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Nonthermal Plasma-Modified Carbon-Carrying Sn-Based
Ternary Nanocatalyst for High-Performance Direct

Dimethyl Ether Fuel Cells

Medhanie Gebremedhin Gebru, Hannan Teller, Palaniappan Subramanian,*

and Alex Schechter*

A Vulcan XC72 carbon-supported Sn-based ternary metal catalyst (Pt;Pd;Sn,/C)
is reported to have yielded the highest specific power density (90 mW mg ™ pcm)
as compared with other catalysts tested for direct dimethyl ether (DME) fuel
cells. However, the micropores present in Vulcan XC72 limit fuel utilization by
causing Pt agglomeration. Vulcan XC72 composed of nongraphitized carbon
species is also prone to corrosion. Therefore, herein, carbon supports such as
multiwalled carbon nanotubes (MWCNT), black pearl 2000 (BP2000), and their
cold N, plasma-treated counterparts are tested to further enhance the activity of
the catalyst and systematically describe the comparative advantages over the
Vulcan XC-72 carbon. Electroanalytical tests show that Pt;Pd;Sn,/BP2000
exhibit excellent performance in terms of electrochemical active surface area,
peak current density, and DME oxidation charge. A beneficial effect of plasma
activation on the activity is observed only in the case of MWCNT while having
no or negative effect on the other carbons. Laboratory fuel cell test indicates that
Pt;Pd;Sn, nanoparticles supported on optimized binary carbon support con-
taining 75% plasma-activated MWCNT and 25% BP2000 (Pt;Pd3;Sn,/75M25B)
provides the highest reported power density of 117 mW mg ™' at 70 °C fuel

as methanol, ethanol, and ammonia due
to its high theoretical energy density
(8.2kWhkg "), low toxicity, ease of stor-
age, and transport in addition to the signif-
icantly reduced crossover from the anode to
the cathode. So far, DDMEFCs perform
best with Pt and Pt-based transition metal
catalysts of high activity as cathode and
anode active materials, respectively.'*’!
However, the high cost, lack of long-term
stability, and Pt metal being readily prone
to poisoning by surface-adsorbed fuel
oxidation products (CO,qs) are the main
challenges impeding the further develop-
ment of DDMEFC technology.

Lowering the loading of Pt-based catalysts
and discovering catalysts with improved
activities and long-lasting stability are the
main features of studies reported thus far
in the anode catalyst development research
for DDMEFCs.*”) One way to increase the

cell temperature and ambient pressure.

1. Introduction

Direct dimethyl ether fuel cells (DDMEFCs) are considered to be
promising among direct gaseous hydrocarbon-fed low-tempera-
ture proton-exchange membrane (LT-PEM) fuel cells for various
portable devices."! The utilization of DME as a fuel in LT-PEM
offers several advantages over other hydrogen carrier fuels such
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catalyst utilization and lower the loading lies

in choosing the optimal carbon matrix for

supporting the active catalysts. Supporting

metal catalysts on suitable solid carbon par-
ticles enhances electrocatalytic performance by providing high
electrical conductivity, efficient transport of reactants, and effective
removal of reaction products along with increased surface
area.®’'% Furthermore, carbon supports can improve catalyst dis-
persion and hence lower noble metal loading. Various studies have
been conducted on chemical and thermal treatments of these sup-
porting materials to alter their surface properties and improve the
supported catalyst’s electroactivities. Surface modifications of car-
bons reduce the catalyst agglomeration, increase the electrochem-
ically active catalytic numbers, and further improve the reactant/
product transport to and from the catalyst active sites.'”) Among
these, low-pressure and nonthermal plasma treatments were
shown to induce vacancies/defects that increase the surface
energy, porosity, and roughness and introduce reactive heteroa-
toms (O*, OH*, N, and S) depending on the plasma-generative
gas used.["”! Moreover, the nonthermal plasma technique is sim-
ple for practical applications and provides high-energy chemical
species (electrons, ions, atoms, and molecules) at a low tempera-
ture of gases and low cost.'>' We have recently studied nonther-
mal O, plasma effects on both single- and multiwalled carbon
nanotubes (SWCNT and MWCNT) and reported that an increase
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in oxygen heteroatom doping and functional groups on these sup-
ports is vital for improving the catalyst performance.*? Carbon
supports with varying inherent properties in terms of porosity,
Brunauer-Emmett-Teller (BET) surface area, and conductivity
affect the activity of the same catalyst differently. The effect of sup-
port surface area on a catalyst activity was studied by Polymeros
etal.," using Vulcan XC72R and hollow graphitic spheres (HGS),
each containing Pt particles of the same size and loading. They
observed a reduced agglomeration and deactivation of the particles
in HGS due to their high surface area and porous surface texture.
It is also worth highlighting that MnO,-based oxygen reduction
catalysts supported on binary carbons (CNT, BP2000) resulted
in enhanced performance both in metal-air battery and microfuel
cell.™ These reports indeed demonstrate that the type and num-
ber of carbon support used and their modifications strongly influ-
ence the catalytic property of electrodes used in fuel cells.

Vulcan XC72 (XC72) carbon-supported catalyst, Pt;Pd;Sn,/C,
synthesized in our lab,” yielded the highest specific power density
(90 mW mg ' pgp) compared with other catalysts reported so far in
a DDMEFC at low Pt loading and ambient pressure. However, the
micropores present in XC72 hinder fuel utilization due to the par-
tial burial of nanoparticles within the carbon layers."®! Moreover,
the sulfur groups present in XC72 could cause sulfur poisoning of
nanoparticles. XC72 with higher nongraphitized carbon content
is also prone to corrosion.”” Therefore, utilization of other forms
of carbon particles such as Black pearl 2000 (BP2000) and MWCNT
as supports is desirable and is likely expected to promote the
performance of Pt;Pd;Sn, alloy nanocatalyst. BP2000 has a high
BET surface area of 1485m’g™ ' than XC72 (232m’g !).2"
MWCNT is known to provide excellent electronic conductivity
of >100 S cm ' as compared with XC72 (4 S cm™1).'%?%

In this study, the effect of N, cold plasma treatment of carbon-
supporting materials (MWCNT, BP2000, and XC72) on the activity
of Pt;Pd;Sn, toward DME electrooxidation was investigated.
Comprehensive physicochemical characterization techniques
were employed to determine the changes in the structure, mor-
phology, and pore size distribution (PSD) of the carbons and
catalyst-coated supports following the nonthermal plasma treat-
ment. The activity of these catalysts was evaluated by conducting
electrochemical measurements in a conventional three-electrode
cell and a laboratory single-prototype fuel cell. Carbons that yield
interesting results were mixed at varying compositions and utilized
as supports to harness the desirable properties of each substrate.

2. Results and Discussion

2.1. Physicochemical Characterizations

2.1.1. X-ray Diffractometry

Our previous studies showed that although Sn®' alone cannot
undergo a hydrothermal reduction in ethylene glycol, Pt-Sn,
and Pd-Sn alloy production by polyol reduction proceeds
through the formation of transition metal-tin chloride com-
plexes formed in ethylene glycol during mixing."”"**?* These
complexes are reduced at an overpotential of 500 mV lower than
Sn**, but higher than Pt or Pd, hence, confirming the formation
of Pt-Sn and Pd-Sn alloys.
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Figure 1. XRD pattern of Pt;Pd3Sn,/C catalyst supported on different pris-
tine and plasma-treated carbon supports.

The XRD pattern of Pt;Pd;Sn,/C catalyst supported on differ-
ent pristine and plasma-treated carbon supports is shown in
Figure 1. The characteristic peaks for catalyst on the different
substrates occurred at around 40°, 46°, 67.5°, 82°, and 86° with
their corresponding miller indexes (111), (200), (220), (311), and
(222), respectively. The peak at around 26° for the catalyst-added
pristine and activated MWCNT corresponds to the (022) plane
of the graphitized carbon support”” The catalyst has a
face-centered cubic (FCC) crystal structure with a space group
of Fm-3m (DB Card Number 9 004 088). These patterns are best
matched with the Atokite phase from the XRD database that has
a chemical formula of (PtPd);sSn. Atokite phase peaks are
known to appear at 20 of 39.06°, 45.41°, 66.17°, 79.60°, and
83.92°. Therefore, it is clear that the XRD patterns for the pre-
pared catalyst show a 0.5°~1.5° positive shift, with the shift being
highest (>1°) for the BP2000-supported catalyst. The d-spacing
obtained using the (220) plane (dy) for Pt;Pd;Sn,/BP2000
was 13.8A, whereas for both Pt;Pd;Sn,/MWCNT and
Pt3Pd;Sn,/XC72 it was 14.2A. According to Bragg’s law, the
decrease in the distance between the planes for Pt;Pd;Sn,/
BP2000 is the cause for its relatively larger X-ray peak shift.*®
A slight variation in the lattice unit cell size was observed among
the prepared catalysts with the value ranging from 3.91A for
Pt;Pd;Sn,/BP2000 to 4.03 A for Pt;Pd;Sn,/MWCNT. The com-
pressed lattice unit cell of the particles on BP2000 is an indication
of the particles’ confinement in the micropores of the support, as
discussed in the later sections. The large surface area of the porous
support also provides more contact points that strengthen the
interactions at the Pt;Pd;Sn, alloy-BP2000 interface and hence,
could contract the planes.””! There was a 0.06 A decrease in the
da0 of the BP2000-supported catalysts following the plasma acti-
vation of the carbon. However, due to the more graphitic nature of
MWCNT and XC72, plasma activation of these supports did not
lead to a similar effect on the d,yy spacing value of the catalyst.

The average particle crystallite size was calculated using
Scherer’s equation from the peak indexed to the plane (220).
Accordingly, the metal particles in Pt;Pd;Sn,/BP2000 had the
smallest crystallite size of 3.69 nm in line with the better disper-
sion of the metallic particles. In contrast, the largest ones are
present in the Pt;Pd;Sny/MWCNT (5.70nm) followed by

© 2022 Wiley-VCH GmbH

S9|dIMe SS920y uad( 404 1dedxa ‘pajywiad Jou A[3dLIS SI uoiNqLISIp pue asn-ay ‘[2202/01/9¢] uo - AlsiaAlun ueliwayog 1sep\ Ag ‘wod Asim Aseiqijsuljuo//:sdny wouy papeojumoq ‘0 ‘2202 ‘962612



@

ADVANCED
SCIENCE NEWS

Energy Technology

Conversion, Storage, Distribution

www.advancedsciencenews.com

Table 1. Elemental analysis of Pt;Pd;Sn, on

nonactivated carbon supports.

plasma-activated

Catalyst Precursor ICP-OES EDS
atomic ratio atomic ratio atomic ratio
Pt;Pd3Sn,-XC72 1.5:1.5:1 1.43:1.47:1 1.45:1.47:1
Pt;Pd;Sn,-A-XC72 1.5:1.5:1 1.46:1.45:1 1.44:1.47:1
Pt;Pd;Sn,-MWCNT 1.5:1.5:1 1.44:1.46:1 1.47:1.45:1
Pt;Pd;Sn,-A-MWCNT 1.5:1.5:1 1.43:1.48:1 1.45:1.41:1
Pt;Pd3Sn,-BP2000 1.5:1.5:1 1.46:1.47:1 1.50:1.44:1
Pt;Pd3Sn,-A-BP2000 1.5:1.5:1 1.47:1.50:1 1.48:1.48:1

Pt3Pd3Sn,/XC72 (4.18 nm). The particle crystallite size showed a
decrease by 0.2-0.6nm following the plasma activation of
MWCNT and BP2000, respectively, which could be due to the
confinement of particles into micropores and defects introduced
during the nonthermal plasma treatment step. The ICP-OES and
EDS elemental analysis show that the metal content and atomic
ratios were very close to the expected nominal values, which
shows the assay of the obtained product (Table 1). Moreover,
the measured atomic ratios are nearly the same regardless
of the type of carbon support and treatment. This confirms that
the changes in the lattice parameters are caused by the
support-metal interactions at the interface rather than the
variation of the alloy composition. The metal composition of
the prepared carbon-supported catalyst was 66-71% showing
no considerable difference from the intended percentage, 70%.

2.1.2. Raman Spectroscopy

The Raman spectra of the pristine supports are shown in
Figure 2a. Two peaks appeared at around 1350 and 1580 cm ™"
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corresponding to the D and G-bands. The D-band is attributed
to the A;, mode vibration of the sp>-hybridized graphitic carbon
atoms®® and the G-band is ascribed to the E,, mode vibration of
the sphybridized carbon atoms in the 2D hexagonal rings.”"’
The degree of graphitization and defects present (maximum
intensity ratio at D- and G-bands (Ip/Ig)) of the XC72,
BP2000, and MWCNT were 1.10, 1.28, and 0.98, indicating that
BP2000 followed by XC72 has a lower degree of graphitization
(sp* graphitic nature). MWCNT has the most intense D band
attributed to the presence of a higher number of naturally occur-
ring defects.

Figure 2b shows the Raman spectra of the N, plasma-activated
carbons. The plasma treatment caused a 17% increase in the
Ip/Ig ratio for MWCNTSs relative to its pristine counterpart.
This is attributed to the formation of more chemical defects.
However, in the case of XC72 and BP2000, this ratio showed
a slight decrease (4.5% and 2.3%, respectively) suggesting the
removal of the surface layers or functional groups from these
softer black carbons by plasma etching.*”

2.1.3. Fourier-Transform Infrared Spectroscopy and CHNS/O

Shown in Figure 2c is the FTIR spectra of the different pristine
carbon supports. Bands in the region of 3100-3700 and
2890-2900 cm ™" corresponding to O-H/N-H stretching and
aliphatic groups, respectively, are similar in all the carbon
samples.’!! C=0 (carboxylic acid, ketone/quinone) and C=C
(aromatic rings) groups can be observed at 1700 and
1630 cm ™!, respectively.??! The peaks at 1270-1000cm ™' are
assigned to C—0, and C—O0—C bonds.? Most of the FTIR fin-
gerprints of the MWCNT spectrum are also seen in XC72
(Figure 2c). Relative to XC72, pristine MWCNT possesses addi-
tional peaks at 1180 and 910 cm ™, corresponding to C-O and
C-H stretching.*® In general, BP2000 has fewer characteristic
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Figure 2. a,b) Raman and c,d) FTIR spectra of pristine ((a) and (c)) and N, plasma-activated ((b) and (d)) BP2000, MWCNT, and XC72 carbon supports.

Energy Technol. 2022, 2200835

2200835 (3 of 11)

© 2022 Wiley-VCH GmbH

S9|dIMe SS920y uad( 404 1dedxa ‘pajywiad Jou A[3dLIS SI uoiNqLISIp pue asn-ay ‘[2202/01/9¢] uo - AlsiaAlun ueliwayog 1sep\ Ag ‘wod Asim Aseiqijsuljuo//:sdny wouy papeojumoq ‘0 ‘2202 ‘962612



ADVANCED
SCIENCE NEWS

Energy Technology

ion, Conversion, Storage, Distribution

www.advancedsciencenews.com

functional groups than MWCNT and Vulcan XC72, which can
easily be observed from the missing bands of C-H bending
and C=O0 stretching at 1380 and 1710 cm™", respectively.

The FTIR spectra of the carbons exposed to the 5min N,
plasma treatment are displayed in Figure 2d. The additional
sharp peak at 1380 cm ™" (for all the carbons) and the increase
in the intensity of the peak at 3100-3700cm™" (for MWCNT
and BP2000) indicate that the plasma treatment introduced
new C-N and N-H (pyrrolic N) functional groups, respectively.
This shows the successful doping of the nitrogen atoms. The
minor peak at around 1150 cm™" indicates that trace amounts
of the C-N group are already present in the pristine MWCNT
and XC72.P% Even though the plasma treatment was under
an N, environment, the intensification of the peak at
1710cm ™" (for all the carbons) that corresponds to the C=0
bond suggests the incorporation of O atoms. As described by
Subramanian et al.,** the inclusion of O atoms occurred during
exposure of the broken carbon bonds to air when taking the sam-
ple out of the plasma chamber. CHNS/O analysis (Table S1,
Supporting Information) further confirms nitrogen doping as
wt% of nitrogen for A-XC72, A-BP2000, and A-MWCNT
increases by 12.68%, 8.49%, and 10.26%, respectively, relative
to their pristine counterparts. An increase in the wt% of oxygen
was also observed for all these carbons after the treatment.
Nonetheless, plasma activation has also resulted in the removal
of functional groups. The intensity of the FTIR spectra at 920,
1230, and 2850-3000cm ' corresponding to C-H bending,
C-O stretching, and C-H stretching, respectively, has signifi-
cantly decreased/disappeared for all the carbon supports after
the treatment (dashed black arrows). As some of these spectra
are not fully diminished, it can be concluded that the plasma
treatment only removed the weakly bonded surface functional
groups mainly due to etching rather than from the bulk.

2.1.4. Scanning Transmission Electron Microscopy

The STEM images of Pt;Pd;Sn, supported on pristine and N,
plasma-activated XC72, BP2000, and MWCNT are presented
in Figure 3a—f. Before activating the carbons, despite the high
metal loading of the catalysts in our preparation method, uni-
form and better dispersion of the particles was observed on
BP2000 and MWCNT. Some local particle agglomerations are
still seen, especially on MWCNT. However, in the case of
XC72, the particles are highly aggregated in line with previous
observations." Better particle scattering observed on BP2000
is attributed to the exceptionally high BET surface area of the
support (Table S2, Supporting Information).

After N, plasma treatment, MWCNT showed the most signif-
icant improvement in the particle distribution relative to the
other carbons (Figure 3e,f, S5a,b, Supporting Information) con-
sistent with its highest increase in the defects relative to the other
carbons (17% increase in the Ip/Ig ratio). In contrast, the treat-
ment exacerbated particle dispersion on both BP2000 and XC72
(Figure 3a—d). This is ascribed to the smoothening of the surface
layers evidenced by the slight decrease in the Ip/Ig ratio
(Figure 2a) and hosting of more metal particles in the newly
introduced pores, as explained in the next section. The size
distribution of the nanoparticles supported on the pristine and
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plasma-activated carbon supports was calculated by measuring
the diameter of 50 randomly picked nanoparticles from
Figure 3 and is displayed in a histogram in Figure S1,
Supporting Information.

2.1.5. BET Surface Area and Pore Size Analysis

The PSD and N, adsorption/desorption isotherms of the pristine
and plasma-treated supports are displayed in Figure 4a—f. The
change in the isotherm of the pristine carbons upon the addition
of the metal catalysts is also shown in the same figure and a
similar conclusion can be drawn for the treated ones. The
BET surface area and PSD of the carbon supports are summa-
rized in Table S2, Supporting Information. The N, adsorption/
desorption of all the samples exhibit a hysteresis loop of type IV
isotherm indicating the presence of mesopores and macro-
pores.®™ The loop is formed as the dependence of the capillary
condensation and evaporation processes of the N, molecules
during its adsorption and desorption, respectively, on the pres-
sure is different.** The average pore diameter of the black car-
bons (XC72 and BP2000) significantly increased after N, plasma
treatment is ascribed to the formation of new pores and breakage
of walls between adjacent pores to form larger ones. This is
consistent with the previous observation by Mohan et al.’”)
who reported that cold plasma pretreatment of BP2000 formed
small void spaces and increased the pore volume of the support.
The effect of the plasma treatment on the change in the pore
diameter of the MWCNT pores was minimum relative to the
black carbons.

When the catalyst is incorporated into the carbons during the
synthesis, the adsorption/desorption isotherm (the N, uptake) of
XC72 and BP2000 has been reduced significantly which clearly
shows that the metal particles were hosted inside the pores
(Figure 4b,f). However, in the case of MWCNT, the N, uptake
is nearly unchanged by the metal incorporation indicating depo-
sition of the metals on sidewalls of the inner and outer surface of
the tubes rather than being hidden within the pores present on
the surfaces. As was reported by Tong et al.,*® the surface func-
tional groups of MWCNT favor the dispersion of metal nanopar-
ticles on the surface by providing sufficient-anchoring sites. Our
FTIR analysis revealed that MWCNT has more surface functional
groups as compared with BP2000 and XC72. This, regardless of
its lowest BET surface area (173 m?g™"), enabled MWCNT to
attach the particles to the inner and outer surfaces of the tubes
and improve their fuel/electrolyte accessibility.

2.2. Electrochemical Measurements

Figure 5a,b shows the effect of pristine and plasma-treated
carbon supports on Pt;Pd;Sn, activity toward DME oxidation
and the results are summarized in Table 2. The ECSA of
Pt;Pd;Sn,/BP2000  (9.74 +£0.06 m*g 'pcy) and Pt;PdsSn,/
A-XC72 (6.3240.12m”g 'py) were the highest and lowest,
respectively. The ECSA was calculated from the average charge
(Qa) obtained in the hydrogen adsorption—desorption region
(Hupp) (0-0.35V) of the cyclic voltammogram (CV) recorded
in an Njsaturated 0.5M H,SO, (Figure 5c,d) using
Equation (1).5”!
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Figure 3. a,c.e) STEM image of Pt;Pt;Sn, supported on pristine and b,d,f) N, plasma-activated XC72, BP2000, and MWCNT, respectively.

Qa

ECSA = ———
Qnulreum

1)

where Qy is the columbic charge required to remove a single
layer of adsorbed hydrogen atoms per unit area, usually taken
as 2.1 x 10 °mCm 2%, and Lpgy is the platinum group metal
(PGM) content present in the catalyst.

Considering the highest BET surface area of BP2000, the
ECSA obtained with Pt;Pd;Sn,/BP2000 was not significantly
higher than on pristine and activated MWCNT. This is attributed
to the insertion of the catalyst particles within the pores of the
black carbons, making them inaccessible to the electrolyte.
The region between 0.35 and 0.6V is the double-layer region
formed by the array of charged species at the electrode-solution
interface. In the Nj-saturated solution, the Pt and/or Pd oxides
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that started to be formed at around 0.9 V during the positive scan
are reduced during the reverse scan, showing a cathodic peak at
about 0.8 V. With the same metals and loadings used in all the
catalysts, the obvious difference in the Hypp and the Pt/Pd oxide
formation/reduction regions among the catalysts signifies the
effect of carbon supports and their plasma activation on the
ECSA and catalyst activity.

In a DME-saturated solution, the Hypp region is suppressed
due to the competitive adsorption of DME and hydrogen on
the same active sites.*” For all the catalysts, the non-faradaic
double-layer current of the CV recorded in a DME-saturated
solution decreased relative to the N,-saturated solution. This is
attributed to the anodic current yield due to the oxidation of
the DME molecules adsorbed during the reverse scan between
0.8 and 0.7 V. In the anodic potential scan, DME oxidation begins
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Figure 4. a,c,e) PSD and b,d,f) N, adsorption/desorption isotherms of the pristine and N, plasma-activated carbon supports.
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Figure 5. CV for Pt;Pd;Sn, supported on a,c) pristine and cold b,d) plasma-treated carbon supports in DME (a,b) and N, (c,d) saturated solutions

(0.5M H,SO, electrolyte, 10mV s~ scan rate, and 100 pug cm ™2 catalyst loading).
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Table 2. Electrochemical parameters of Pt;Pd;Sn;, on different carbon supports.

Parameters ECSA Jp Ep Ooxi Onset potential

Catalysts m? [mAcm 7 [V, vs. NHE] [mC] [E, vs. NHE]
Pt;Pd;Sn,/XC72 6.88+0.18 0.45 +0.02 0.77£0.01 163+2.14 0.58 +0.03

Pt3Pd3Sn,/A-XC72 6.324+0.12 0.36+0.01 0.72 +0.03 1384 1.46 0.55 +0.01

Pt3Pd3Sn,/MWCNT 9.224+0.12 0.64 + 0.02 0.77 +0.02 2874283 0.52 4+ 0.00
Pt;PdsSn,/A-MWCNT 9.35+0.06 0.67 +0.02 0.7240.02 303 +4.24 0.51+0.01

Pt;Pd;Sn,/BP2000 9.74+0.08 0.74 +0.00 0.78 4 0.00 309 +13.70 0.53 +0.00
Pt3Pd3Sn,/A-BP2000 8.144+0.24 0.46 +0.01 0.73 +£0.03 174 +3.46 0.53+0.03
Pt3Pd3Sn,/25M75B 12.94+0.43 0.67 +0.09 0.74 +0.00 255410.97 0.51 4+ 0.00
Pt3Pd3Sn,/50M50B 14.59 £ 0.55 0.72 +0.06 0.73 + 0.00 295 4 21.21 0.51 4+ 0.00
Pt;PdsSn,/75M258 19.13+1.34 1.01 4 0.06 0.72 4 0.00 395 +21.92 0.51+0.00

at around 0.50-0.58V, depicting two peaks in the range of
0.72-0.78 V. Earlier reports on DME electro-oxidation on
Pt-based catalysts ascribed these two peaks to the sequential oxi-
dation of CO,q4s and CHO 4.1 Beyond 0.8 V, the formation of
surface oxides leads to the rapid decline of the curves.*” During
the reverse scan, the highest anodic current was obtained by
Pt;Pd;Sn,/A-MWCNT. This is attributed to the introduction
of defects by the plasma treatment that formed more catalyst
deposition sites on the support, resulting in an increased num-
ber of DME oxidation sites. In addition, the nitrogen modifica-
tion (N-H or C-N functional groups) on the A-MWCNT may
have introduced some improvement effect on the MWCNT sup-
ports by improving the attachment of the catalyst particles or the
electronic conductivity.

Pt3Pd3Sn,/BP2000 gave the highest DME oxidation charge
(Qoxi) of 309mC which is only marginally higher than
Pt3Pd3Sn,/A-MWCNT (303 mC) but significantly higher than
Pt3Pd3Sn,/A-XC72 (167 mC). Q,,; was calculated by integrating
the currents under the DME oxidation peak region of the CV at
around 0.6-1V (Figure 5a,b). Moreover, Pt;Pd;Sn,/BP2000 pro-
vided the maximum peak current density (j,) as 0.74 mA cm ™.
Even though the BET surface area of BP2000 was about 8 times
higher than that of A-MWCNT, Pt;Pd;Sn,/A-MWCNT gave a
comparable j, and Q, as Pt;Pd;Sn,/BP2000. The spectral

@ o8
—— Pt,Pd,Sn,/BP2000
—— Pt,Pd,Sn,/A-MWCNT
061
"
Q
é 044
021
0.0 7—

00 02 04 06 08 10
E/V,vs. NHE

analysis (FTIR and Raman) showed that A-MWCNT has excess
functional groups (C-H and C-O) and a higher number of
defects (Figure 2a,c). This facilitated metal particle deposition
on the sidewalls of the tubes and increased the dispersion sites,
respectively, by improving the particle accessibility to DME. The
improved conductivity of A-MWCNT also enhances the reaction
kinetics by weakening the PtPdSn—CO bond strength. An oxida-
tive stripping of a monolayer preadsorbed CO (CO,qs) using
Pt;Pd;Sn, supported on different carbons was conducted to con-
firm this. As shown in Figure 6a, the A-MWCNT-supported cata-
lyst showed a 25 and 90 mV lower CO, 4, oxidation onset and peak
potentials relative to Pt3Pd;Sn,/BP2000. Therefore, the 20—
50mV lower DME oxidation onset potential exhibited by
Pt3Pd;3Sn,/A-MWCNT as compared with other supports is attrib-
uted to the better removal of intermediates such as CO,4; by this
catalyst.

Except for the MWCNT, which improved catalyst activity when
activated, the plasma treatment of the other carbon supports had
a negative effect. In the case of XC72 and BP2000, the N, plasma
treatment resulted in the formation of additional pores that con-
fined the metal particles, hence, reducing their utilization. This,
in addition to the pore size analysis discussed earlier (Figure 4),
was confirmed from a CV recorded in an N,-saturated 0.5 M of
H,SO, solution using a working electrode loaded with just the

(®) o3
—— Pt,Pd,Sn,/25M75B

—— Pt,Pd,Sn,/S0M50B
—— Pt,Pd,Sn,/75M25B

00 FZ— : : : :
00 02 04 06 08 10

E/V,vs. NHE

Figure 6. Oxidative stripping (LSV) of CO,g; for catalyst supported on a) single and b) mixture of carbon materials (catalyst loading 50 pg cm ™2, scan rate

5mVs ', electrolyte 0.5 M H,SOy).
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pristine and plasma-treated carbon supports (Figure S2,
Supporting Information). The increase in the currents at the
double-layer region for the plasma-activated black carbons shows
an increase in the surface area due to the formation of additional
pores. Despite the plasma-induced improvements on the
MWCNT, the electrochemical properties (ECSA, jp,, and Q)
of Pt3Pd3;Sn,/BP2000 were still the highest, attributed to the
large initial surface area of the support.

2.3. Combination of Carbon Supports

To harness the properties of each of the catalyst substrates,
namely, the high surface area and dispersion provided by
BP2000 and the high conductivity and functional groups
(anchoring sites) from the MWCNT, mixtures of these carbons
were studied as Pt;Pd;Sn, supports while maintaining the same
metal loading (70%) as for the single carbons. As the positive
effect of plasma treatment was only observed in the case of
MWCNT, pristine BP2000 and N, plasma-activated MWCNT
were combined at different wit% ratios. LSV measured
with the catalyst supported on carbon mixtures was compared
to the single carbon-supported catalyst, as shown in Figure 7a.
The difference in the activity of the catalyst when the two
supports are mixed during the synthesis was compared
with postsynthesis mixing of two separately prepared catalysts
and no significant difference was witnessed (Figure S3,
Supporting Information).

In general, it is observed that with an increase in the
A-MWCNT content in the mixture, the j, and Q,; also increased
and peaked at an MWCNT content of 75% (Table 2). The catalyst
supported on a mixture of 75% of plasma-activated MWCNT and
25% pristine BP2000 (labeled as Pt;Pd;Sn,/75M25B) gave a j, of
1.01+0.06mAcm 2 and Q,y of 395mCmg 'pgy which is
around 27% and 22%, respectively, enhancement relative to
BP2000-supported Pt;Pd;Sn,.

While dispersing 75% MWCNT and 25% BP2000 (wt%)
together in ethylene glycol, the BP2000 might have been inserted
into the MWCNT tubes, enabling the particles to be supported on

12 = Pt,Pd,Sn,/MWCNT
= Pt,Pd,Sn,/BP2000
1.0 —— Pt,Pd,Sn,/25M75B
—— Pt,Pd,Sn,/SOMS50B
08 —— Pt,Pd,Sn,/7525B
g
< 06
R
0.4
0.2
04 0.6 0.8 1.0
E (V, vs NHE)

Figure 7. a) LSV of Pt;Pd;Sn, on a single and mixture of BP2000
and MWCNT (0.5m H,SO, electrolyte, 10mVs~' scan rate, and
100 pg cm ™2 catalyst loading).
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the outer surface of the tubes. This improves the exposure of the
particles to the electrolyte/DME fuel. A STEM image of the par-
ticles supported on BP2000, 25M75B, and 75M25B is included in
Figure S4, Supporting Information. With the same magnifica-
tion for all the samples, the particles supported on the
75M25B are more visible. Moreover, the BP2000 component
of 75M25B is not observed, confirming its incorporation into
the tubes. The Q,; and j, of Pt;Pd3Sn, supported on the carbon
mixture with higher BP2000 content (25M75B and 50M50B)
were lower than the values attained by Pt3;Pd;Sn,/BP2000.
BP2000 in these carbon mixtures is therefore not only acts as
a tube filler but also covering the outer tube surfaces. As shown
in Figure S4c, Supporting Information, the majority of the
particles are rather supported on the BP2000 component of
the mixture. This reduces MWCNT-PtPdSn contact and hence,
the electronic role of MWCNT. This was confirmed from the
electrochemical stripping of preadsorbed CO on Pt;Pd;Sn, sup-
ported on 25M75B, 50M50B, and 75M25B mixed-carbon materi-
als, as shown in Figure 6b. The CO,4 oxidation onset potential of
Pt;Pd;Sn, on 75M25B (70 mV) was lower than the support
mixture with higher BP2000 contents. The highest j, of CO,q4s
oxidation obtained with 75M25B as compared with the single car-
bons indicates the presence of more number of oxidation active
sites, which is reflected by its highest ECSA.[*?]
Chronoamperometry was recorded for 90 min with Pt;Pd;Sn,
supported on MWCNT, A-MWCNT, BP2000, and 75M25B at
0.6 Vin a DME-saturated 0.5 M H,SOy solution to study the effect
of treatment and carbon mixing on the catalyst stability
(Figure 8). In all the catalysts, the current decays fast in the first
few seconds (<=2100 s) due to the fast movement of ions toward
the electrode surface to complete the double-layer (capacitive)
charging. Beyond this time, a steady-state faradaic current begins
to be produced from the oxidation of DME on the electrode sur-
face. Pt;Pd3Sn,/MWCNT appeared to have the lowest stability as
the oxidation proceeded. However, the catalyst supported on
BP2000 and A-MWCNT showed stable current density through-
out the oxidation duration. The strong metal-support interaction
that arises from the larger metal-support contact area (in the case
of BP2000) and the plasma-induced defects and functional
groups (in the case of A-MWCNT) contributed to this stability.
Pt;Pd;Sn,/75M25B also provided a stable and active catalyst

0.030

0.025 4
0.020 —— Pt3Pd;Sny/ MWCNT
—— Pt3Pd;Sn,/A-MWCNT
—— Pt3Pd;Sn,/BP2000
—— Pt3Pd;Sn,/75M25B

j (mA cm™)
=
=
v

0.0104
0.005 -
0.000 T T T . :
0 1000 2000 3000 4000 5000
Time (sec)

Figure 8. Constant potential (0.6V) stability test of the catalysts in a
DME-saturated 0.5 M H,SO, with 100 pg cm ™2 catalyst loading.
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which could be due to the cooperative effect of these two supports
in this optimized mixture.

In addition to the previously given explanations, we believe
that a detailed understanding of the origins of the improved
DME kinetics with the selected support mixture is necessary.
For this, comprehensive characterizations of the carbon mixtures
and electrochemical impedance spectroscopy measurements
using carbon mixture-supported catalysts are underway and will
be published in the future.

2.4. Fuel Cell Measurements

The polarization curves of DDMEFC with anode catalyst
Pt;Pd;Sn,/C supported on MWCNT, BP2000, and 75M25B
carbon materials are displayed in Figure 9. A maximum power
density of 181 mW cm ™~ * was measured with fuel cells containing
1.55 and 2.2cm ™2 of Pt;Pd;Sn,/75M25B and Pt black at the
anode and cathode was observed at 0.5V, respectively. This is
around 15% and 24% higher than fuel cells with the same anode
loading on BP2000 and MWCNT as sole carbon support, respec-
tively (at 0.43 V). This observation is in line with the results
obtained in the three-electrode cell presented in the previous sec-
tions and further supports the combined support effect of the
surface area and conductivity giving Pt;Pd;Sn, a better activity
toward DME electro-oxidation.

The corresponding Eqc values of DME/Air with Pt;Pd;Sn,/
75M25B, Pt;Pd;Sn,/BP2000, and Pt;Pd;Sn,/MWCNT were
910, 874, and 830 mV. Santasalo-Aarnio et al.**) reported that
operating temperature, fuel crossover, type of catalyst, and
electrode surface morphology parameters affect the Eoc. We
assigned the variation in the Eqc among the catalysts on different
supports to the variation in their catalyst utilization and charge
transfer resistance influenced by the support materials composi-
tion. The lowest activation losses of Pt;Pd;Sn,/75M25B are
related to the optimization of the high conductivity and surface
area of the support mixture in enhancing the mass transport and
catalyst utilization.

It is important to mention that considering the catalyst loading
and fuel cell operating temperature used in this study, the

200
104
175
09
L150
m 081 F125 o
z =
Z 0.7 F100 S
(7]
% 06 L75 E
2 &
54 50
—— Pt,Pd,Sn,/75M25 L25
041/ — Pt,Pd,Sn,/BP2000 Lo
034 —— Pt,Pd,Sn/MWCNT s
0 100 200 300 400 500
j/mA cm?

Figure 9. DME fuel cell steady-state polarization curve and power profile
at a potential scan rate of 5mVs™". The anode and cathode PGM loading
of 1.55 and 2.2 mgpeym cm ™2, respectively. 100% humidified anode (DME)
and cathode (air) reactants at flow rates of 30 and 400 mL min™', respec-

tively. Fuel cell temperature of 70 °C and ambient pressure.
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acquired power density ranks this catalyst as the best catalyst
reported so far for the DDMEFC applications. Table S3,
Supporting Information, compares the loading, gas flow rate,
fuel cell temperature, and the power output of previously
reported catalysts for DDMEFC with our catalyst. This optimized
carbon composition stresses the importance of support optimi-
zation in terms of conductivity and surface area (dispersion).
Thus, the BP2000 lower conductivity is balanced by the
MWCNT at an MWCNT-to-BP2000 ratio of 3:1.

3. Conclusion

Nonthermal plasma was successfully used to modify different
carbons (BP2000, MWCNT) carrying Pt;Pd;Sn, nanocatalyst.
The electrochemical performance of these plasma-modified car-
bon carriers for catalytic nanoparticles was compared with the
unmodified carbon support (XC72). Catalyst supported on
BP2000 showed the highest peak current density (j,) and
DME oxidation charge (Q,x) among all studied pristine carbon
materials. This is due to the strong metal-support interaction,
higher pore volume, and surface area of the support, resulting
in the formation of smaller and more dispersed catalyst nanopar-
ticles. When the carbons were activated, the catalyst activity
improvement was observed only in the case of MWCNT.
Plasma activation introduced additional defects and functional
groups in MWCNT. Pt;Pd;Sn,/A-MWCNT offered the most
desirable electrochemical properties relative to Pt;Pd;Sn,/
BP2000 due to the higher defects and functional groups intro-
duced during nonthermal plasma treatment. Binary carbon sup-
ports composed of 75% of plasma-activated MWCNT and 25%
BP2000 exhibited 30% higher power output than Pt;Pd;Sn,
on unmodified XC72 in a gas-fed low-temperature direct DME
fuel cell.

4. Experimental Section

Materials: BP2000, MWCNT, and XC72 were purchased from CABOT
Corporation, Sigma Aldrich, and FuelCellStore, respectively. DME, LiCl,
and SnCl, were acquired from Sigma Aldrich. K,PtCl, and PdCl, were
obtained from STERM chemicals. NaOH and H,SO, were purchased from
MERCK and CARLO ERBA reagents, respectively. Throughout the experi-
ments, distilled water of 18.2 MQ resistance was utilized.

Synthesis of Pt3Pd3Sn,/C Catalyst: The metal precursors, K,PtCly, PdCl,,
and SnCl, were initially dissolved in ethylene glycol separately and mixed.
The dissolution of K,PtCly and PdCl, was facilitated by adding 0.01 m of
LiCLE! The pH of the solution was adjusted to 12 by adding 4 M NaOH
(in ethylene glycol). The precursor solution was then mixed with either the
pristine (XC72, BP2000, and MWCNT) or N, plasma-activated (A-XC72,
A-BP2000, and A-MWCNT) substrates which were dispersed in ethylene
glycol. The metal-to-carbon weight ratio was maintained at 0.7. This
solution was refluxed at 180°C for 2h and then stirred for 12h at
25 °C. The resulting dispersion was washed with a mixture of distilled
water and acetone (3:1, V:V) several times.

Plasma activation of the supports was performed in a low-pressure
plasma cleaner (Zepto, Diener Electronic GmbH, Ebhausen), following
the procedure described in the literature.' A required amount of carbon
was inserted into the plasma chamber using a glass Petri dish, and evacu-
ation was performed until the pressure inside was slowly reduced to
0.01 mbar. Then, the plasma chamber pressurized with N, gas up to
1.2 mbar plasma was generated for 5 min at 100 W. During the treatment,
a very small amount of carbon sample was well spread in a large-diameter
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Petri dish forming a thin layer to ensure that most of the sample was
exposed to the ionized nitrogen. A Pt;Pd;Sn, supported on a combination
of two of the best-performing carbons mixed at varying compositions was
also prepared by the same method and metal-to-carbon weight ratio as
above. The electrochemical response of Pt;Pd;Sn, supported on these
mixtures was compared with single carbons.

Physicochemical Characterization: The atomic ratios of the metals
(Pt, Pd, and Sn) in the prepared catalysts were analyzed using energy-
dispersive X-ray spectroscopy (EDS) (AZtec, Oxford instruments) and
inductively coupled plasma—optical emission spectrometry (ICP-OES)
(Varian ICP-OES 720).

The crystal structures of the catalysts and phases present were
determined using X-ray diffraction (XRD) (SmartLab, Rigaku). A scanning
transmission electron microscope (STEM) (Tescan MAIA3 Triglav,
Brno-Kohoutovice) was employed to study the microstructure of the
synthesized catalysts. The functional groups and defects present in
the pristine and N, plasma-treated carbon supports were analyzed with
Fourier-transform infrared spectroscopy (FTIR) (VERTEX 70, Bruker)
and Raman spectroscopy (XploRa, HORIBA Scientific), respectively.
CHNS/O elemental analysis was performed on all the carbons
using an elemental analyzer (FlashSmart, Thermo Scientific) to
determine the content of heteroatoms before and after the plasma
treatment.

Determination of the surface area and PSD was performed using sur-
face area and porosimetry analyzer (V-Sorb 2800P, APP gold instruments).
The surface area was calculated by the BET method in the P/P, range of
0.06-0.25. Barrett—Joyner—Halenda’s model from the N, adsorption data
was used to calculate the PSD.

Electrochemical Analysis: The electrochemical measurements were
controlled by a potentiostat (VSP, BioLogic) at room temperature. The per-
formance of each catalyst was evaluated in a three-electrode system using
Pt mesh and Ag/AgCl as counter and reference electrodes, respectively. All
the potentials are expressed versus the normal hydrogen electrode (NHE)
unless specifically mentioned otherwise. The working electrode was pre-
pared by drop casting a 5 pL catalyst ink on a 0.196 cm? glassy carbon (GC)
electrode (Pine-Instruments), which resulted in a 100 ugcm ™2 catalyst
loading. The catalyst ink was prepared by dispersing 5 mg of the catalyst
and 28 pL of the 5% Nafion solution (20% of the dry catalyst) in an 875 pL
mixture of distilled water and isopropanol solvent (0.7:0.3). Initially, the
catalyst was activated by running a CV in Np-saturated 0.5 M H,SO, elec-
trolyte between 0 and 1.1 V. A CV was then recorded for each of the cata-
lysts in a DME-saturated solution at the same potential range.

For the adsorbed CO (CO,qs) stripping experiment, CO gas was bub-
bled into the electrolyte while holding the catalyst-coated GC working elec-
trode at 0.05V for 1min.*’] The excess CO in the solution was then
removed by purging N for 20 min. Then the electrode potential was swept
between the adsorption potential, 0.05 and 1.2V at 10mV s~ to oxidize
the CO,q4s on the catalyst.

Fuel Cell Measurements: For better H* conductivity and lower ohmic
resistance, a thin membrane (Nafion 211) of 25 pm thickness was used
to prepare the catalyst-coated membrane (CCM).®! The catalyst loading
in the anode (Pt;Pd;Sn,/C) and cathode (Pt/C) side of the fuel cell was
maintained to be 1.55 and 2.20 mgpay cm ™2, respectively. The catalyst ink
prepared as above but with only water as a solvent (to prevent shrinkage of
the membrane in the presence of isopropanol) was spray coated on
the membrane, utilizing an ultrasonic spray-coating system (SimCoat,
Sono-Tek) equipped with an ultrasonic generator, a stirring syringe pump,
and an ultrasonic spray nozzle. The CCM was sandwiched between a
non-teflonized Toray paper (anode side) and teflonized carbon cloth
(cathode side), respectively. This assembly was introduced into a fuel cell
with a gas flow channel area of 2 x 2 cm?.

We followed a similar procedure described in our previous report?®! for
operating the DDMEFC. In short, 100% humidified DME and air were sup-
plied to the anode and the cathode at 30 and 400 mL min~", respectively.
The fuel cell temperature was kept at 70 °C. A polarization curve for the
DME/air fuel cell was recorded by performing linear sweep voltammetry
(LSV) repeatedly in the potential range of open-circuit potential (Eoc) of
0.05V at a scan rate of 5mVs ™' until maximum power density was
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achieved. The flow rate of the reactant gases, relative humidity, and t tem-
perature was monitored using a humidification system (Fuel Cell Tech,
LFHS-C) equipped with analog controllers.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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