the different potentials E and rates r for
each ratio of Pd-complex to produce methanol. The r-value is
calculated by eq 1, where the amount of methanol was
quantified by Boyaci’s method29 determined by the Raman
spectra for the construction of the analytical curve in the
concentration range of 0.005−1.000 mol·L−1 of methanol

(Figure S1). For the following analytical curve, an intensity of
33.886 + 32.377 [methanol]44 is obtained with the correlation
coefficient being R2 = 0.94252.

r
methanol

volume time
amount=

× (1)

The reaction rate for methanol production indicates that Pd-
complex 20% (blue) is the most active composition, at 0.05−
0.15 V with an r maximum of 4.2 mol·L−1·h−1 at 0.05 V. The
methane-to-methanol conversion ratio is around 4 times higher
than the composition Pd-complex 10% (green). For Pd-
complexes 5% (red) and 2.5% (black), small and no
appreciable amounts of methanol were detected, respectively.

Figure 2. TEM micrographs obtained from Pd-complex electrocatalysts in different magnifications: (A) 10 nm and (B) 5 nm with the d-spacing
planar of the cluster’s nanostructure polycrystalline. (C) cis-Square planar molecular structure of the Pd-complex and (D) crystalline structure
viewing along the c axis. The view shows how single molecules are linked together by hydrogen bonds to form chains and further stacked to
produce 2D-layer packing.

Figure 3. X-ray powder diffraction (XRD) pattern of the polycrystal-
line Pd-complex with the crystallographic planes.

Figure 4. Cyclic voltammetry of Pd-complex/carbon Vulcan material
in 1 mol·L−1 KOH (v = 10 mV·s−1).
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These results corroborate the process that took place in the
fuel cell chamber, in which water is activated at low
overpotentials, provided by the complex that operates
synergistically with the adsorption capacity of methane on
Pd(II). As reported by Jin et al.45 and Santos et al.,10 the
mechanism starts with the immobilization of the hydrocarbon
so that it reacts with the products resulting from the water
activation. The results show a greater activity for the
composition with a higher amount of Pd-complex, which can
be perceived by the formed products and the profiles observed
by the r factor. However, it is possible that the reaction

pathways have changed and therefore affected energy co-
generation as shown in Figure 5.

■ CONCLUSIONS
The use of the Pd-complex/carbon electrocatalyst as an anode
in the PER-FC reactor for converting methane into value-
added chemical products with co-generation of energy is
promising. The physical properties of the nanostructure Pd-
complex were analyzed by FT-IR and Raman spectroscopy,
and the structural properties were determined by imaging and
polycrystal X-ray diffraction techniques. It is observed that the
nanostructure formed by nanolayers from π-stacking inter-
action results in a cluster of grains formed by wrinkles and
folds with d-spacing reticles between the crystallographic
planes determined by the diffraction pattern. Pd-complex/
carbon Vulcan materials display catalytic activity for the
conversion of methane into methanol, formate, and carbonate.
Our investigation is demonstrated by FT-IR spectroscopy and
quantified by Raman spectroscopy that only ratios higher than
5% of Pd-complex are active to produce a detectable quantity
of methanol. The catalyst with 20% with r = 4.2 mol·L−1·h−1 at
0.05 V displays the best parameters for an effective generation
of methanol from methane.
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