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ABSTRACT: Unsupported PdCo aerogels were successfully
synthesized by means of microwave heating. The use of this
heating methodology provides some advantages compared to
conventional heating in terms of saving synthesis time and
improved physicochemical properties (i.e., greater surface area
and mesoporosity). The combination of palladium with cobalt
reduces the dependence of the noble metal and increases the
electrocatalytic performance in the ethanol oxidation reaction due
to a higher percentage of Pd0 in the PdCo aerogel, confirmed using
the X-ray photoelectron spectroscopy (XPS) technique. For the
application in energy conversion electrochemical systems, the
catalytic activity of aerogels was evaluated in a microfluidic fuel cell that uses ethanol as fuel, where the PdCo aerogel synthesized by
microwave heating exhibited great performance with 330 mA cm−2 current density, tripling the value of the palladium-based aerogel.
KEYWORDS: microwave heating, bimetallic aerogel, microfluidic fuel cell, high-surface electrocatalyst, ethanol oxidation reaction

1. INTRODUCTION
In the last years, microfluidic fuel cells (MFCs) have shown
significant advances due to their relevance and versatility in
many microscale applications as portable devices.1 MFCs avoid
the use of conventional polymeric membranes since they are
based on laminar flows with ion exchange at the interface
between them.2 Various fluids have been evaluated in a series
of devices such as blood or sweat and some fuels such as
hydrogen or hydrocarbons.3 To date, different MFC
configurations have been reported, where different factors
affect the performance of the device, the main one being the
catalyst used at both the anode and cathode. Hence, the
continuous improvement of catalysts used for fuel cells and
other electrochemical devices and systems is one of the current
challenges to ensure the performance of these technologies.4

Despite the fact that countless innovative materials have
currently been developed for several fuel oxidation reactions,
noble metal-based catalysts such as Pt, Ag, and Pd still play a
predominant role because of their superior catalytic activity,
resistance to corrosion, and high electrochemical stability.
Therefore, these precious metals guarantee a good perform-
ance of MFCs. However, the scarcity and high cost continue to
be an impediment for massive use in these devices. Aerogels
have emerged as an interesting proposal to solve the excessive
use of noble metals thanks to their high porosity and surface
area.5,6 Aerogels allow the use of very small amounts of the
catalyst while maintaining their catalytic effectiveness.7 The

advantages of their morphology and ultralow density give
aerogels a relevant role in nanotechnology and heterogeneous
catalysis.8,9 Several aerogels have been evaluated toward
electrochemical oxidation reactions such as Pd,10,11 bimetallic
materials such as Ag or Cu,7 noble metal aerogels supported on
carbon-based materials,12 and Pt aerogels.7,8,13

On the other hand, there are several investigations where the
oxidation processes are carried out using different types of fuel
as formic acid,14−16 glycerol,17 or ethanol.18 The proposal
toward improving aerogels as catalysts is functionalizing them
with transition metals abundant in the earth such as Co, Ni,
and Mn. The incorporation of transition metal atoms in the
structure of a noble metal aerogel could be a great step toward
the continuous improvement of this innovative material. The
main advantage provided by the transition metals will be the
increase of the catalytic activity and the low cost of the material
due to their abundance in nature.19 The optimal composition
between noble and transition metals will benefit the catalytic
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performance, chemical stability, and corrosion resistance,
which are characteristics of noble metals.20,21

In this work, a bimetallic aerogel is synthesized by
incorporation of a transition metal (cobalt) in the noble
metal structure (palladium) by means of a novel process based
on microwave heating. The effect of the heating technology
(i.e., microwave vs conventional heating) is also analyzed in
terms of physicochemical properties and electrocatalytic
performance of the aerogel. As a practical application, the
PdCo aerogel has also been evaluated in a microfluidic fuel cell
that works with ethanol as fuel.

2. EXPERIMENTAL SECTION
2.1. Aerogel Synthesis. The synthesis of Pd−Co aerogels was

carried out by adding 10 mL of PdCl2 (2 mg/mL, 99% Sigma-Aldrich
ReagentPlus) to a solution of sodium carbonate (≥99.5%, J. T. Baker)
and glyoxylic acid monohydrate (98% Sigma-Aldrich) (ratio 6:1) in
40 mL of deionized DI water. The mixture was heated at 68 °C for 2
h for the nucleation reaction. The gelation process elapsed for 7 h at
45 °C. Two different PdCo samples were prepared: The first one,
PdCo-MW, consisted of PdCo obtained by microwave heating (MW)
in two steps (i.e., nucleation and gelation process). Meanwhile, the
second material PdCo-OV was synthesized with the same procedure
as the first one, except for using conventional heating in an oven
(OV) for the same time (2 h at 68 °C for nucleation and 7 h at 45 °C
for gelation). For control experiments, a palladium aerogel, Pd-MW,
was obtained by microwave heating at the same conditions of PdCo-
MW. Samples from the wet gels were washed several times with DI
water and ethanol. Three samples were cooled to room temperature
for washing before drying. The drying process was performed with a
residual volume of 3 mL of DI water. The mixture was then frozen
with liquid N2, and the solvent was eliminated by lyophilization
(HyperCOOL, model: HC3110) at −110 °C for 1 day (Figure S1).
2.2. Physicochemical Characterization. The crystal structures

were characterized by X-ray diffraction (XRD; D8-advance diffrac-
tometer Bruker) equipped with a Cu Kα X-ray source (λ = 0.1541
nm, 40 kV, 40 mA,), using a step size of 0.02° 2θ and a scan step time
of 5 s. The morphology of the aerogel samples was characterized using
a JEOL JEM-2100F high-resolution transmission electron microscope
(HR-TEM) with spherical aberration correction. The specific surface
area and the pore size distribution were estimated by nitrogen
adsorption−desorption isotherms at −196 °C (Micromeritics ASAP
2020), after overnight outgassing at 120 °C. The electronic structure
of elements was measured by X-ray photoelectron spectroscopy (XPS;
K-Alpha+ spectrometer equipped with the Avantage Data System
from Thermo Scientific).
2.3. Ethanol Oxidation Reaction Evaluation. Electrochemical

performance toward the ethanol oxidation reaction (EOR) for PdCo
and Pd aerogels was carried out in a Biologic VMP3 potentiostat/
galvanostat using a conventional three-electrode electrochemical cell

in acid media at 20 mV s−1 scan rate. A glassy carbon electrode (3 mm
diameter) was used as the working electrode, with a Ag/AgCl
electrode and a Pt wire as reference and counter electrodes,
respectively. The electrocatalyst ink was prepared using each aerogel
sample in a mixture of DI water (500 μL) + Nafion (5%, 50 μL) per
milligram of the catalyst. The ink was sonicated for 1 hour, and then,
10 μL was deposited over the electrode surface. The electrolyte was
bubbled with N2 for 30 minutes before the electrochemical
measurements. Electrochemical profiles were obtained using the
cyclic voltammetry technique (CV); all experiments were performed
in 1 M KOH in the absence or presence of 0.5 M ethanol within a
potential range between −0.1 and 1.8 V vs RHE, where the faradaic
processes were visible in a mass current, normalized by mg of the
catalyst.
2.4. Microfluidic Fuel Cell Configuration. The description of

the microfluidic fuel cell (MFC) type “Y” configuration has been
previously reported by our group.22 Briefly, according to Figure 1, the
top cover made of acrylic (A) had 19.5 mm height with a slot by air-
breathing arrangement (1) and fluid injection area (2). (B) A pair of
carbon paper electrodes (41 mm height and 3 mm width) is placed.
(C) It corresponds to a Silastic membrane with a geometric
adaptation that favors the formation of a microfluidic exchange
zone. (D) It is a lower cover made with acrylic, which contains a
groove to vent fluids (3). The air-breathing cathodic compartment
was equipped with a commercial catalyst based on Pt/C (10 wt %,
Alfa Aesar) and 0.5 M H2SO4 previously bubbled with O2 for 30
minutes, as a catholyte. The flux rate was 200 μL min−1 in both MFC
compartments. The linear sweep voltammetry (LSV) technique was
used to obtain curves from open-circuit voltage (OCV) until 0 V to
observe the mass current obtained. The chronoamperometric test was
carried out at 1.1 V for 3 days in order to evaluate the catalyst
stability.

3. RESULTS
3.1. Physicochemical Characterization. XRD patterns

of the synthesized aerogels are shown in Figure 2. In addition,
the crystallite size was calculated using the Scherrer equation

=d K
cos111

111 (1)

XRD patterns for PdCo-MW and Pd-MW aerogels were
observed with four major diffraction peaks appearing at the 2Θ
values. The peak with the highest intensity was taken for the
calculation of crystallite size. In the Pd-MW aerogel, the peaks
were 40.1, 46.5, 68.1, and 82.1°, which are ascribed to the
(111), (200), (220), and (311) reflection planes of Pd (JCPDS
#46-1043), respectively. These peaks agree with a face-
centered cubic (FCC) crystal structure. The resulting aerogels
revealed characteristic Pd peaks and a shift in position (111) to

Figure 1. Microfluidic fuel cell (MFC)-type ″Y″ configuration. (A) Top cover, (B) carbon paper electrodes, (C) silastic gaskets, and (D) lower
cover.
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the left, suggesting the presence of PdCo alloys as shown in
Figure 2. The PdCo aerogel presents peaks in 2Θ, which were
40.4, 46.2, 68.1, and 81.8°, compared with the reference
JCPDS #65-6075 corresponding to PdCo, which has a peak
with high intensity in 2Θ with a value of 41.7° corresponding
to the reflection plane (111), being further away from the one
obtained and coinciding even more with the JCPDS #46-1043
of Pd.

The crystallite sizes obtained using the 2Θ values of 40.1 and
40.35° with the Scherrer equation (eq 1) were 9.46 and 3.70
nm for Pd-MW and PdCo-MW, respectively. There is a great
difference between materials, detecting a notable decrease of
crystallite size for PdCo-MW compared to that obtained for
the Pd aerogel.

HR-TEM was performed to characterize the morphology
and structure of the synthesized aerogels. The analysis reveals
interconnected clusters at nanometric size, not independent
nanoparticles, which are related to the typical structure seen in
all sol−gel materials (Figure 3). TEM images at different
magnifications show chains of particles defining pores of
different sizes between them, typically a characteristic for
aerogels. The sample PdCo-MW shows particle sizes between

5.7 and 7.5 nm, similar to those of the sample PdCo-OV
(between 5.6 and 7 nm). It seems that transition metal
incorporation allows obtaining smaller particles than the ones
formed in Pd-MW, where particles up to 8 nm can be
observed. These particle sizes are going to be important for the
porosity and specific surface area developed in these aerogels,
which in turn are relevant for the further superficial reactions
that could take place in any application, as will be discussed
later.

At higher magnification, it can be seen that the interplanar
distances are wider for cobalt-containing catalysts, which can
be attributed to the presence of the alloy between the two
metals used in the synthesis.23−25 The interplanar distance for
Pd-MW is 0.22 nm, while the incorporation of transition
metals increases this value to 0.24 and 0.255 for PdCo-OV and
PdCo-MW, respectively. This may be interpreted as cobalt and
palladium crystals coexisting in the chemical structure of the
nanoparticles.25−28 The slight differences between PdCo-MW
and PdCo-OV could be attributed to different chemical
compositions due to the different heating processes employed
during the synthesis process.

In addition, the N2 adsorption/desorption isotherms
presented in Figure 4 clearly show that the materials present
a mesoporous structure: (i) there is an increasing N2
adsorption volume at intermediate relative pressures and (ii)
there is a hysteresis loop in the desorption isotherm. This
mesoporous structure can only be obtained if the materials are
aerogels; otherwise, this structure would not be developed.
Furthermore, in the case of nanoparticles, the N2 adsorption
isotherms usually exhibit a sharp increase in the adsorbed
volume near the saturation point (P/P0 = 1) due to
interparticular condensation, but this is not the case as the
adsorption is gradual with the relative pressure. Therefore, it is
clearly demonstrated that the materials presented in this article
are indeed bimetallic aerogels. The surface area of the samples
was determined using the BET equation, obtaining values of
63, 58, and 50 m2 g−1 for PdCo-MW, PdCo-OV, and Pd-MW,
respectively.

Figure 2. XRD patterns for PdCo-MW and Pd-MW samples.

Figure 3. HR-TEM images of aerogel samples. (a) PdCo-MW; (b) PdCo-OV; and (c) Pd-MW.
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Using the X-ray photoelectron spectroscopy (XPS)
technique, the analysis of PdCo aerogels was performed in
all samples to know the chemical composition and oxidation
states (Figure 5). The broad spectrum of the sample, as shown
in Figure 5a, indicates the presence of C, Pd, Co, and O peaks
of impurities such as Na and Si, which are typical of the
synthesis of the study material. The spectrum of Pd 2p is
observed in Figure 5b, having binding energies for Pd 3d3/2
and Pd 3d5/2, corresponding to the peaks of 340.7 and 335.55
eV, respectively.

The deconvoluted spectrum shows the energy band values at
peaks with 336.43 and 341.76 eV at Pd2+. In contrast, those
located at 335.15 and 340.5 eV refer to Pd0, which is attributed
to an oxidation state,27−29 constituting the Pd/PdO. However,
when comparing the synthesized aerogels, a higher concen-
tration of Pd2+ is shown for the PdCo-OV sample than for the
PdCo-MW sample, so the heating process of the PdCo-MW
aerogel presents more stability by containing a higher
concentration of Pd0.

High-resolution Co 2p scanning is presented in Figure 5c,
where the spectra of Co 2p exhibit two prominent peaks with
binding energies of 780 and 796 eV corresponding to Co 2p3/2
and Co 2p1/2, respectively. The difference between the peaks of
Co 2p is due to the splitting energy of the spin−orbit. The
oxidation state of cobalt ions was determined from the high-
resolution spectra of Co 2p by the Lorentzian−Gaussian

adjustment method, where the adjusted peaks correspond to
the binding energy values, giving the peaks of 780.5 and 795.4
eV corresponding to Co2+, and those located at 782.2 and
797.7 eV refer to Co3+, with a margin of error of the binding
energies reported for the structure for Co3O4;

30−3230−32

however, by comparison of the samples, there is no difference
in the signals of the peaks. Hence, it has the presence of the
CoPd alloy on the surface, having two spectra in their
oxidation state. The quantitative evaluation of each peak was
obtained by dividing the area of the peak, which was calculated
from the cross sections and the mean depth of the escape
electrons. XPS data were interpreted using Avantage Thermo
software with angular resolution (ARXPS), where molar
proportions were obtained as Co0.72Pd0.1, in addition to
calculating the percentage of the relative weight of the sample,
where also, 18% C was found,24,28 where there is a higher
percentage of Pd2+ with 40.3% than Pd0 at 30.5% for the
PdCo-OV sample.33

The 3d spectra of Pd collected during the pretreatment
processes showed that on the surface of the aerogels, the Pd
was partially oxidized, as expected.34 However, the Co
remained oxidized, with few perceptible changes in the region
of the Co 2p spectrum. In comparison, for the PdCo-MW
sample, there is a higher concentration of Pd0 at 35.8%. This
shows that PdCo aerogels can oxidize during the carbonization
process in the heating techniques presented, resulting in
greater oxidation of the Pd-MW sample. In contrast, the PdCo-
MW sample presents the stability of the material by not
undergoing total oxidation, which is consistent with the results
of TEM and electrochemical tests presenting a better response
in microwave heating of the sample PdCo-MW.35

3.2. Electrochemical Performance. Aerogel samples
were evaluated by cyclic voltammetry (CV) to determine
their electrocatalytic activity toward the ethanol oxidation
reaction (EOR) in potential ranges between −0.1 and 1.8 V vs
RHE (all potential values were normalized vs RHE).
Electrochemical profiles in the absence of ethanol were
obtained in 1 M KOH at ambient conditions and 20 mV s−1

scan rate (Figure 6). The resulting voltammograms show the
peaks attributed to Pd activity: (i) the hydrogen desorption in
the range of 0.3−0.5V, (ii) hydrogen adsorption at 0.35 V, (iii)
Pd(II) oxide reduction at 0.75 V, and (iv) Pd(II) oxide
formation at 1.38 V. However, the samples obtained in this
work also contain Co; therefore, there are other peaks that may
be attributed to the oxidation (v) and reduction (vi) of Co
metal species (Figure 6a). For the PdCo aerogels, oxidation
and reduction processes are observed between 0.9 and 1.55 V
vs RHE.

The use of microwave heating during the synthesis steps
clearly improves the electrochemical activity of PdCo-MW.
The lower particle size detected by TEM and the higher
content of the Pd0 present in the PdCo-MW evaluated by XPS
show clearly that this synthesis procedure has a great impact on
the electrochemical performance of the aerogels compared to
that obtained using a convectional heating process as in the
case of PdCo-OV.

The evaluation of the EOR was carried out in the same
range of potential as the CV tests, where it can be seen that the
mass current for the PdCo-MW aerogel was clearly superior to
that obtained when PdCo-OV was used (Figure 6b).
Furthermore, compared with the sample that only contains
Pd, the current density value obtained with the material based
on PdCo-MW was almost 3 times greater than that obtained

Figure 4. (a) BET analysis of aerogels. (b) Pore size distribution in
aerogel samples.

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.3c00173
ACS Appl. Energy Mater. 2023, 6, 6410−6418

6413

https://pubs.acs.org/doi/10.1021/acsaem.3c00173?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c00173?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c00173?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c00173?fig=fig4&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.3c00173?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 5. XPS analysis for Pd and Co species in PdCo aerogels. (a) High-resolution general spectra of PdCo aerogels. (b) Evaluation of spectra in
the Co 2p region. (c) Evaluation of spectra in the Pd 3d region. (d) Comparison of spectra in the Pd 3d region before and after the stability test of
the PdCo-MW aerogel. (e) Comparison of spectra in the Co 2p region before and after the stability test of the PdCo-MW aerogel.

Figure 6. Comparative voltammograms of PdCo-MW, PdCo-OV, and Pd-MW in 1 M KOH (a) in the absence of ethanol and (b) in the presence
of 0.5 M ethanol.

Table 1. Comparison of Electrocatalysts Used for the EOR in Alkaline Media Reported to Date

Sample Ethanol Concentration Electrolyte Maximum ell Voltage Maximum Current Density (mA cm−2) Reference

Pd/C 1 M 1 M KOH 0.78 V vs RHE 30 36
Ni@Pd-Ni NAs 0.5 M 1 M KOH −0.25 V 50 37
NiPd 1 M 1 M NaOH 0.82 V vs RHE 4.1 38
Au@Pd/C 1 M 1 M KOH −0.19 V vs MMO 10.5 39
NCNT-Pd 0.1 M 1 M KOH −0.39 V vs Ag/AgCl 10.30 40
cPd(DBA)2 0.5 M Gly/KOH 1 M KOH 0.08 V vs NHE 16 41
Pd-MW 1 M 1 M KOH 1.03 V vs RHE 28 this work
PdCo-OV 1 M 1 M KOH 1.05 V vs RHE 37 this work
PdCo-MW 1 M 1 M KOH 1.28 V vs RHE 70 this work
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with the Pd-MW electrocatalyst, exhibiting the advantage of
using the combination of Pd and Co besides the microwave
heating during synthesis. This novel procedure can be
compared with other studies previously reported, where
other materials that are not aerogels do not reach current
densities as high as that of the PdCo-MW aerogel (see Table
1).

Based on the results in the half-cell, PdCo-MW vs Pd-MW
aerogels were selected to be compared in the MFC (Figure 7)
in order to corroborate the contribution of Co in the
electrocatalytic activity of the materials.

In the case of the results obtained with the Pd-MW
electrocatalyst, 22 mW cm−2 as maximum power density was
obtained with an OCV of 0.88 V; meanwhile, when PdCo-MW
was used as the anodic electrocatalyst, an increase of 1 order of
magnitude in the maximum power density value (120 mW
cm−2) and an OCV of 1.59 V were achieved. In addition,
maximum current densities of 330 and 80 mA cm−2 were
achieved with PdCo-MW and Pd-MW, respectively (Figure
7a). It is important to note that the high OCV values are due
to the properties of the catalytic material in combinations with
the pH gradient in the system (anolyte and catholyte), as has
already been reported in some studies.49−51

Finally, the electrochemical stability of the synthesized
materials was also evaluated in the microfluidic fuel cell for a
prolonged period of time (70 h). Figure 7b shows a stable
performance for the MFC that uses the PdCo-MW aerogel
compared to that of the sole palladium aerogel (Pd-MW),
which is maintained along the time. Therefore, the presence of
cobalt in the aerogel not only improves the catalytic
performance toward the EOR but also clearly improves the
material stability by maintaining the excellent performance for
more than 70 h.

Figure 8 presents a schematic representation of the
homogeneous distribution of the electrolytes, which have
different characteristics such as pH and density, used in the
microfluidic device. This profile was obtained by simulation
experiments using Open FOAM CFD simulation software,
where at 200 μL min−1 flux rate, the interface formation under
the laminar flux is guaranteed.

Furthermore, Figure 5d,e shows a comparative XPS study
for the sample of PdCo-MW before and after current−time
stability tests of the electrocatalyst for 70 h (Figure 7b), where
the oxidation states in Pd 3d are observed, with the peaks in
Pd0 and Pd2+, Co 2p, with the peaks of Co2+ and Co3+. It can
be appreciated that no change in the average width of the peak

Figure 7. (a) Polarization and power density curves of MFC using 1 M ethanol as fuel and O2 as an oxidant and Pd-based aerogels as anodic
electrocatalysts. (b) Stability test performance of the MFC using PdCo-MW and Pd-MW aerogels.

Figure 8. Distribution of the electrolytes injected in the MFC, acid and alkaline, for the catholyte and anolyte, respectively.
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for both elements occurred, which indicates that there was no
oxidation state change of the material. However, it is observed
that the intensity of the high peak decreases; this behavior is
attributed to the fact that the material remains stable in the
polarization tests of MFC.

Finally, for comparative purposes with the aerogels
presented in this work, Table 2 presents the MFC performance
previously published using several electrocatalysts (not
aerogels) in the presence of ethanol as fuel.

4. CONCLUSIONS
The PdCo-MW aerogel was successfully synthesized by an
innovative method based on microwave heating. The use of
microwaves significantly increases the specific surface area and
the presence of Pd0, which are relevant for further electro-
chemical reactions. Furthermore, the combination of cobalt
with palladium not only increases the specific surface area but
also leads to a significant increase in mesoporosity (also called
as feeder pores). On the other hand, the interplanar spacing of
Pd(111) measured by HR-TEM shows an increase for the
PdCo aerogels compared to that of the Pd aerogel alone and a
slight increase in the case of using microwave heating during
the synthesis, indicating the presence of Pd−Co metallic alloys
and a beneficial effect of using microwaves.

All of these physicochemical properties of the PdCo-MW
aerogel offer a great advantage for electrochemical applications,
especially for the ethanol oxidation reaction, even in
microfluidic fuel cells, where the current density reached a
value of 330 mA cm2 (more than 3 times that of the palladium
aerogel), besides a much greater stability over time. Moreover,
this type of electrocatalytic material with high surface area,
active sites, and stability could be widely used for oxidation
reactions of several fuels and applied in electrochemical energy
systems.
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Table 2. Comparison of MFC Performance Using Ethanol as Fuel

Anode Cathode

Electrode
Area
(cm2) Fuel Electrolyte

Flow
Rate

(μL/min)
OCV
(V)

Power
Density

(mW cm−2)

Maximum
Current Density

(mA cm−2) Reference

Pd−Ag/MWCNT
(2 mg)

Pt/C (30 wt %)
(2 mg)

0.09 3 M ethanol;
air-breathing

1 M KOH 200 0.95 14.5 34 42

Pt−Ru (1:1)
(4 mg cm−2)

Ag−Pt/graphene
(0.04 mg cm−2)

0.015 2 M ethanol;
air-breathing

0.5 M KOH 2.8 0.75 10 54 43

PtRu/C-Sb Pt-C (60 wt %)
(5 mg)

0.1963 1 M ethanol 0.1 M H2SO4 200 0.74 23.27 68.06 44

Pd/C 1.5 M ethanol;
air-breathing

0.5 M H2SO4
and 0.3 M
KOH

1.03 99.66 400 45

Pd−NiO/C (1 mg) Pt/C (1 mg) 0.015 1.5 M ethanol;
air-breathing

0.5 M H2SO4
and 0.3 M
KOH

2.5 1.11 108 242 46

Pt80Sn10Ni10/C C (2 mg cm−2) 0.3 1 M ethanol;
0.1 M sodium
percarbonate

0.5 M H2SO4 0.71 37.77 226.61 47

Pt−Sn−Ru/C
(7:1:2)
(2 mg cm−2)

Pt/C (2 mg cm−2) 0.3 1 M ethanol;
0.1 M sodium

0.5 M H2SO4 300 0.63 36 230.2 48

PdCo-MW Pt/C (2 mg cm−2) 0.02 1 M ethanol 1 M KOH 200 1.59 120 330 this work
Pd-MW Pt/C (2 mg cm−2) 0.02 1 M ethanol 1 M KOH 200 0.88 22 80 this work
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