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ABSTRACT: The application of solid electrolyte reactors for methane
oxidation to co-generation of power and chemicals could be interesting,
mainly with the use of materials that could come from renewable sources and
abundant metals, such as the [6,6′- (2, 2′-bipyridine-6, 6′-diyl)bis (1,3,5-
triazine-2, 4-diamine)](nitrate-O)copper (II) complex. In this study, we
investigated the optimal ratio between this complex and carbon to obtain a
stable, conductive, and functional reagent diffusion electrode. The most active
Cu-complex compositions were 2.5 and 5% carbon, which were measured with higher values of open circuit and electric current, in
addition to the higher methanol production with reaction rates of 1.85 mol L−1 h−1 close to the short circuit potential and 1.65 mol
L−1 h−1 close to the open circuit potential, respectively. This activity was attributed to the ability of these compositions to activate
water due to better distribution of the Cu complex in the carbon matrix as observed in the rotating ring disk electrode experiments.

1. INTRODUCTION

The emission of greenhouse gases is a major air pollution that
causes climate change in the world. In addition to carbon
dioxide (CO2), methane (CH4) is the second most harmful gas
that negatively impacts the atmosphere.1 Methane, when
exposed to the atmosphere, undergoes photochemical
degradation by the hydroxyl radical (OH), which is the main
atmospheric oxidant of most tropospheric pollutants.2

Methane is widely used as an energy source, having reserves
as large as oil.3−5 This gas can also be produced continuously
by the anaerobic oxidation of organic material.6

Unlike oil, methane gas is used primarily as a fuel.7,8

Methane is a small molecule that has the high energy of the
C−H bond (435 kJ mol−1) and a tetrahedral shape that makes
it difficult to polarize.9 Nonetheless, partial methane oxidation
products, such as methanol (CH3OH) and methyl formate
(CHOOCH3), are of great interest to industry.3,9 Several
investigations have been conducted to identify a method to
convert methane to methanol mainly via conventional catalytic
processes, plasma technology, photo-catalysts, supercritical
water processes, and biological processes.8

Recently, efforts have been devoted to development of
methods for partial oxidation of methane to oxygenate
products in one step under mild conditions.9−12 Galvanic
and electrolytic processes are being developed for this purpose
with some success.8,9,13,14 Among the possible electrochemical
reactors, solid electrolyte membrane reactor fuel cells (SEMR-

FCs) are of particular interest. With the ability to operate in
electrolytic and galvanic modes, SEMR-FCs perform the
reaction in a continuous flow, simultaneously allowing the
co-generation of electrical energy and chemicals.12,15,16 On the
other hand, these reactors depend a lot on the use of noble
metals as catalysts (Pt, Pd, and Au),9,12,17,18 due to the high
stability that these metals have in an electrochemical system.
In the search for noble metal substitutes, the discovery of a

variety of new catalytic reactions carried out using low-cost
transition metal coordination complexes is promising. Copper
complexes are a promising alternative to noble metals.
Recently, Chan et al.19 demonstrated that copper complexes
are particularly interesting for partial oxidation of methane.
The authors applied tricooper complexes to catalyze the
oxidation of methane to methanol and obtained good results.
Copper is also widely used for thermal conversion of methane
to products, as well as to improve catalytic performance at low
temperatures.20 In addition, copper in an alkaline medium is a
good catalyst for water activation,21 a very important reaction
for the partial oxidation of methane. This reaction occurs due
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to the generation of hydroxyl radicals that produce methanol
and methyl formate from methane.22,23 The present work
investigates the conversion of methane to methanol using the
[6,6′-(2,2′-bipyridine-6,6′-diyl)bis(1,3,5-triazine-2,4-
diamine)](nitrate-O)copper(II) complex (Scheme 1) in a
SEMR-FC type.
Complex 2 has been chosen because it contains copper (II)

and because of its facile synthesis with a high yield. Moreover,
this complex is thermally and chemically stable. In addition, 2
is insoluble in water, methane, and methanol, which is
adequate to work in heterogeneous conditions. For the
catalytic conversion from CH4 to CH3OH, our strategy is to
use a fuel cell in which the cathode electrode is coated with a
mixture of Carbon Vulcan and a percentage of copper complex
2. In the entrance of the cathode chamber, oxygen and
methane gases will be loaded. The gases evacuated at the exit
of the chamber will be collected and analyzed to determine the
percentage of the methanol obtained. Specifically, the presence
of methanol and the quantity produced are determined by FT-
IR and Raman spectroscopy, respectively. Figure 1 shows the
solid electrolyte reactor used for the production of methanol
from methane.

2. EXPERIMENTAL METHODS

6,6′-(2,2’-Bipyridine-6,6′-diyl)bis(1,3,5-triazine-2,4-diamine) 1
and the corresponding copper complex 2 were synthesized
according to a reported method.24,25 The Cu-complex was
physically mixed with Carbon Vulcan in the proportions 1, 2.5,
5, 10, and 20% in carbon (mass/mass) to prepare the catalysts
that will be placed in the cathode chamber.
Electrochemical measurements were performed using a

three-electrode cell, an Ametek PARSTAT 3000A-DXbi-

potentiostat/galvanostat, and a rotating ring disk (RRD)
accessory (Pine Instruments). The working electrode is a
rotating ring disk electrode (RRDE), which is composed of a
gold ring (area = 0.19 cm2) and a glassy carbon disk (area =
0.25 cm2) with a collection factor of 0.37. In the conventional
electrochemical cell, Ag/AgCl and Pt were used as the
reference electrode and the counter electrode (area = 2
cm2), respectively. To the working electrodes, 15 μL aliquots
of each sample were added, which consisted of a previously
prepared paint 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 Cu-complex
percentage catalysts were performed in KOH 1 mol L−1

aqueous solution. The curves were obtained at different speeds
ranging from 100, 400, 600, 900, 1600, and 2500 rpm.
To perform the SEMR-FC tests and to obtain the

polarization curves, the membrane electrode assembly
(MEA) was made with a Nafion 117 membrane treated with
KOH ; the Pt/C BASF catalyst (20% by weight) with 1 mg·
cm−2 Pt was used as the cathode in gas diffusion electrodes,
and catalysts with different Cu-complex ratios served as the
anode. The reactor, a cell with ElectroChem unit-type
serpentine distribution, was supplied with CH4 at a flow rate
of 50 mL min−1 and 1.0 mol L−1 KOH at a flow rate of 1 mL
min−1 at room temperature at the anode and external O2 with
the aid of a temperature-controlled humidifier bottle of 80 °C
with a flow rate of 200 mL min−1at the cathode.
The Fourier transform infrared spectroscopy (FT-IR)

technique was used to determine the different species formed
during the electrochemical oxidation of methane in the alkaline
medium at different potentials. Anodic reaction products were
collected by 300 s increments of 50 mV and analyzed by ATR-

Scheme 1. Molecular Structure of Ligand 1 and Cu-Complex 2

Figure 1. Solid electrolyte reactor.
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FTIR performed on an ATR accessory (MIRacle with a ZnSe
Crystal Plate Pike) installed on a Nicolet 6700 FT-IR
spectrometer equipped with a cooled MCT detector with
liquid N2. Raman spectroscopy was used for characterization
and quantitative determination of the obtained products. To
quantify the methanol concentration obtained from the
solutions collected in the solid membrane reactor (SMR),
the method applied by Boyaci et al.26 and Santos et al.12 was
used, using Horiba Scientific MacroRam Raman spectroscopy
equipment. The wavelength was set at 785 nm.

3. RESULTS AND DISCUSSION
As the catalytic reaction involves electron transfer, we first
study the electrochemistry of the catalyst (mixture of Cu-

complex/Carbon Vulcan) by using cyclic voltammetry (CV).
This measurement allows evaluation of the potential required

to perform the conversion of methane to methanol. Figure 2
shows the CV of the catalyst at several mass ratios of Cu-
complex/carbon. As can be seen, an increase in the percentage
of the Cu-complex on carbon results in two oxidation peaks at
−0.2 and −0.05 V that can be attributed to the formation of
copper oxides or surfaces containing copper.27,28 The carbon
reduction peak at −0.28 V shifts to a slightly higher potential
with an increase of intensity and broadness.29,30

For partial oxidation of methane by the electrochemical
method, water activation is necessary22,23 in which the
hydroxyl radicals can be produced directly by the oxidation
of water (eq 1).31

+ → • + ++ −M H O M( OH) H e2 (1)

This radical can be detected indirectly by the formation of
hydrogen peroxide generated by the chemical equilibrium of
this radical, according to eq 2:32

• + • → −OH OH H O or HO in the alkaline medium2 2 2
1

(2)

Figure 2. Cyclic voltammetry of Cu-complex/Carbon Vulcan material
in 1 mol L−1 KOH (v = 10 mV s−1).

Figure 3. RRDE voltammograms at 1600 r.p.m. in O2-unsaturated
electrolyte with the disk current, ring current, and current
corresponding to hydrogen peroxide obtained from the ring current.

Figure 4. H2O2% selectivity as a function of the applied potential.

Figure 5. Polarization curves of a 5 cm2 SEMR-FC at room
temperature using Cu-complex/Carbon Vulcan catalyst anodes (5 mg
cm−2 catalyst loading) and Pt/C BASF as the cathode in all
experiments (1 mg cm−2 Pt catalyst loading with 20 wt % Pt loading
on carbon), Nafion 117 membrane treated with KOH 1.0 mol L−1 +
CH4 at 50 mL min−1, and O2 flux at 200 mL min‑ 1.
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The detection of H2O2 electrochemically is carried out by
RRDE experiments and thus indicates the most suitable

percentage of the Cu-complex that should be used for the
conversion of methane to methanol in the alkaline medium.

Figure 6. FT-IR spectra of the effluent of the SEMR-FC at several potentials in 1.0 mol L−1 KOH, and the methane flow was set to 50 mL min−1

for (a) Carbon Vulcan, (b) 1% Cu-complex, (c) 2.5% Cu-complex, (d) 5% Cu-complex, (e) 10% Cu-complex, and (f) 20% Cu-complex.
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Figure 3 shows the disk and ring curves for H2O2 generation
and detection processes. It is noticed that for amounts of 2
incorporated into carbon 1, 2.5, and 5%, a higher quantity of
H2O2 is detected than for the other percentage of the mixture
of Cu-complex/carbon. The ring current also indicates the
potential for completion of the peroxide generation process. As
can be seen in Figure 3, the increase in the percentage of the
Cu-complex produced a shift in higher potential as compared
with the Carbon Vulcan (Carbon Vulcan = −0.22 V, Cu-
complex 1% = −0.19 V, Cu-complex 2.5% = −0.17 V, Cu-
complex 5% = −0.14 V, Cu-complex 10% = −0.12 V, and Cu-
complex 20% = −0.1 V).
This difference in the ring current and hence in the amount

of peroxide detected can be explained by the change in the
oxidation state of the Cu-complex, which can affect the amount
of oxygen close to the active sites, thereby creating an optimal
chemical environment for the activation of water, as reported
by Assumpca̧õ et al.33 The selectivity for the formation of
peroxide (% H2O2) can be calculated using34

=
+

I N
I I N

H O %
200 /

/2 2
r

d r (3)

where Id is the disk current, Ir is the ring current, and N is
the RRDE collection efficiency (0.37). The calculated results
are presented in Figure 4, where the H2O2% lines in the
potential range from −0.8 to −0.3 V, and H2O2 yields are ∼6,
∼5, ∼4, and 1% when Cu-complex percentage is Cu-Complex
2.5, 5, 1, and 10%−20% respectively. It is thus observed using
the disk−ring curves (Figure 3) that although the percentage
of 2 is 1%, the production of peroxide is proportional to the
current obtained for Cu-complex 5%. When we analyzed the
H2O2 conversion, this composition presents different efficien-
cies.
Figure 5 presents the polarization curves of the SEMR-FC

for different Cu-complex proportions with KOH and methane
fed on the anode. The results are in agreement with those
obtained from the electrochemical studies: (i) a low Cu-
complex percentage (1, 2.5, and 5) presents an open circuit

voltage (OCV) about 20% higher than that of catalysts with
Cu-complex 10 and 20%. The value of our OCV is comparable
to the one reported in the literature for methane oxidation with
low-temperature fuel cells (about 0.3−0.4 V).9,12,35,37 Lee et al.
presented several (V2O5/SnO2, Pd, Au, and Cu) catalysts with
OCV values (0 to −0.4 V) for the conversion of methane to
methanol at temperatures below 400 °C. Santos et al.
presented (Pt/ C, Ni/ C, and Pd/C) catalysts with OCV
values (0.2 to −0.35 V) at room temperature. Nandenha et al.
presented (Pd, Pt, and Zn) catalysts with OCV values (0.2 to
0.3 V) at 80 °C.36 From our results, we concluded that the
catalysts are more selective for H2O2 when 2 percentages are
2.5 and 5%.
Figure 6 shows IR spectra of the SEMR-FC effluent to

identify possible partial oxidation products of methane. For
Carbon Vulcan, it is observed that with the decreasing
potential, the band centered at ∼1302 cm−1 increases,
corresponding to degeneration of methane.37,38 In the case
of catalysts with 1, 2.5, and 5%, the absorption bands are more
definite as compared with those observed with 10 and 20%.
This may be explained by the increase of methane solubility in
solution, due to an increase in small organic molecules formed
from the partial oxidation of the hydrocarbon.12

The methanol production over Cu-complex/Carbon Vulcan
is evidenced by δ (CH3) bands at 1482, 1080, and 1030 cm−1

(Figure 6d).12,39 For Carbon Vulcan, these signals are present
since the OCV corresponds to 0 V with low resolution. In the
Cu-complex, these bands appear in a range of OCV until 0.15
V for 1%, 0.25−0 V for 2.5%, OCV−0 V for 5%, and OCV−0
V with low resolution for 10% and do not appear at all for 20%.
The band centered at 1345 cm−1 corresponds to ν(COO) of

solution formate,40 which is probably due to the methanol
oxidation reaction occurring only for Cu-complex 1% at all
potentials, indicating that this composition can promote higher
oxidation of the methane than others. For Cu-complex 2.5 and
5% also, a band at 1376 cm−1 is detected, which corresponds to
carbonate ions,41,42 products of complete oxidation of the
methane.

Figure 7. The reaction rate of methanol production in a SEMR-FC as a function of potential.
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The reaction rate (r) of methanol production is calculated
with eq 4 using the methanol amount quantified by Boyaci’s
method26 with the analytical curve constructed in the
methanol concentration range of 0.005−1.000 mol L−1 . For
the following analytical curve, an intensity = 5.14676 +
6.35603 [methanol] is obtained with the correlation coefficient
being 0.925.

=r
methanol amount

volume x time (4)

In the sample containing only carbon, the reaction rate of
methanol production as a function of the potential is not
significant (Figure7). The same is observed for the Cu-
complex 20% (Figure 6). However, for the other compositions,
the potential production of methanol from methane is
observed at an appreciable rate. The most active composition
is 2.5%, which produces rates greater than 1 mol L−1 h−1 and
decreases from 0.2 to 0 V where r = 1.85 mol L−1 h−1. The 5%
composition has an inverse behavior, with the highest r (1.65
mol L−1 h−1) close to the open circuit potential (0.3 V), which
decreases with the potential.
The highest conversion rates were obtained for Cu-complex

compositions that mostly produced hydrogen peroxide,
indicating that water activation is the determining point for
the catalyst applied in the SEMR-FC, confirming the evidence
already shown by other researchers.9,12,22,23,39

4. CONCLUSIONS
The Cu-complex, when added in adequate amounts to carbon,
improves the production of peroxide, functioning as a dopant.
When applied as an anodic catalyst in the SEMR-FC, it was
effective in converting methane to methanol. It is observed
from Figure 4 that, for amounts greater than 10% of 2, the
materials are inefficient in activating water and generating
hydroxyl radicals, which prevents the conversion of methane
into methanol. From the polarization curves, it possible to
observe that the potentials for the highest amounts of the Cu-
complex (10 and 20%) are very close to the lowest percentage
(1%). According to our results, percentages of 2.5 and 5% of 2
were the ideal quantities for applications in SEMR-FCs to
produce methanol from methane.
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Canada

Camila M. Godoy − Instituto de PesquisasEnerget́icas e
Nucleares, 05508-000 Saõ Paulo, SP, Brazil
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