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PdNi electrocatalysts supported on carbon were used as anode materials for methane oxidation in alka-
line direct methane fuel cells (ADMEFCs). The electrocatalysts were successfully synthesized by the
NaBH4 reduction method. X-ray diffraction measurements showed the formation of non-alloyed Pd in
the face- centered cubic (FCC) structure for all materials and formation of NiO and Ni(OH)2 species.
TEM images showed that the metal particles are well dispersed on the support with small agglomeration
regions. Information about the surface structure of the catalyst were obtained by Raman spectra, mainly
confirming the presence of Ni(OH)2. The species observed by DEMS, that is, methanol (m/z = 32), CO2 (m/
z = 44) and potassium formate (m/z = 84) were confirmed by FTIR, which also showed the presence of a
high amount of carbonate in the methane oxidation products of the ADMEFC with Pd50Ni50/C as the
anode catalyst. Tests in ADMEFCs showed that the dependence of the maximum power density on nickel
content in the catalysts goes through a maximum value of 13.5 lW cm�2 at 50 at% Ni. Moreover, the
amount of produced methanol decreases with increasing Ni content in the PdNi/C catalysts. Both these
results can be explained by the enhanced methanol oxidation in the presence of nickel.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction

Dependence on fossil fuels warns of environmental awareness
arising from the generation of greenhouse gases (GHG) that are a
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predominant cause of the climate change. However, nowadays do
not yet have a source of energy as cheap and comprehensive as
they are. In this context, natural gas, composed mainly of methane,
used mostly as a source of primary energy, is a powerful green-
house gas [1].

Thus, the existence of vast reserves of CH4, low cost and the
possibility of transforming it into other more versatile and useful
molecules such as methanol, and formate, addressed the research
to the conversion of the methane directly into other forms of liquid
fuels or higher hydrocarbons of greater added value [1,2]. Several
processes for direct methane conversion based on thermal, photo
and electrochemical systems, such as catalytic pyrolysis [3,4],
oxidative methane coupling [5–7], partial oxidation of methane
to methanol and formaldehyde [8] and photocatalysis [9] were
previously explored, nevertheless, electrochemical conversion still
has the advantage of having as a possible by-product the genera-
tion of electric energy [10].

An acceptable selectivity of CH4 to methanol is achieved only at
low/moderate levels of conversion, which results in extensive sep-
aration and recycling of unconverted CH4, since the desired pro-
duct (intermediate) is much more reactive than the CH4 itself
due to the strong barrier of activation of the CAH bond [11].

The use of methane in fuel cells and its partial oxidation is an
alternative way to methane combustion. Methane-fed low temper-
ature fuel cells can be used either to generate only energy (the
common use of fuel cells) or to co-generate both energy and
methanol. In this context, Proton Exchange Membrane Fuel Cells
(PEMFC) could be very interesting, because they operate at relative
low temperatures (25–100 �C), with both gas and liquid fuels [12–
15]. The use of lowmolecular weight alcohols as fuels in PEMFCs to
generate energy is widely reported in the literature [12,13,15–17].
Thus, PEMFCs fueled with methane could be an appropriate tool to
cogeneration of electricity and methanol. First Ferrell et al. [18]
evaluated methane oxidation in a PEMFC using a Pt-Ru ELAT anode
catalysts, but a poor performance was obtained. Then Joglekar et al.
[19] used Pt organometallic complexes supported on ordered
mesoporous carbon as anode catalysts in direct methane fuel cells
(DMEFCs) operating at 80 �C, obtaining a maximum power density
(MPD) of 28 lW cm�2.

Among pure metals, palladium is considered the most promis-
ing for methane oxidation at low temperatures, particularly in
alkaline media [20,21]. Tests in alkaline direct methane fuel cells
(ADMEFCs) showed that pure Pd possess a good selectivity to
methanol production, but the power generation is not satisfactory
[22]. To increase power generation, a way is the addition of a sec-
ond metal to Pd. It is known that the addition of Ni to Pd improves
methanol oxidation [39–42]. Thus, Ni addition to Pd should
increase power generation but at the expense of methanol selectiv-
ity. Ni presence, however, could reduce the oxidation of methane
to methanol [23–26]. A good compromise between power genera-
tion and methanol production should be highly desirable. On these
bases, in this work PdNi/C catalysts in different Pd:Ni compositions
were used as anode materials in alkaline direct methane fuel cells
(ADMEFCs) operating at room temperature and the effect of Ni on
the methanol production and cell performance was evaluated.
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Fig. 1. X-ray diffractograms of PdNi/C electrocatalysts in different atomic
compositions.
2. Materials and methods

For preparation of PdNi electrocatalysts in different composi-
tion (0, 10, 30, 50, 70, 90 and 100 at% Ni), Palladium Nitrate II
(Pd (NO3)2�2H2O – Aldrich) and Nickel Chloride II (NiCl2�6H2O –
Aldrich) were used as a source of metals, with a nominal metallic
load of 20%, 2-propanol alcohol (Merck) as a solvent, Sodium Boro-
hydride (NaBH4 – Aldrich) as a reducing agent, Potassium Hydrox-
ide (KOH - Merck) and Vulcan� XC72 (Cabot) as a carbon support,
under ambient conditions (temperature, pressure and atmo-
sphere). In water/2-propanol 50/50 (v/v) solution, the metal pre-
cursors and the support were added. Subsequently, 10 mL of
0.01 mol L�1 solution of KOH and excess NaBH4 was added. The
resulting solution was subjected to stirring for 30 min. The electro-
catalysts obtained were vacuum filtered, washed with water and
dried at 70 �C for 2 h.

The obtained catalysts were characterized by X-ray diffraction
and transmission electron microscopy (TEM). The diffractograms
were obtained to have information about the crystalline structure,
using the Rigaku diffractometer model Miniflex II with CuKa radi-
ation source (ʎ = 1,54056 Å), scanning in 2H from 20� to 90�with a
scanning speed of 2�min�1. For TEM experiments were obtained
the micrographs in a JEOL Transmission Electron Microscope
model JEM-2100 operated at 200 kV, where 150 nanoparticles
were digitally measured in each sample to construct the his-
tograms and calculate the average nanoparticle size.

Electrochemical experiments were performed using a three-
electrode cell in an Ametek PARSTAT 3000A-DX bipotentiostat/gal-
vanostat. Furthermore, in the conventional electrochemical cell,
Ag/AgCl electrode (3 mol L�1 KCl) was used as reference electrode
and a platinum plate was used as the counter electrode
(area = 2 cm2). On the surface of the working electrode, glassy car-
bon disc (area = 0.25 cm2), 15 ml aliquots of each sample of a pre-
viously prepared paint composed of a mixture of 8 mg of catalyst +
750 ml of H2O, 250 ml of isopropyl alcohol and 15 ml of Nafion D-520
at 5%. All experiments with different catalysts were carried out in
KOH 1 mol L�1 medium.

For ADMEFC tests, the membrane electrode assembly (MEA)
was made using a DuPontTM Nafion� 117 membrane; two fabrics
treated with polytetrafluoroethylene (PTFE � 35%); Pt/C BASF
(20% by weight) with 1 mg cm�2 as a cathode in the gas diffusion
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Fig. 2. TEM micrographs and particle size distribution histograms of Pd/C, PdNi/C and Ni/C electrocatalysts.
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Fig. 2 (continued)
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electrodes; and catalysts in different proportions of PdNi/C (20% by
weight), as an anode. The reactor, a ElectroChem cell with unit-
type serpentine distribution, was supplied with CH4 in a flow of
100 mL min�1 and KOH 1.0 mol L�1 with a flow of 1 mL min�1 at
room temperature at the anode and external O2 with the aid of a
humidifier with controlled temperature at 85 �C with a flow of
300 mL min�1 in the cathode. The tests were conducted on a spe-
cially designed test panel, while the polarization curves were
obtained using an Autolab PGSTAT 302 N potentiostat with a cur-
rent booster.

The ADMEFC measurements were assisted by online differential
mass spectroscopy (DMS) coupled to the anode effluent outlet
from the reactor. The DMS setup consists of two pumped chambers
and a quadrupole mass spectrometer, DaQMS 200 M1, Prisma,
Pfeiffer equipped with a continuous dynode secondary electron
multiplier/Faraday cup detector having a sensitivity of 200 A
mbar�1 and 100 a.m.u. mass range. A rotary vane pump (DUO 5,
Pfeiffer) was used to pump the primary vacuum chamber and a
turbomolecular pump supported by a dry diaphragm pump
(hicube 80, Pfeiffer) was used in the secondary chamber. A gas-
dosing valve (evn 116, Pfeiffer) connected the two chambers, and
the Reactor/DMS interface was sitting on top of the primary vac-
uum chamber separated by a PTFE membrane (pore size 0.2 mm
Whatman�) in continuous flow, and monitored by multiple ion
detection by QUADERA� software.

The products obtained from the partial methane oxidation reac-
tion were collected by 180 s increments of 100 mV and analyzed by
Fourier Transform Infrared Spectroscopy 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
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detector with N2 liquid. The analysis by Raman spectroscopy in this
study was used to provide a basis for structural/ qualitative analy-
sis and also for quantitative analysis of products obtained. For the
qualitative experiments by Raman spectroscopy, a conventional
electrochemical cell was adapted inside MacroRam Raman spec-
troscopy equipment (Horiba Scientific) to obtain spectra in a wide
range of studied potential. And the quantitative analysis of metha-
nol was determined by the method proposed by Boyaci [22,27],
using the equipment mentioned. The wavelength was set at
785 nm for all spectra obtained by Raman.
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Fig. 3. Voltammograms for Pd/C, Pd90Ni10/C, Pd70Ni30/C, Pd50Ni50/C, Pd30Ni70/C,
Pd10Ni90/C and Ni/C electrocatalysts obtained at a speed of 10 mV s�1, in the
presence of 1.0 mol . KOH L�1.
3. Results and discussion

Fig. 1 shown the X-ray diffractograms of Pd/C, PdNi/C and Ni/C
electrocatalysts. A peak is observed for all materials at approxi-
mately 2h at 23�, associated with the hexagonal structure of the
carbon support equivalent to plane diffraction (1 2 0) (JCPDS #
50–926). For Pd-containing catalysts it is possible to identify peaks
at 2h � 39�, 46�, 68�, 82� and 87� associated, respectively, to the
planes (1 1 1), (2 0 0), (2 2 0), (3 1 1) and (2 2 2) of the Pd face-
centered cubic (FCC) structure, according to Pd (JCPDS # 89-
4897). The absence of shifts of the diffraction peaks of PdNi/C cat-
alysts compared to those of Pd/C indicated no alloy formation. The
Ni/C electrocatalyst has two very wide peaks at 37� and 42�,
ascribed to NiO (JCPDS # 75-269) and two slight peaks at 34�
and 60� associated with the planes (1 0 0) and (1 1 0) of Ni(OH)2
also observed in materials with a high Ni content such as Pd30Ni70/
C and Pd10Ni90/C [28,29].

The micrographs obtained by TEM are illustrated in Fig. 2. The
prepared materials present good dispersion with some regions of
agglomerations on the carbon support, characteristics inherent to
the method employed in this work. The average nanoparticle size
values calculated by the particle size distribution histogram are
6.1 nm, 7.3 nm, 6.5 nm, 6.3 nm, 8.5 nm and 5.4 nm for Pd/C, Pd90-
Ni10/C, Pd70Ni30/C, Pd50Ni50/C, Pd30Ni70/C, Pd10Ni90/C, respectively.
For Ni/C does not possible to evaluate the particle size due to the
high agglomeration. The morphology of the materials observed in
TEM micrographs with a higher proportion of Ni such as Pd10Ni90/
C and Ni/C presents an irregular structure that could be related to
NiO, this result being consistent with the analysis of XRD and other
result described in the literature [30].

The cyclic voltammograms are shown in Fig. 3. The results were
obtained from the PdNi/C electrocalysts prepared with different
compositions using 1.0 mol L�1 KOH solution at room temperature
and sweep speed of 10 mV s�1.

All PdNi/C showed the adsorption/desorption peaks not well
defined when compared to Pd/C, this behavior validates the pres-
ence of Ni in surface, and the process Ni2+/Ni3+ is observed at
~�0.1 V in the anodic scan, indicated by the possible formation
of nickel oxides [31] and hydroxides [28]. For potentials above
�0.4 V an increase in current was observed for the electric double
layer region for the Pd30Ni70/C electrocatalyst compared to the
others. This behavior shows that the addition of Ni to Pd can
enhance methane oxidation, as discussed in previous studies
[32,33] and it shows that nickel hydroxides (Ni(OH)2 and NiOOH)
have high electron and proton conductivity and exhibit high cat-
alytic activity in heterogeneous electrocatalysts.

Fig. 4 shows electrochemical in-situ raman spectra for Pd/C,
PdNi/C and Ni/C catalysts in the potential range �0.85 V to
0.15 V, and it is possible to denote the presence of the D and G
bands characteristics of graphitic surfaces: the band G (1500 to
1600 cm�1) is attributed to stretching of the CAC bond in graphitic
materials and is common to all sp2 carbon systems, while the D
(1200 to 1400 cm�1) and D ’(1600 and 1630 cm�1) bands are due
to the breathing modes of the sp2 atoms in rings [34,35].

The G and D bands are present in all materials in a wide poten-
tial range. For the Pd/C and Pd90Ni10/C electrocatalysts, the G band
showed a higher intensity, due to the intense metal-carbon inter-
actions, which suggests that the Pd atoms can be found not only
in nanocrystalline clusters, but also in the vicinity of carbon atoms
[36]. In addition, in Pd-rich elctrocatalysts the spectrum shows a
peak with a position at �639 cm�1 attributed to the characteristic
PdO signal, with little change of intensity from the initial to the
final potential [37]. It is also possible to observe in all spectra the
band at 794 cm�1 that can be attributed to m (CAS) of Nafion� [38].

The characteristic bands for the NiO compound are visible at
497 and 455 cm�1, due to the Ni-O and Ni-OH vibrations, respec-
tively. The Ni(OH)2 compound dehydrates more easily in anodic
potentials, so the surface becomes unstable due to the
dehydration-hydration reaction, resulting in the growth and
decline of the two bands, sometimes in a disordered way [37,39].

Ni possesses a considerable activity for alcohol oxidation in
alkaline media. In contact with an alkaline solution nickel becomes
covered with a layer of nickel hydroxide, and the surface change
can be written as [40,41]

Niþ OH� ! Ni� OHads þ e� ð1Þ

Ni� OHads ! OH � Nið Þ ð2Þ

OH � Nið Þ þ OH� ! Ni OHð Þ2;ads þ e� ð3Þ

Ni OHð Þ2 þ OH� ! NiOOH þ H2Oþ e� ð4Þ
The oxidation state of the nickel in the oxide layer likely

changes continuously between two and three over a range of
potentials. The oxidation of methanol at Ni/NiOOH electrodes in
alkaline medium leads to the formation of formate:

CH3OH þ NiOOH þ OH� ! HCOOþ Ni OHð Þ2 þ H2O ð5Þ
Fig. 5 shows the polarization curves for KOH 1.0 mol L�1 with a

flow of 100 mL min�1 of humidified CH4 for PdNi electrocatalysts
in different proportions used as an anode in an ADMEFC operated
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Fig. 4. Raman spectra in situ of Pd/C, Pd90Ni10/C, Pd70Ni30/C, Pd50Ni50/C, Pd30Ni70/C, Pd10Ni90/C and Ni/C electrocatalysts in a 1.0 mol. KOH L�1 + flow of 100 mL min�1 of CH4

for 30 min�1 at different potentials corresponding to cyclic voltammograms from �0.85 to 0.15 V.
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at room temperature. The OCV values obtained (about 0.3 V�0.4 V)
are close to those reported by Nandenha [42,43] in a PEMFC and
Lee [44] during the galvanic polarization measurements in their
fuel cell type reactor. The dependence of the maximum power den-
sity (MPD), calculated from the polarization curves in Fig. 5, on Ni
content in the catalysts is shown in Fig. 6. The value of MPD goes
through a maximum value of 13.5 lW cm�2 at 50 at% Ni. The
increase of ADMEFC performance in the presence of Ni could be
due either to an improved methane conversion or to an enhanced
methanol oxidation or both. On the basis of the results of previous
works on alkaline direct methanol fuel cells with non-alloyed
PdNi/C as the anode catalyst [45–48], that reported an increased
methanol oxidation in the presence of NiO, we can suppose that
the better performance of Pd-Ni/C catalysts than Pd/C is overall
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Fig. 4 (continued)
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due to an enhanced methanol oxidation. The improvement of the
activity for methanol oxidation of Pd by Ni addition can be due
to the direct methanol oxidation by NiOOH (eq. (5)), to methanol
dehydration by NiO, and to the promotion of the formation of
PdO active species. The decrease of the MPD for high Ni content
in due to the decrease of Pd active sites.

The ADMEFC effluents were analyzed by an online differential
electrochemical mass spectrometer (DEMS) at constant flow. In
Fig. 7 the ionic currents of the m/z = 32, 44 and 84 ratios are pre-
sented corresponding to methanol, carbon dioxide and formate,
respectively.

The ionic currents (Ii) to the signal m/z = 32, attributed to
methanol, presents an increase observed in the range of potentials
close to the OCV for all materials except that the Pd/C material.
Between 0.15 V and 0 V, the Ii slightly decreases. This decrease
may be linked to the consumption of alcohol produced in ADMEFC,
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Fig. 6. Dependence of the maximum power density (MPD) of ADMEFCs with PdNi/C
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Fig. 7. Mass spectroscopy ionic currents (Ii) versus potential values of products
obtained from the oxidation of methane at Pd/C, PdNi/C and Ni/C anodes in
ADMEFCs.
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as mentioned in the literature [22,49] in this potential range. The
CO2 evidenced by the signal with m/z = 44, shows an Ii with an
abrupt drop of signal for the entire potential range for Pd/C and
for the OCV region between 0.30 V and 0.25 V, which shows that
there was no complete oxidation of CH4. For the other materials,
an almost linear drop is seen in the entire range of potential, indi-
cating less production of the corresponding species. The signal in
m/z = 84 corresponding to the potassium formate, shows a slight
decrease from the OCV to 0 V indicating low production for most
of the materials.

The DEMS shows the profile of the species due to the partial oxi-
dation of methane; however, in many cases, the Ii can be associated
with more than one chemical species. Therefore, ADMEFC effluent
samples were analyzed by FTIR to confirm the species obtained.
Fig. 8 presents the IR spectra of partial oxidation of methane in a
ADMEFC. With decreasing potential it is possible to observe an
increase of the intensity of the band at ~1302 cm�1, corresponding
to the deformation of methane [43,50]. This behavior can be seen
in the patterns of Pd/C, Pd90Ni10/C and Ni/C and it can be explained
by the high solubility of methane in the aqueous KOH solution
[51].

Methanol formation is evidenced by bands of 1033, 1077 and
1082 cm�1 [52]. The bands at 1033, 1077 cm�1 are visible in the
Pd70Ni30/C pattern almost uniformly over a wide range of potential,
and in the Pd50Ni50/C pattern between the potentials 0.25 to
0.15 V. The band at 1082 cm�1 is visible in the Pd10Ni90/C pattern
and increases with the potential drop to 0 V. for Ni/C the peak at
1033 cm�1 appears in potentials from 0.40 V to 0.30 V and
decreases with decreasing potential.

The bands centered at 1342, 1343, 1346 and 1347 cm�1, corre-
spond to the m(COO) of the formate in the solution [53], are visible
in the patterns of the Pd/C, Pd70Ni30/C, Pd30Ni70/C and Ni/C electro-
catalysts. Differently from that observed for the other materials,
the Pd50Ni50/C electrocatalyst presents good resolution of the car-
bonate bands (1382 cm�1) in any potential, with greater widening
of the band in potentials close to 0 V. The peak instability behavior
at different potentials can be explained by the interaction gener-
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ated by methyl radical with water activated species, as in photo-
catalytic processes [54–56] and electrochemical oxidative pro-
cesses [56–58].

The rate of methanol production (r) in the ADMEFC can be
quantified by the method of Boyaci [27] adapted by Santos et al.
[22]. Fig. 9 illustrates the amount of methanol concentration as a
function of the potential that was collected using an analytical
curve built in the concentration range of 0.005–1,000 mol L�1 of
methanol, at the obtained intensity = 4.249 + 4.037 [CH3OH] with
a correlation coefficient of 0.962.

As can be seen in Fig. 9, for each PdNi/C catalyst the maximum
rate of methanol production (rm) is attained at different potentials.
The dependence of rm on Ni content is shown in Fig. 10. An almost
linear decrease of rm with increasing nickel content in the catalysts
can be observed in Fig. 10. As in the case of the improvement of the
cell performance, and supporting this assumption, also this result
should be ascribed to the enhanced methanol oxidation in the
nickel presence.

The addition of Ni to Pd decreases the maximum conversion of
methane to methanol, however Ni presence promotes methanol
oxidation, resulting in an increase of power generation. the Pd50-
Ni50/C catalyst showed the highest MPD, due to the complete oxi-
dation of a high amount of methanol to carbonate, as evidenced by
FTIR measurements.
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4. Conclusion

The effect of Ni content in PdNi/C catalysts used as ADMEFC
anode materials on the cell performance and methanol selectiv-
ity has been investigated. Characterization techniques such as X-
Ray Diffraction, TEM and Raman Spectroscopy, indicated no
PdNi alloy formation and differences in the catalytic surface
structure associated with the formation of PdO, NiO and Ni
(OH)2 compound.. Nickel presence enhances the performance
of ADMEFCs, by increasing methanol oxidation. The dependence
of the MPD on Ni content in the PdNi/C catalysts goes through a
maximum. The Pd50Ni50/C catalyst showed the highest MPD, due
to the complete oxidation of a high amount of methanol to car-
bonate, as evidenced by FTIR measurements. A monotonous
decrease of methanol production with increasing Ni content
was observed. .

Summarizing, the use of bare Pd/C as anode catalyst in ADMEFC
maximizes methanol production, while the use of PdNi/C in the
atomic ratio 1:1 maximizes power generation. A good compromise
between power generation and methanol formation could be
obtained for a Ni content of 30 at%: at 70 at% Pd the MPD increases
by 50%, while methanol production decreases by only 25%.
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