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Understanding the Electrooxidation of Dimethyl Ether on
Pt;Pd;Sn, Supported on a Mixture of Carbon Materials

Medhanie Gebremedhin,' Hannan Teller,"*® and Alex Schechter’***

lDepartment of Chemical Sciences, Ariel University, Ariel, 40700, Israel
2Research and Development Centre for Renewable Energy, New Technology Centre, West Bohemia University, West
Bohemia in Pilsen, Czech Republic

Recently, we reported a rigorous study on the effect of carbon supports and their cold plasma treatment on a state-of-the-art
catalyst, PtzPd;Sn,, for dimethyl ether (DME) electrooxidation. The catalyst supported on a mixture of 75% activated multi-walled
carbon nanotube (MWCNT) (75 M) and 25% pristine black pearl 2000 (BP2000) (25B) (Pt3;Pd3Sn,/75M25B) offered improved
DME kinetics with respect to the single or other combinations of the same supports. In this work, the results of the electrochemical
impedance spectroscopy (EIS) were coupled with physicochemical characterizations (X-ray Diffraction (XRD), Small Angle X-ray
Scattering (SAXS), and Scanning Tunneling Electron Microscopy (STEM)) for a detailed understanding of the origins of the
improved kinetics. With an appropriate composition of the two supports in the mixture (75SM25B), a catalyst with optimized
particle size, dispersion, and conductivity was obtained. A Pt;Pd;Sn,/75M25B-coated electrode exhibited a reduced charge transfer
resistance of 0.63 ohms at the catalyst layer compared to BP2000 and MWCNT, which showed 1.53 and 1.31 ohms, respectively.
These results provide vital insights into catalyst support design considering the use of support mixtures of optimized conductivity
and surface area for enhanced power output.

© 2023 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/
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The various advantages that dimethyl ether (DME) offers over
other small organic molecules recently led to extensive research on
direct DME fuel cells (DDMEFCs). DME is easy to store and
transport in a liquid form at low pressure (5 atm). It also provides a
high energy density of 8.1kWkg™' and has reduced Nafion
membrane crossover, thereby minimizing the cathode mixed
potential.' However, the need for high loading of precious metals
has been one of the challenging issues that prohibited the DDMEFCs
application. Alloying the noble metals with other relatively low-cost
metals, choosing the best catalyst support, and improving the
catalyst’s utilization have been adopted by many studies to improve
the power outg)ut of these cells while reducing the content of the
noble metal.>™ Carbons are the leading supporting materials for fuel
cell catalysts, owing to their chemical stability, electronic conduc-
tivity, and improved particle dispersion, thus lowering the catalyst
loading while maintaining high power density.

The commonly used carbon supports include Vulcan XC72,°
carbon cryogel,'® carbon aerogel,'' single and multi-walled carbon
nanotubes (SWCNT and MWCNT),”> and black pearl 2000
(BP2000)."* Among the selected supporting materials, BP2000 and
CNTs have gained substantial attention due to their high surface
area, conductivity, and chemical stability.'*'

In a fuel cell, fast charge transfer kinetics is essential to sustain
high power output that depends on the type of platinum-based
catalysts as well as on the dispersion of the catalyst particles on the
support, its porous structure, and the thickness of the catalyst layer
coated on the electrode.'®'® Facil charge transfer kinetics also
depend upon the surface adsorbed oxidation intermediates,'® fuel
concentration,”® and the working electrode applied potential.?”
Electrochemical impedance spectroscopy (EIS) is an excellent tool
to determine the various charge and mass transfer-related impe-
dances that hinder the flow of electrons and ions and to analyze the
reaction kinetics at the electrode and electrode-electrolyte
interface.”!

In our previous study,” we have shown a highest reported
performance of a ternary metal catalyst (Pt;Pd;Sn,) supported on a
mixture of 75% multi-walled carbon nanotube (75M) and 25%
black pearl 2000 (25B) towards DME oxidation. The primary

*Electrochemical Society Member.
“E-mail: salex @ariel.ac.il

objective of this work is, therefore, to further understand the
influence of the combined properties of the carbon mixture on the
impedances and capacitances present at the catalyst layer and
electrode-electrolyte interface during dimethyl ether (DME) electro-
oxidation. The electrode used was a Toray paper coated with
Pt;Pd;Sn, supported on pure and mixtures of plasma-treated
MWCT and pristine BP2000 (Pt3Pd3Sny/xM(100-x)B (x = 25—
100)). In addition, X-ray diffraction (XRD), small-angle X-ray
scattering (SAXS), and scanning tunneling electron microscopy
(STEM) measurements were performed to assess the effect of
particle size, structure, and morphology of the catalyst particles
due to varying the composition of the binary carbon supports.

Materials and Methodology

Catalysts synthesis.—The Pt;Pd;Sn,/xM(100-x)B (x = 25-100,
M = MWCNT, and B = BP2000) catalysts were synthesized
following the procedure elucidated in the literature by Kashyap et
al.>! In short, the metal precursors, K,PtCly, PAdCl,, and SnCl,, were
dissolved separately in ethylene glycol. The solution was mixed with
either ethylene glycol-dispersed pure or a mixture of MWCNT and
BP2000 supports and stirred overnight. The mixture was refluxed at
180 °C-200 °C for two hours after adjusting its pH to 12 with the
addition of NaOH. After cooling the solution to room temperature,
the catalyst was washed several times with a mixture of acetone and
distilled water collected by centrifugation and dried.

Physical characterizations.—X-ray diffraction (XRD) measure-
ments were done using a Rigaku SmartLab diffractometer equipped
with a DteX250(H) detector and a CuKa rotating anode X-ray
generator. Conditions used were a wavelength, ), of 1.54 A and a
3 kW max. load operating at 40 kV and 45 mA. The XRD pattern
was recorded between 20 = 10° and 100° at a scan speed of 0.1
degrees/min. Transmission small-angle X-ray scattering (SAXS)
(SmartLab, Rigaku) analysis of the catalysts was conducted to
determine the effect of the supports on the size and distribution of
the particles. The sample was scanned in the range between 0.6° —
2° at an interval of 0.05°. The X-ray source and detector used for the
SAXS and XRD were the same. An image of the catalysts was taken
using a scanning tunneling electron microscope (STEM) (Tescan
MAIA3 Triglav™, Brno-Kohoutovice) to visualize the surface
morphology and particle dispersion.
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Electrochemical impedance spectroscopy.—Impedance spectra
were measured in a conventional three-electrode cell using a
graphite rod, Ag/AgCl electrodes, and catalyst-coated non-teflonized
carbon paper as a counter, reference, and working electrodes,
respectively. To prepare the ink, 4 mg of the catalyst mixed with
20 pl of aqueous Nafion solution (5% in aliphatic alcohol) (20% of
the catalyst powder) was dispersed in a 1 ml mixture of isopropyl
alcohol and distilled water (1:1, V/V). A 25 ul aliquot of this
suspension was coated on a 1 cm? electrode making the loading 100
ug cm 2, also verified by the dry weight change. All the potentials
are expressed versus a normal hydrogen electrode (NHE) reference
electrode. The potential of the Ag/AgCl (4 M KCl), used when
performing the electrochemical measurements, was first compared
with the normal hydrogen electrode and was nearly 0.214 mV
higher. Hence, this offset potential was subtracted from the
measured potentials using Ag/AgCl reference electrode to convert
it to NHE using Eq. 1. The Nyquist plot was recorded from 200 kHz
to 10 m Hz with 6 frequencies per decade and 10 mV amplitude
using an electrochemical workstation (BioLogic VSP) at selected
bias potentials.

E(NHE) = E(Ag/AgCl) — 0214 V (1]

Fitting the EIS data with a selected equivalent electric circuit (EEC)
model was performed by the Zfit function from the EC-lab software
(version 11.33), as shown in Fig. 1. For a better fitting, a high
iteration number (>20000) was used. The iterative method chosen to
minimize the fitting criteria, XZ/IZI, was a randomized + simplex
method.? The randomization tool helps to select a suitable set of
initial values that are very close to the real values that would yield
the lowest possible X/IZI.

The total impedance, Z, of the equivalent circuit shown in Fig. 1
which is used to fit the EIS data discussed in the later sections, is
given by Eq. 2

Ry
4+ 7
Ry Oy (jao)* + |

e Ry
Rledl(ja))“z +1

+ o0 2(1 - j) 2]

Where R; is the solution resistances, RIIQ; (R; and Qy connected in
parallel) is the combination of the resistance and capacitance at the
catalyst film layer, and R./IQ, is the charge transfer resistance and
double-layer capacitance at the electrode surface/electrolyte inter-
face. A detailed physical description of these circuit elements is
provided in the subsequent sections. a; and a, are exponents for O
and Q to account for the roughness of the electrode surface. w is the
frequency and o is the Warburg impedance coefficient which can be
calculated using Eq. 3.

L _ kT [
,\/EnZFZ CUXDI){Z Crea'Dleg

0. T

(3]

Where R, T, n, and F are the ideal gas constant, absolute
temperature, the number of electrons transferred, and Faraday’s
constant, respectively. C and D are the concentration and diffusion
coefficient, respectively, of the oxidation and reduction species.

Equation 2 could be resolved into the real and imaginary
impedance components (Z,, and Z;,,, respectively) as shown in
Egs. 4 and 5

Oy Qu
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Figure 1. Equivalent circuit of the Nyquist plot for the catalysts.
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Figure 2. (a) X-ray diffraction patterns of the Pt;Pd;Sn, catalyst supported
on the mixture of BP2000 and MWCNT carbon supports.
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Results and Discussion

Physicochemical  characterizations.— X-ray  diffraction.—
Shown in Fig. 2 are the X-ray diffraction patterns of the
Pt3Pd;Sn, catalyst supported on the carbon support mixture. These
peaks were matched well with the Atokite phase (PDF 1522890),
which has the chemical formula of (PtPd); sSn. The XRD peaks for
this phase appear at 26 of 39.03°, 45.38°, 66.13°, 79.54°, and 83.85°.
The main characteristic peaks of the catalyst at these angles
correspond to the Miller Index of (111), (200), (220), (311), and
(222). The catalysts have a face-centered cubic (FCC) crystal
structure with a space group of Pm-3m. Relative to this phase, the
peaks for the catalysts showed a 1 — 1.5° shift towards higher
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angles. The positive shift in 26 was ascribed to the decrease in the
size of the unit cell according to Brags law.>*

In our previous study, the XRD pattern for the catalyst supported
on pure MWCNT and BP2000 was reported.”” Pt;Pd;Sn,/BP2000
had an average crystallite size of 3.67 nm, smaller than that of
Pt;Pd;Sny/MWNCT (5.70 nm) due to the growth of the nanoparti-
cles in the confined small pores of the BP2000. This was evidenced
by the pore size analysis using N, adsorption in our previous study.
Unlike MWCNT, which showed no change in the N,-gas uptake
following the incorporation of the particles, BP2000 showed a
significant decrease. In this case, the strong metal-support interaction
pulls the metal layers toward the interface and decreases the
crystallite size. The high surface area of BP2000, which enabled it
to have better contact with the particles and the insertion of some of
the metal particles into the pores of this support, strengthens the
metal-support interactions.>” In the mixture of these supports, the X-
ray peaks shifted towards lower 20 as the MWCNT content
increased, indicating an increase in the unit cell dimensions.
Therefore, MWCNT’s role in the support mixture is not in obtaining
smaller-sized particles. It was reported that the particle size effect on
the oxidation of organic molecules is associated with the difference
in the Pt-CO and Pt-OH bond strengths.?® Small-sized particles have
higher oxygen affinity than larger ones hence they contain more Pt-
OH species via water activation (session of H-O-H bonds) at lower
potential. These -OH species help to oxidize the poisoning CO .
However, with a further decrease in the particle size below the range
of about 4.5 nm, the number of reactive species adsorption sites is
limited due to the hiigh surface coverage of the hydroxide as well as
other metal oxides.”’ Therefore, for better catalyst performance,
optimizing the particle size is highly essential. The highest DME
anodic currents were observed with Pt;Pd;Sn,/75M25B of an
average crystallite size (D) of 4.18 nm, calculated by Scherrer’s
Eq. 6 from the peak assigned to the 220 planes, as was done for the
single supports.

D= k.A
p.cos @

(6]

Where k, A, [, and 6 are the shape factor (0.89), radiation
wavelength, full width at half maximum intensity (FWHM) of
(220) plane, and Brag’s angle, respectively.

Scanning tunneling electron microscope.—Figure 3 shows STEM
images of the catalyst supported on pure and a mixture of carbon
supports. Even though the dispersion of the particles on BP2000 was
not excellent considering its high surface area, it was still better than
on MWCNT which showed local particle agglomerations.
Agglomeration of nanoparticles on MWCNT is presumably due to
the high tendency of the tubes to adhere to each other and
agglomerate.”® When using black carbons, agglomeration happens
only where particles are exposed (not embedded in the micropores).
It can be observed in Fig. 3 that the composite of these two supports
did not improve the dispersion of the metal particles and was
exacerbated by an increase in the MWCNT content. The poor
dispersion of the catalyst on the MWCNT support resulted in an
inhomogeneous surface, evidenced by the value of the capacitance
exponents as explained in the EIS section. Therefore, the best
performance exhibited with higher MWCNT content in the support
mixture (75M25B) is associated with having better exposed metallic
active sites, rather than due to improved dispersion of the catalyst on
the support.”’

The particle size for the nanoparticles supported on selected
supports was calculated by taking more than 100 randomly picked
nanoparticles from the STEM images and a histogram showing the
particle size distribution (PSD) is displayed in Figs. 3f-3h. The
average particle size calculated from the STEM was correlated with
the crystallite size determined by the XRD and didn’t show a
significant difference. For the Pt3Pd;Sn,/75M25B, these values are
4.31 and 4.18 nm, respectively.

Small-angle X-ray scattering (SAXS).—The PSD of the metal
particles supported on different carbon supports as measured by
SAXS is displayed in Fig. 4. NANO Solver software was utilized to
analyze the SAXS experimental PSD data. An apparent difference in
particle size is seen, although the overall particle distribution lies in
nearly the same range for all the catalysts. The largest average
particle size of 15.85 nm and maximum probability of 4.95 nm was
obtained for Pt;Pd;Sn,/MWCNT. Moreover, the shift of the PSD
curve towards higher particle diameter indicated that the particles for
the MWCNT-supported catalyst were relatively large compared to
the particles on the other supports. Particles formed on the sidewalls
surfaces of the MWCNT tubes tend to aggregate into large particles
(Fig. 3a). On the other hand, Pt;Pd;Sn,/BP2000 showed particles
with a smaller average size of 13.2 nm and a maximum probability
of 3.87 nm and has a relatively narrower PSD. The trend that the
average particle size increases with the increase in the MWCNT
content in the support mixture (Fig. 4b) is in line with the one
calculated from the XRD with the values showing only minor
differences.

The background-corrected transmission SAXS profile for the
catalysts is displayed in Fig. 5a. The corresponding fits included in
the curves were generated assuming that the particles were spherical,
as was indicated by the excellent fitting of the data with the
simulated curves. It can be seen that for all the catalysts, the
scattering intensity is convex downward, which is typical of a
sample with a broad PSD.*° This was confirmed from the PSD curve
for these catalysts in Fig. 4a. Figure 5b shows the SAXS profile of
intensity (/) vs scattering vector (g) at the low g region. The value of
q was obtained using Eq. 7

_ 4rsinf

1 (7]

Over the entire low ¢ region, the I of the catalyst supported on
MWCNT was the highest. Wu et al.,31 reported that an increase in /,
especially at a lower g region of the SAXS profile, is an indication of
particles with large sizes which verifies the larger size of the
MWCNT-supported particles. The nonlinearity of I vs g at low ¢
(Fig. 5b) arises from the interference of radiation scattered by
particles that are very close to each other at a distance smaller than
their individual particle size.*> As a result, the increase in the
nonlinearity of the I vs q curves with the increase of MWCNT
content in the mixture is an additional confirmation of particle
agglomeration. Therefore, the better dispersion of the particles
exhibited in Pt;Pd;Sn,/75M25B than on MWCNT shown in
Fig. 3e is due to the contribution of the 25% BP2000 added. The
more pronounced oscillation (more scattered wave) at the high ¢
region observed by Pt;Pd;Sn,/25M75B indicates its comparatively
narrow particle distribution (Fig. 4a). Conversely, the broad dis-
tribution of Pt;Pd;Sny/MWCNT particles was noticed from its
obtained relatively monotonous curve.

Electrochemical impedance spectroscopy.—Shown in Fig. 6 is
the Nyquist plot recorded from 200 kHz to 10 m Hz at 0.8 V (vs
NHE) with 6 frequencies per decade and 10 mV amplitude in DME-
saturated 0.5 M H,SO, using a Pt;Pd;Sny,/75M25B anode catalyst.
In the catalyzed electrode, there may exist more interfaces such as
Toray paper-catalyst particles, carbon-metal alloy, catalyst particles-
Nafion. The catalyst and Nafion solution were mixed by vigorous
stirring during the catalyst ink preparation. Hence, the differences in
the time charge transfer constants of these interfaces are beyond the
detection limit of our measurement. Therefore, we have labeled
these interfaces as one term, the catalyst layer. a Voigt-type
equivalent circuit having two time constants (7 = RC) (Fig. 1)
was selected to fit the spectra and the values of the circuit elements
are summarized in Table I. It should be noted that the simulated
curves seem to fit well with our experimental data using the
proposed equivalent circuit. The statistical relative deviation,
X?/1ZI, was very low (see Tables I, III). The Nyquist plot of the
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Figure 3. STEM image for (a) Pt3Pd;Sno,/MWCNT (b) Pt;Pd;Sn,/BP2000 (c) Pt3Pd3Sn,/25M75B (d) Pt3Pd3Sny/SOMS0B and (e) Ptz;Pd;Sny/75M25B. (1), (g),
and (h) histogram showing PSD of Pt;Pd;Sn, supported on MWCNT, BP2000, and 75M25B, respectively.

catalyst supported on all the carbons consisted of two semicircles;
one at high frequency and the other at the high to low-frequency
range; and an inclined straight line at a slope of nearly 45°. The
intercept of the real part of the impedance at the beginning of the
first semicircle (Inset of Fig. 6a) is ohmic resistance corresponding
to the electrolyte resistance to the flow of ions (R;). This parameter
value did not show a significant difference among the catalysts.
The first small semicircle, visible by zooming of the high-
frequency region, appears at all potentials and is regardless of the
presence or absence of DME in the solution, as discussed in the
following sections. This suggests that it is not related to the DME
oxidation reaction. Moreover, this semicircle is also present in
unsupported catalyst and catalyst-free supports-coated electrodes
(Fig. 6¢; a portion of the Nyquist plot at the high-frequency region is
displayed for clarity). This semicircle is related to the resistance due

to the H" and SO, transgort limitation through the carbon/Nafion
or metal/Nafion film (Ry). 3 It can be seen from Fig. 6¢ that the
diameter of the first semi-circle is lower for metal-free carbon-coated
electrodes than for the unsupported catalyst-coated electrode, due to
the proton conductivity enhancement by the hydrophilic quinone/
hydroquinone redox groups of the carbon material. Generally,
relative to the single carbons, a smaller Ry was obtained when a
mixture of carbons was used as support. This can be ascribed to the
increase in the number of catalyst layer components. The lowest Ry
(0.63 Ohm) was found in a mixture of MWCNT and BP2000 carbon
supports with a relatively high MWCNT content (75M25B). We
ascribed this low resistance to a more uniform and optimal
distribution of the pores within the catalyst layer of large irregular
MWCNT bundles connected by Van der Walls interactions and
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Figure 5. (a) Transmission SAXS profile of the catalyst supported on pure

small BP2000 particles acting as spacers, thus providing opening
paths for charge transfer between the elongated CNTs and metals.

The second and larger semicircle appeared at the high-to-low
frequency range (50 kHz - 100 mHz), only in the presence of DME
in the electrolytes, hence representing the charge transfer resistance
related to the adsorption of DME oxidation intermediates such as
CO,q4s, CH, OCHj3, and formic acid on the electrode/electrolyte
interface (R.,).>* The R, was highly affected by the selected carbon
support materials. The lowest R, for Pt;Pd;Sn,/75SM25B (220 Ohm
cm™?) corresponds to faster charge transfer kinetics at the electrode/
electrolyte interface associated with fewer DME poisoning oxidation
intermediate species at 0.8 V. In our previous study,”” we observed
that relative to the other studied supports, the 75M25B-supported
catalyst exhibited the lowest onset potential and highest current
density during the stripping of the pre-adsorbed CO monolayer.
Therefore, the lowest R,; value of this catalyst shows that the support
material played a paramount role in removing the CO,4s from
Pt3Pd35n2.

The capacitive impedances at the first and second semicircles are
fitted to the equivalent circuit shown in Fig. 1 in terms of constant
phase element (CPE) coefficients (Qr and Qg , respectively) to
account for the inhomogeneity of the porous electrode surface.
The porous nature of the catalyst layer film is confirmed by the
values of CPE exponents (a; and a,) not being unity. However, the
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and mixture of carbons. and (b) SAXS profile at the low-q region.

values of a; and a, being in the range of 0.80-0.98 suggest that the
electrode surface heterogeneity was minimal.*> Comparatively, the
a; and ap values for Pt;Pd;Sn,/BP2000 were the largest which
indicates that the surface was relatively smooth. Capacitive im-
pedances attributed to the dielectric property of the surface-immo-
bilized film (Q,)*® show the highest (2.83 x 107 F) value for
75M25B supports, in agreement with the highest DME oxidation
charge (2015.3 + 107.7 mC) obtained with the catalyst supported on
this support mixture.”> The Nyquist plot also shows an inclined
straight line with a slope of nearly 45° at the low-frequency region of
100 to 10 m Hz which is typical in the EIS of a porous film. This line
is the Warburg impedance (W;) assigned to the mass-transfer
resistance of the surface-active species. W; is almost equal for all
the catalysts. The slight variation in W; values could be ascribed to
lateral diffusion of DME or oxidation intermediate on Pt;Pd;Sn,
confined in the small pores of BP2000.

The phase angle and impedance module are shown in Fig. 6b.
Phase angle plot can be a reference to clarity and support the semi-
circles of a Nyquist plot. The two peaks of the phase angle that are
shown at the high and low-frequency regions (30 kHz and 3 Hz,
respectively) correspond to the two semi-circles shown in the
Nyquist plot (Fig. 6a). The maximum phase angle appearing at the
middle-lower frequency region increases and shifts towards a lower
frequency values with an increase in the MWCNT content in the
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Figure 6. (a) Complex-plane impedance and (b) bode phase impedance plots recorded using Pt;Pd;Sn, supported on pure and mixed supports in a DME-
saturated 0.5 M H,SO, electrolyte. The inset in (a) is the semi-circle that appears at a high-frequency region. (b) Nyquist plot recorded using a carbon-free

catalyst and catalyst-free carbons coated on Toray
10 mV amplitude; catalyst loading of 100 ug cm™~).

gaper‘ (Nyquist plot recorded from 200 kHz to 10 m Hz at 0.8 V (vs NHE) with 6 frequencies per decade and
)

Table 1. Simulated values of parameters in the equivalent circuit (in a DME-saturated solution at 0.8 V).

Catalyst Pt;Pd;Sn,/BP2000 Pt;Pd;Sn,/25M75B Pt;Pd;Sn,/50M50B Pt;Pd;Sn,/75M25B Pt;Pd;Sn,/MWCNT
R, (Ohm) 222 2.17 2.14 2.11 2.08

R; (Ohm) 1.53 1.31 1.01 0.63 1.15

Or (F) 425 x 107 374 x 107 333 x 107 320 x 107 3.40 x 107
R, (Ohm) 252 565 445 220 429

Qu (F) 7.00 x 107 1.66 x 107 1.80 x 1072 2.83 x 1072 5.98 x 107
W;(Ohm s'?) 42.45 45.86 4575 4238 40.58

X2z 0.07 0.08 0.09 0.07 0.09

mixture. In all the frequency ranges, the minimum module of
impedance (IZl) shown by Pt;Pd;Sn,/75M25B indicates the highest
performance of the catalyst’’ On the other hand,
Pt;Pd;Sn,/25M75B having the highest IZI especially at the lower
frequency region is related to its lowest activity. This is consistent
with the electrochemical measurement results obtained for these
catalysts in our previous work.?

Since the catalyst supported on the above supports is the same,
the differences in the electrolyte, film, and charge transfer resis-
tances are related to the support material’s effect on the active
metals. Hence, the effect of relevant applied electrode overpotentials
and DME concentrations was further explored on the selected
support materials as discussed in subsequent sections.

Potential effect.—Changing the electrode potential at which the
impedance spectra are recorded affects the kinetic, mass transport,
and diffusion regions of the DME polarization curve. The effect of

the potential bias on the impedance spectra of the catalyst
Pt;Pd;Sn,/75M25B, that showed the highest peak current density
(1.01 + 0.06 mA cm2) and oxidation charge (395 * 21.92 mC
mgpiay) towards DME oxidation,* was studied by recording EIS at
potentials between 0.2-1V as shown in Fig. 7a and the corre-
sponding Bode plot is presented in Fig. 7b. Except for the EIS
recorded at 0.2 V, a similar equivalent circuit as to the one shown in
Fig. 1 was used to fit the data. Since the second semicircle was not
present in the EIS spectra measured at 0.2 V, the parallel R./IQ; was
omitted from the equivalent circuit analysis. Excellent fitting results
are confirmed from the minimal value of X*/IZI (Table II).

The solution resistance (R;) obtained from the intercept of the
real impedance at high frequency was almost independent of the
potential bias when an aqueous solution of the same ionic concen-
tration was used for all the potentials. Hence, the R, values of all
potentials are expressed relative to the resistance at 0.2 V. The
resistance at the catalyst layer (Ry) depends on the applied electrode
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Figure 7. Effect of potential bias on the (a) Nyquist and (b) Bode impedance spectra recorded using Pt;Pd;Sn,/75SM25B. (c) Change in the values of Ry and Ry,
vs applied potential. (d) LSV (10 mV s ') recorded using the catalyst (in DME-saturated 0.5 M H,SOy electrolyte, 100 pig cm ™2 catalyst loading).

Table II. Equivalent circuit fitted values at varying potentials.

Potential (V vs NHE) 0.2 0.4
R, (Ohm) 232 2.30
Ry (Ohm) 1.64 1.32
R, (Ohm) — 493
Qu (F) — 474 x 1072
W, (Ohm.s'?) 81.83 53.41
X211zl 0.02 0.09

potential affecting the transport of H" and SO, at the metal-metal
and metal-support interfaces.*®*® With an increase in the electrode
potential, the diameter of the first semicircle decreased (Ry de-
creased) suggesting that the transfer of H" and SO, across/between
the catalyst layer components was facilitated. The slight increase in
the Reat 1 V could be due to the formation of oxide species at high
potentials that hinder these ions’ movements (Fig. 7d).

Since the low applied potential of 0.4 V is far from the DME
oxidation onset potential (0.5-0.55V, Fig. 7d), the impedance
mostly describes the charge transfer of proton adsorption/desorption
on the DME-covered catalyst surface. In the absence of any
significant DME oxidation at these potentials, stable molecular
fragments such as CHj;, CH,OH, and CO,q>* inhibit the proton
adsorption/desorption kinetics, leading to a high value of R,

The diameter of the second semicircle was small at 0.6 V and
0.8 V for the Pt;Pd;Sn,/7SM25B catalyst. This is ascribed to facile
DME oxidation kinetics, consistent with higher current density
shown in Fig. 7d at these potential regions, also supported by the
smaller phase angles of the Bode plot observed at this potentials as
compared to the other potentials (Fig. 7b). The previous report' on
XC72-supported Pt;Pd;Sn, anode catalyst showed that the DME
oxidation onset potential and the peak current density occur at
around 0.6 V and 0.75 V, respectively. However, when supported on

0.6 0.8 1.0
2.20 2.16 222
0.74 0.67 1.10
226 268 586

6.3 x 1072 7.8 x 1072 6.5 x 1072
61.27 34.07 45.40
0.08 0.08 0.05

75M25B, the onset potential shifted more than 70 mV to a lower
potential and showed a higher current density at 0.7 V.>* The low R,,
obtained at 0.6-0.8 V with 7SM25B support also suggests a facile
DME oxidation kinetics and better removal of the adsorbed DME
oxidation intermediates such as CO,q4,. The increase in the R, above
0.6 V was ascribed to the presence of a low concentration of surface
adsorbed intermediates (diffusion-controlled process) followed by
the formation of a thick oxide layer that prevented further adsorption
and oxidation of DME. The lower R, at 0.4 V as compared to at 1 V
(Fig. 7c), suggests that the passivation of the surface by the oxides
formed at higher potentials poses more resistance than the kinetic
limited process at lower potentials. It can be seen in Table II that the
capacitive impedance (Q,) is higher in the potential region where
DME oxidation occurs (0.6—1 V).

DME concentration effect.—Shown in Fig. 8a is the variation of
the impedances with the change in the concentration of DME in the
solution. The simulated values of the EEC elements are given in
Table II1. For the 0.74 M of DME, EIS has been recorded in a DME-
saturated 0.5 M H,SO, solution. The 20%-80% (0.15-0.59 M) of
the saturated DME gas concentration was achieved by purging a
required volume of Ny-saturated 0.5 M H,SO, solution to the
initially DME-saturated 0.5 M H,SO, solution using a burette
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Figure 8. Effect of varying the DME concentration in 0.5 M H,SO, on the (a) impedance (b) Bode spectra measured using a Pt;Pd;Sn,/75M25B-coated
electrode (Nyquist plot recorded from 200 kHz to 10 m Hz at 0.8 V with 6 frequencies per decades and 10 mV amplitude).

Table III. Simulated values of parameters in the equivalent circuit at varying DME concentration.

Concentration (M) 0.74
R, (Ohm) 1.96
Ry (Ohm) 0.58
R, (Ohm) 226.6
Qu (F) 3.01 x 1072
W, (Ohm.s'?) 35.27
X2zl 0.08

mounted to the three-electrode cell. The cell was completely sealed
to prevent DME gas from escaping the solution. A similar EEC as in
Fig. 1 was employed to fit the data with the simulation.

It can be seen from Table III that the electrolyte resistance, R,
decreased with the increase in the DME concentration in the
solution. This was due to the reduction in the surface tension of
the solution making it less resistant to the flow of ions. Kumar et
al.*® studied the surface tension (1) for a binary mixture of DME and
water and observed that with an increase in the mole fraction of the
DME, the 7 of the mixture decreased. The first semicircle of the
Nyquist plot (Ry) is not exclusively related to the DME oxidation
since it was also present in the impedance spectra of the N,-saturated
0.5M H,SO,. However, the radius is shown to decrease with an
increase in the DME concentration.

High DME concentration at the electrode/electrolyte interface
improves the kinetics, lowering the kinetic charge transfer resis-
tance, R.,. It can be observed in Fig. 8a that with an increase in the
DME concentration in the solution, the diameter of the second
semicircle (R,,) decreases in agreement with the surface coverage by
DME and faster anodic reaction kinetics. EIS studies by Danaee et
al.*' and Ekdharmasuit et al.** conducted on electrooxidation of
varying concentrations of methanol and ethanol, respectively,
showed similar observations. The highest Q,; at 0.74 M of DME is
associated with the highest charge that could be provided by
saturating the solution with DME.

The corresponding phase angle and impedance module plots at
varying concentrations of DME oxidation are shown in Fig. 8b. At
0M DME, the phase angle doesn’t show a clear peak. However,
with an increase in the DME concentration in the electrolyte, the
phase angle decreases and shifts to a higher frequenc?/ which
indicates an enhancement in the DME oxidation kinetics.****

DME oxidation kinetics.—To the best of our knowledge, DME
oxidation kinetics on any catalyst-coated electrode surface has not
been reported. In this study, we have calculated the DME oxidation
kinetic parameters (reaction order (n) and rate constant (k), and
DME diffusion coefficient (Dpyg)) from the EIS measurements. To

0.56 0.37 0.19
2.42 3.01 3.16
0.66 0.93 1.08
255.3 413.7 565

3.65 x 107 3.00 x 107 2.90 x 107
44.09 55.03 49.97
0.05 0.06 0.09

determine n and k, an exchange current density (j,) was initially
computed for each R, (resistance associated with the DME oxida-
tion) obtained at varying DME concentrations (C) at 0.6 V (Fig. 8a)
according to the linearized Butler-Volmer Eq. 8.

_ RT
zFAR

Jo (8]
Where R, T, z, F, and A are the universal gas constant (J mol 'K,
reaction temperature (K), number of electrons transferred, Faraday’s
constant (C mol ), and the electrode area (cm?), respectively. Here,
we have assumed a complete DME oxidation for the z as the
potential applied (0.8 V) is high enough to oxidize all the reaction
intermediates formed.
The j, is related to the C by Eq. 9

_kCn
A

Jo (9]
Combining equating Eqs. 8 and 9 and taking the log of the resulting
equation yields the following Eq. 10

RT

log R, nlog C + log(sz) [10]
Hence, a plot of log R., and Log C displayed in Fig. 9a gives a
straight line with a slope n and y-intercept log (ART/zFk).
Accordingly, the calculated n and k values are 0.68 and 1.10 X
107, respectively. The value of n for the DME oxidation on
Pt;Pd;Sn,/75M25B calculated in this study is slightly higher than
a previously reported value for DME combustion on Pt supported on
Zeolite Socony Mobil-5 (P/ZSM-5).** The lower n obtained on Pt/
ZSM-5 could be due to the high temperature (80 °C-150 °C) applied

during the thermal combustion.
The DME diffusion coefficient (Dpyg) Was also calculated from
the low-frequency linear part of the Nyquist plot (Warburg im-
pedance) (Fig. 8a). The real or imaginary component of the Warburg
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impedance (W, or Wy,) is inversely related to the square root of
angular frequency (w™".%). Therefore, a plot of W, vs w™ " gives a
straight line as shown in Fig. 9b, with a slope of the Warburg
coefficient (o). The Dpyg could then be calculated from o using
Eq. 11.

R2T?

Dpyg (EIS) = AR

(11]

Where R, T, A, z, F, and C are the ideal gas constant, absolute
temperature (298 K), electrode surface area, the number of electrons
transferred, Faraday’s constant, and the concentration of the
oxidizing species, respectively.

The Dpyg computed from the Warburg impedance was com-
pared with the Dpyg determined from a chronoamperometry (CA)
(Fig. 9c¢) recorded at the same potential and catalyst loading (0.6 V
and 100 pg cm™?) using the Cottrell Eq. 12.

1 = AFCYDoue FC_V Dowe [12]
TN

The Dpypg computed from the EIS and CA were in the same orders
of magnitude (1.07 x 1073 and 2.25 x 1073 cm? 57!, respectively).
This value is lower than the reported diffusion coefficients of liquid
fuels such as methanol and ethanol which are in the order of 10~ and
10719 cm? s7, respectively.*o+

Conclusions

The role of support materials on the activity of a catalyst
(Pt3Pd3Sn,) was studied using electrochemical impedance spectro-
scopy (EIS) coupled with various physico-chemical characterization
techniques such as XRD, SAXS, and STEM. To this end, the

catalyst was supported on a single and a combination of MWCNT
and BP2000 carbon supports. Even though better dispersion and
particles of smaller size were observed on pure BP2000, their
confinement in the support pores makes them inaccessible to the
DME fuel. On the other hand, the positive advantage of better fuel
accessibility by the particles due to their deposition on the sidewalls
of the MWCNT tubes was counterbalanced by the presence of large
and agglomerated particles. Mixing the two carbon supports in
appropriate proportions allowed for obtaining catalysts of optimized
particle size, surface area, dispersion, and conductivity. A facile
movement of protons and SO, ions was observed among the
catalyst layer components for the 75M25B-supported
Pt;Pd;Sn,-coated electrode. This was ascribed to the conductive
nature of the support. Moreover, the smallest charge transfer
resistance at the electrode/electrolyte interface (R.) for
Pt;Pd;Sny/75M25B suggests the role of the optimized support in
enhancing the catalyst activity towards DME oxidation and better
removal of oxidation intermediates.
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