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Received: June 22-2023 In this work, for the first time, carbon solid spheres decorated with tin dioxide particles
Accepted: July 17-2023 (denoted as Sn02-CSS) were prepared through a hydrothermal process assisted
calcination method, and then, the prepared SnO2-CSS reacted with PdO-H20
hydrothermally producing the final palladium (Pd) based composite electrocatalysts
(abbreviated as Pd/SnO2-CSS). In the whole preparation process, besides glucose and tin
oxides (SnO2 and/or SnO) and PdO-H:0, no other substances were involved. The
Pd/Sn0,-CSS catalysts prepared in the presence of SnO2, SnO and SnO+SnO2 were,
respectively, classified as catalyst a, b and c. The surface morphologies of all obtained
samples were mainly characterized by SEM, revealing that the surface of SnO2-CSS were
decorated by some irregular particles and a large number of nanoparticles were uniformly
anchored on the surfaces of Pd/SnO2-CSS catalysts. The chemical compositions of all
prepared catalysts were analyzed by XRD and XPS, indicating that SnO2, PdO, metallic
Pd and carbon material were the main substances of all prepared catalysts. Most
importantly, all prepared catalysts, as demonstrated by the CV (cyclic voltammetry) and
CA (chronoamperometry) results, delivered an obvious electrocatalytic activity towards
EOR. Particularly, in the CV test, the peak current density of the forward peak of EOR on
catalyst b was, respectively, about 2.9 and 4.5 times higher than that on catalyst ¢ and a.
It was worth mentioning that in the CA test the polarized current density of EOR on
catalyst b was still kept to be as high as 7.9 mA cm™ even after 7200 s, substantially
indicating that catalyst b was a promising electrocatalyst for the EOR based fuel cells.
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1. INTRODUCTION Pd-Sb [12], Pd-Au [13], Pd-Pb [14], Pd-Cu [15], have been
urgently prepared aiming to further significantly promote the
electrocatalytic activities of the Pd based EOR catalysts.
Very recently, tin (Sn), mainly due to its non-toxicity and
relatively lower cost, has been alloyed or composited with Pd
to fabricate Pd-Sn binary catalysts for EOR. For example,
intermetallic ~ bimetallic Pd-Sn  nanonetworks were
synthesized by Hu’s team [16] using a conventional chemical
redox method, where palladium (II) acetylacetonate and
SnCl, were used as the starting materials and polyethylene
glycol as the reducing agent. Zhang’s group [17] successfully
prepared Pd;Sn nanorods via a facile wet-chemical method,
reporting that the as-prepared Pd;Sn nanorods exhibited
superior electrocatalytic activity towards EOR. In Zhang’s
work, tin (II) acetylacetonate (Sn(acac),) and SnCl, were
employed as the Sn sources, and palladium acetylacetonate
as the Pd source. Chen and his coworkers [18] skillfully
synthesized SnPd nanoalloys through using a simple one-pot
approach, announcing that the as-prepared alloys exhibited
superior catalytic performance for both EOR and oxygen
reduction reaction (ORR). In Chen’s work, Sn(acac), was
also utilized as the Sn source. Maxakato’s research group
[19] prepared carbon nano-onions supported PdSn
nanoparticles using an alcohol reduction method, in which

Recently, ethanol oxidation reaction (EOR) based fuel
cell, namely, the direct ethanol fuel cells (DEFCs), has been
paid much more attention mainly due to its outstanding
features such as the higher safety relative to the hydrogen fuel
cell[1,2], the higher energy density compared to the direct
methanol fuel cells (DMFCs) [3-6]. However, the drawbacks,
such as the sluggish reaction kinetics of EOR on the Pt
(platinum) based catalysts [7] and the poisoning of catalysts
[8] in the operation period, have greatly limited the further
large-scale application of DEFCs. Among all the drawbacks,
the scarcity and relatively higher cost were thought as the
main disadvantages impeding the final large-scale
commercialization of Pt based DEFCs [9]. Fortunately, the
metallic Pd and Pd based materials were also indicated to
have excellent electrocatalytic activities towards alcohol
electro-oxidation reaction [10] especially EOR in an alkaline
solution [11]. Therefore, to further cut down the cost of
preparing Pd based catalysts while maintaining its excellent
electrocatalytic activity, developing Pd based binary (or
ternary) catalysts for EOR has been focused as one main
highlight in the research field of Pd based EOR
electrocatalysts. Of late, Pd based binary catalysts such as
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PdCl, and SnCl, were respectively utilized as the Pd and Sn
sources. In 2023, Sn-Pd electrocatalysts were
electrochemically synthesized using a novel two-step
electrodeposition method by Nikoli¢ and his coworkers [20],
in which SnCl, and PdCl, were employed as the metal
sources of the as-prepared catalysts. Although many kinds of
Sn-containing substances, as introduced above, have been
used as the Sn source to prepare Pd-Sn binary catalysts, to
the best of our knowledge, the preparation of Pd-Sn binary
catalysts using tin oxides as the Sn source was rarely
reported.

As is known to all, the catalyst carrier is an indispensible
part for a catalyst modified electrode, which plays an
important role in determining the final electrocatalytic
performance of an electrocatalyst used. Therefore, many
novel kinds of catalyst carriers were developed to support the
Pd based catalysts in recent years. For instance, Zhu’s group
[21] prepared TiO, nanosheets supported Pd-Sn
nanocatalysts using a NaBH4 co-reduction method, via which
the EOR process was thoroughly investigated. Liu’s group
[22] studied the electrocatalytic activity of PdSn
nanocatalysts towards EOR systematically, in which the
functionalized carbon vulcan XC72 was employed as the
catalyst carrier of the prepared PdSn nanocatalysts. Besides
above catalyst carriers, vulcan XC-72R carbon [23], KJ-
Carbon [24], graphene sheet [25], rtGO (reduced graphene
oxide) [26] were also utilized as the carriers to support the Pd
based catalysts. As for the catalyst carrier of the carbon
spheres, its inception can be traced back to the research work
of Huang’s group [27] in 2001. In Huang’s work, carbon
spheres were fabricated using a hydrothermal treatment
assisted carbonization method, in which aqueous sugar
solution was used as the unique starting material. In 2004, the
preparation strategy of carbon spheres was further
ameliorated by Li’s group [28], namely, carbon spheres were
successfully prepared via a hydrothermal method where
besides water only glucose was employed in the whole
preparation process. Thereafter, carbon sphere (CS), mainly
owing to its simple preparation process and relatively lower
cost, was urgently employed as the catalyst carrier in the
electro-catalysis field. For example, Shen’s group [29]
prepared hollow carbon hemispheres (HCHs) using glucose
as carbon source and polystyrene spheres (PSs) as the
templates, reporting that the EOR electrocatalytic activity of
the Pd/HCHs was significantly superior to that of the
Pd/Vulcan XC-72 carbon at the same Pd loadings. Ye’s
group [30] prepared hollow N-doped carbon spheres via a
polydopamine-assisted method in which ammonia solution,
ethanol and tetraethoxysilane were used as the main starting
materials. In 2021, carbon spheres doped with sulfur (S) and
nitrogen (N) atoms were skillfully fabricated through
calcining the precursors of palladium-rubeanic acid
coordination polymers by Shim’s group [31], which were
created as the novel carriers of Pd nanoparticles. Liu’s group
[32] synthesized an acid resistant and strawberry-like metal-
carbon sphere (M/SCS) using a one-step method, in which
carbon spheres were prepared by the carbonization of
phenolic resin, revealing that in the hydrochloric acid the
electrocatalytic activity of Pd/SCS was much better than that
of Pd/AC (activated carbon). A highly dispersed Ru
nanoparticle catalyst was prepared using a porous carbon
sphere orifice embedded Ru nanoparticle method, in which
hollow mesoporous carbon spheres were prepared using
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hexadecyl trimethylammonium chloride and resorcinol as the
main reactants [33]. Although the carbon spheres have been
employed as the carriers to support the Pd based catalysts, to
our knowledge, the research work using SnO,-CSS as the
catalyst carrier to support the Pd based catalyst has not yet
been reported so far.

In this work, firstly, three catalyst carriers of SnO,-CSS
were prepared using a hydrothermal approach assisted
calcination method, in which only glucose and tin oxides
were used as the starting materials. Secondly, a composite Pd
based catalyst, namely, Pd/SnO,-CSS, was prepared through
employing another hydrothermal process, in which PdO-H,O
was used as the Pd source. For the catalysts carriers of SnO,-
CSS, as observed by SEM images, some particles were
distinctly anchored on the surface of CSS. While, in the case
of the prepared catalysts, many nanoparticles were evenly
distributed on the surface of the CSS. Most importantly, all
resultant catalysts of Pd/Sn0O,-CSS delivered an evident
electrocatalytic activity for EOR. Preparing an novel catalyst
carrier of SnO,-CSS using a hydrothermal process assisted
calcination approach and developing a novel Pd based
catalyst of Pd/SnO,-CSS towards EOR were the major
contributions of this preliminary work, which was believed
to be very favorable to both the progress of catalyst carrier
research and the development of Pd-Sn binary EOR
composite catalysts.

2. EXPERIMENTAL DETAILS
2.1 Reagents and materials

All the chemical agents such as glucose and PdO-H,O
were bought from Tianjin Reagent Company (China), and
utilized as received with no further purifications. All
electrodes used in the electrochemical measurements were
purchased from Tianjin Aida Co., Ltd (China). The aqueous
solution of 1 M KOH containing 1 M ethanol was employed
as the electrolyte solution to investigate the electrocatalytic
activity of all prepared catalysts towards EOR.

2.2 Preparation of the composite catalysts of Pd/SnO:-
CSS

The catalyst carriers of SnO,-CSS were prepared via a
hydrothermal process assisted calcination method. Firstly,
0.06 g SnO, was added into 15 mL of 0.5 M glucose aqueous
solution forming a suspension solution, and then, the
resultant solution was placed carefully in a teflon-sealed
autoclave, which was heated at 180°C for 10 h to end the
hydrothermal process. After cooling down to the room
temperature, the black filter residues were obtained, which
were well washed by double-distilled water for three times.
Subsequently, the well cleaned residues were dried in a
drying oven at 90 °C for 7 h. Finally, the well dried samples
were calcined in a muffle furnace at 600 °C for 1 h in the air
atmosphere to produce the catalyst carrier A (denoted as
Sn0O,-CSS). Besides the kinds of tin oxides, the preparation
processes of other two catalyst carriers were the same as that
of preparing catalyst carrier A. Thus, the catalyst carriers
prepared in the presence of 0.06 g SnO, 0.06 g mixture of tin
oxides (namely, 0.03 g SnO and 0.03 g SnO,) were called as
catalyst carrier B and C, respectively.

Secondly, the final composite catalysts were prepared
using a facile hydrothermal approach. In brief, 10 mg of
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catalyst carrier A and 10 mg of PdO-H,O were put together
in 4 mL double-distilled water to generate a suspension
solution. After that, the resultant solution was thoroughly
treated by ultrasonication for 60 min so as to produce a more
homogeneous solution. Soon afterwards, the well treated
suspension solution was sealed in an autoclave which was
heated at 200°C for 3 h to accomplish the hydrothermal
process. The subsequent steps for preparing the final
catalysts were identical to that of preparing catalyst carriers.
That is, the final catalysts prepared using catalyst carrier A,
B and C were categorized as catalyst a, b and c, respectively.

2.3 Fabrication of Pd/SnO:-CSS modified GC electrodes

Firstly, 1.5 mg of catalyst a was well dissolved in 0.5 mL
Nafion-contained ethanol solution (The mass content of
Nafion was approximately 0.1 wt.%), and then, the resulting
suspension solution was treated ultrasonically for 60 min at
room temperature in order to prepare the final catalyst ink.
Subsequently, 18 pL of the as-prepared catalyst ink was
placed on the surface of a well-treated glassy carbon (GC)
electrode (The GC electrode diameter was 3 mm). After
being well dried in the air atmosphere, an electrode, i.e.,
Pd/SnO,-CSS composite catalyst modified GC electrode,
was prepared successfully. The electrode prepared
employing catalyst a, b and ¢ were nominated as electrode a,
b and c, respectively.

2.4 Characterization

The X-ray diffraction (XRD, Bruker D§ ADVANCE X-
ray diffractometer equipped with a Cu Ka source (1 = 0.154
nm) at 40 kV and 30 mA) analyzer was employed to
characterize the crystal phase and main chemical components
of all studied samples. The surface morphologies of all
prepared samples were observed by using scanning electron
microscopy (SEM, HITACHI, S-570). The solid nature of the
resultant carbon spheres was identified using transmission
electron microscopy (TEM, HITACHI, H-7650). The
elemental compositions of all studied samples were analyzed
by using energy dispersive X-ray spectroscopy (EDS, PV-
9900, USA). To better analyze the chemical compositions of
the studied samples, the valences of all the elements existing
in the prepared catalysts were examined by using X-ray
photoelectron  spectroscopy (XPS, Kratos Analytical
spectrometer, Al K. radiation). Fourier transform infrared
spectrometry (FTIR, Hitachi FTIR-8900 spectrometer,
Japan) was utilized to determine the functional groups
existing in all prepared catalysts.

The conventional electrochemical techniques such as
CV, CA and electrochemical impedance spectroscopy (EIS)
were all carried out on a CHI 660B electrochemical
workstation purchased from Shanghai Chenhua Apparatus
(China). In the electrochemical measurements, the traditional
three-electrode cell was employed in which the as-prepared
electrode, a saturated calomel electrode (SCE) and a
platinum (Pt) mesh were, respectively, used as the working,
reference and counter electrode. Therefore, all potentials
appearing in this work were relative to the electrode potential
of the SCE. To study the electrocatalytic performances of all
prepared catalysts towards EOR, an electrolyte solution of
IM KOH that contained 1M ethanol was used in the whole
electrocatalytic experiments. All the electrochemical tests

were performed at room temperature with no special
protective measures.

3. RESULTS AND DISCUSSION

3.1 Characterizations of the as-prepared samples

XRD patterns of all prepared catalyst carriers are given in
figure a of Fig.1. Apparently, in each XRD pattern, four
diffraction peaks located at the 26 value 0f26.6°, 33.9°, 37.9°
and 51.8° were, respectively, assigned to the crystal face of
(110), (101), (200) and (211) of the tetragonal rutile structure
SnO, [34,35] (JCPDS, Card No.41-1445). That is to say,
SnO, as the main crystal substance existed in all prepared
catalyst carriers. Combined with the subsequent research
results, it was strongly confirmed that the catalyst carrier
mainly contained SnO, and carbon material (carbon solid
spheres). The XRD pattern of all prepared catalysts are
illustrated in figure b of Fig.1, in which the standard XRD
patterns for SnO,, PdO and metallic Pd are also presented.
Similar to the XRD patterns of the prepared catalyst carriers,
the typical diffraction peaks assigned to SnO, are clearly
displayed, indicating that the tetragonal rutile structure SnO,
as one main chemical substance still existed in all prepared

catalysts.
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Figure 1. (a) XRD patterns for all as-prepared
catalyst carriers in which the standard XRD pattern of SnO,
was also presented. Pattern A, B and C corresponded to
catalyst carrier A, B and C, respectively. (b) XRD patterns
for all as-prepared catalysts in which the standard XRD
patterns of SnO,, PdO and metallic Pd were also presented.
Pattern a, b and ¢ corresponded to catalyst a, b and ¢,
respectively.
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The diffraction peaks centered at the 26 values of 40.1°,
46.7° and 68.2° matched respectively well with the
crystallographic planes of (111), (200) and (220) of the face
centered cubic (fcc) crystalline metallic Pd [36] (JCPDS,
Card No. 5-681), effectively demonstrating the presence of
metallic Pd in all prepared catalysts. The typical diffraction
peak belonging to PdO (JCPDS, Card No. 75-584) [37],
namely, the diffraction peak at the 26 value of 33.7°, was also
distinctly displayed in the XRD patterns of all studied
catalysts. The representative diffraction peak attributed to the
reflection (002) of carbon at about 25° was not exhibited in
all resultant XRD patterns, indicating that the crystallinity of
the carbon material in all prepared catalysts was too low to
be detected. Thus, based on the XRD patterns shown in figure
b of Fig.1, except for the carbon material, metallic Pd, SnO,
and PdO were confirmed to be the main substances of all
prepared catalysts. Additionally, the diffraction peak
intensity was rather different from each other, for example,
the diffraction peak intensity of the crystallographic plane of
(111) for catalyst c was significantly higher than that of other
two catalysts, which substantially indicated that the added
amount and the kinds of tin oxides were the main factors
influencing the crystallinities of the final prepared catalysts.
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Figure 2. (a) EDS patterns for all prepared catalysts.
Pattern a, b and ¢ corresponded to catalyst a, b and ¢,
respectively. (b) EDS mapping image of C, Sn, O and Pd
elements in catalyst b.

The EDS patterns of all prepared catalysts are presented
in the figures of Fig.2. In figure a, the peaks indexed to C, O,
Pd and Sn elements are clearly exhibited. Apparently, the
existence of C element was due to the presence of carbon
spheres in all resultant catalysts. The atomic contents of Pd
and Sn in catalyst a, b and ¢ were roughly estimated to be
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12.1% and 1.6%, 15.6% and 3.4%, 14.0% and 3.4%,
respectively. Therefore, catalyst b had the largest amount of
Pd element among all studied catalysts, which was very
advantageous to the electrocatalytic activity improvement of
a Pd based catalyst since both PdO and metallic Pd had
evident electrocatalytic activities towards EOR [38]. The
EDS mapping images of above four elements in catalyst b are
presented in figure b of Fig.2 revealing that each element was
uniformly distributed in the prepared catalysts. In other
words, the substances existing in all prepared catalysts were
dispersed uniformly in each catalyst.
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Figure 3. FTIR spectra for all prepared catalysts.
Pattern a, b and ¢ corresponded to catalyst a, b and ¢,
respectively.

The FTIR spectra of all synthesized catalysts are given in
Fig.3. The evident absorption band centered at 3449 cm™! was
generally ascribed to the bending vibration of the -OH group
[39]. Consequently, the surfaces of all prepared catalysts
were fully covered with -OH group, generating a highly polar
surface, which was favorable to the direct contacting between
the ethanol molecule and the catalyst. The absorption peaks
appearing at 1630 cm™ and 1039 cm! were, respectively,
originated from the C=C and C-O stretching vibration[40].
The absorption band at about 541 cm™ was generally
attributable to the presence of Sn-O or (Pd-O) [41].
Therefore, it was reasonable to draw a conclusion that carbon
materials full of -OH groups and metal oxides as the main
substances existed in all prepared catalysts.

XPS spectra of all prepared catalysts are shown in the
serial figures of Fig.4. As shown in figure a, the typical
binding peaks assigned to the elements of O, Sn, Pd and C
are explicitly exhibited, being in accordance well with the
EDS results (figure a of Fig.2). In the C1s XPS spectra (figure
b of Fig.4), the binding peaks emerging at 284.8, 286.7 and
288.7 eV were, respectively, assigned to the C=C sp?, C-O
and C=0 groups of the carbon material [42]. The intensity of
the peak at 284.8 eV was significantly higher than that of
other two peaks, implying that carbon materials mainly
existed in the form of sp? carbon [28]. As for the Ols XPS
spectra (figure ¢ of Fig.4), the binding energy (BE) peaks at
531.4 eV and 533.6 eV were originated from the Ols of C-O
[43], C-OH/HO-C=0 [43], respectively. In the case of
catalyst a and b, a very small BE peak appeared at about
535.9 eV, which was due to the presence of C-O=0 [44].
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Figure 4. XPS survey spectra of catalyst a, band c. (a)
Wide scan XPS survey spectra; (b) XPS spectra for Cls; (¢)
XPS spectra for Ols; (d) XPS spectra for Pd 3d; (e) XPS
spectra for Sn 3d.

For the Pd 3d XPS spectra (figure d of Fig.4), the BE
peaks at 335.7 eV, 337.1 eV, 340.8 eV and 342.8eV were
assigned to the 3d orbit of Pd® (3ds), Pd?" (3dss2), Pd® (3d.2)
and Pd*" (3ds1) [45], respectively. The peak intensity ratios
of Pd%(3dsy) (at 335.7 eV) to that of Pd?*(3ds,) (at 337.1 eV)
were roughly calculated to be 0.69, 1.02 and 0.68 for catalyst
a, b and c, respectively. That is, under the same loading
amount, the content of the metallic Pd in catalyst b was
evidently higher than that of other two catalysts, which was
very profitable to the electrocatalytic activity improvement
of a Pd based composite catalyst. In the Sn 3d XPS spectra
(figure e of Fig.4), the BE peaks at 487.1 and 495.5 eV were
respectively assigned to the 3d orbit of Sn*" (3ds,) and
Sn*"(3ds»), confirming the existence of Sn*" in the final
catalysts [46]. Hence, it was rational to think that the added
starting material of SnO was totally chemically oxidized to
be SnO, after the whole preparation process. Summarily,
metallic Pd, PdO, SnO;, and carbon material as the main
substances existed in all prepared catalysts.

3.2 Surface morphology observation

The surface morphologies of all prepared catalyst carriers
are given in figure a of Fig.5. In the SEM images with a scale
of 1 pum, except for some irregular particles, several large
spheres with a smooth surface were seen clearly in all
resultant SEM images. These large spheres were the carbon
spheres on the basis of the previous work concerning the
preparation of carbon spheres (denoted as CS) [28]. The
diameters of the CSs were measured roughly to be 4.9 pum,
2.6 um and 6.6 pm for catalyst carrier A, B and C,
respectively. While, for the SEM images with a scale of 100
nm, particles with rather different shapes and sizes were
observed to be decorated on the surface the large CSs. A large
particle that was constructed by many nanoparticles was seen
distinctly on the surface of the large CSs of catalyst carrier
A. An aggregate piled up by several large particles appeared
in catalyst carrier C. For catalyst carrier B, several particles
were seen on the surface of the large CSs. It was because of
this, all prepared catalyst carriers were the CSs decorated
with particles.
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Figure 5. (a) SEM images for all prepared catalyst carriers. Image A, B and C corresponded to catalyst carrier A, B and C;
(b) SEM images for all prepared catalysts. Image a, b and ¢ corresponded to catalyst a, b and c. The scales of SEM images in the
upper part and lower part were 1 um and 100 nm, respectively.

The surface morphologies of all prepared catalysts are
provided in figure b of Fig.5. In this case, besides the large
CS, a lot of small particles appeared in all resultant SEM
images. For the 1 um scaled SEM images, besides some
irregular particles, several large CSs were displayed clearly.
For catalyst a, large carbon spheres were connected together
forming an huge aggregate, and many irregular small
particles were attached on the surface of carbon spheres
generating a burry surface. For catalyst b, besides one large
carbon sphere, many particles with a size of about 0.15um
were accumulated together generating several large
aggregates. In the case of catalyst c, a large carbon sphere
with a diameter of about 7.2 um, which was decorated by
many irregular small particles, was seen in the observation
window. To further observe the surface morphology of the
resultant CS, SEM images with a scale of 100 nm for all
catalysts are also presented (lower part of figure b). For
catalyst a, several irregular aggregates with a size ranging
from 140 nm to 40 nm were observed on the surface of the
CS. Interestingly, in the case of catalyst b, some
nanoparticles with a uniform size close to 70 nm were evenly
distributed on the surface of CS. While, for catalyst ¢ (image
¢), several small aggregates that were piled up by much
smaller particles were found to be anchored on the surface of
CS. Interestingly, for catalyst ¢, some evident holes with an
inside diameter of about 70 nm were viewed explicitly, which
was probably due to the peeling off of the particles decorated
on the surface of CS. Hence, the added quantity and the kinds
of tin oxides in preparing the catalyst carriers were all critical
factors, which could not only affect the surface morphology
but also the particle size of the final catalysts. For catalyst a
and b, the surface of CS was not flat, instead, it was densely
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covered by a large number of protuberances forming a
bumpy surface. Evidently, the surface protuberance size of
CS of catalyst ¢ was the minimum one among all studied
catalysts, showing a relatively smooth surface.

L

Figure 6. TEM images for all prepared catalysts. Image a, b
and c corresponded to catalyst a, b and c.

TEM images of all prepared catalysts are given in Fig.6.
In each image, large black spheres were exhibited clearly,
which strongly indicated that all prepared carbon spheres
were carbon solid spheres (CSS). That is, the interior of CSS
was fully filled with glucose-derived substances even after
the air atmosphere calcination treatment (at 600°C for 1 h).
Besides, some irregular particles appeared at the boundary of
all observed CSS, which effectively documented that some
irregular particles were immobilized on the surfaces of CSS,
being consistent with the SEM observation.

3.3. Electrocatalytic activities of all prepared catalysts
towards EOR

To better compare the electrocatalytic activities of all
prepared catalysts towards EOR, the CV curves of various
catalysts coated GC electrodes, which were recorded in a
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solution of 1M KOH containing 1M ethanol, are collected in
Fig.7. For each catalyst coated GC electrode, two typical
oxidation peaks were explicitly displayed in the testing
potential range, suggesting that all prepared catalysts had an
evident electrocatalytic activity towards EOR [47].
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Figure 7. CV curves for the as-prepared catalyst
modified GC electrode, which were recorded at 50 mV s™'in
an electrolyte solution containing 1M KOH and 1M ethanol.
Curve a, b and ¢ corresponded to the case of using electrode
a, b andc.

In general, the electro-oxidation peak appearing in the
positive potential scanning (denoted as peak f) was resulted
from the direct electrochemical oxidation of ethanol
molecules, and the abnormal electro-oxidation peak
appearing in the negative potential scanning (nominated as
peak b) was originated from the electrochemical oxidation of
the intermediates that were generated in the direct
electrochemical oxidation of ethanol molecules (while
producing peak f) [48]. As shown in Fig.7, the peak current
densities of the peak f and b were measured to be 18.9 and
23.6, 82.1 and 122.7, 28.9 and 36.9 mA cm™ on catalyst a, b
and c, respectively. It should be emphasized that the peak
current densities of electrode a, b and ¢ were all remarkably
larger than the previously reported data measured on Pd/C
(10.3 mA cm?). Especially, the peak current density of
electrode b were significantly higher than that recorded on
Pd>Sn:P/C catalyst (41.2 mA cm?) [49]. Above results
strongly indicated that the electrocatalytic activities of all
prepared catalysts toward EOR were superior to that of the
previously reported catalysts. Evidently, catalyst b exhibited
the maximum peak current density value among all examined
catalysts, implying that the electrocatalytic activity of
catalyst b toward EOR was superior to that of catalyst a and
c. The ratios of the peak current density of the peak f to that
of peak b were, respectively, roughly estimated to be 0.80,
0.67 and 0.78 in the case of using catalyst a, b and c. That is
to say, as compared to the cases of using catalyst a and c,
more amounts of EOR intermediates were electrochemically
oxidized while using catalyst b. The total peak area (both
peak f and peak b) of EOR on catalyst b was significantly
larger than that of using catalyst a and ¢, which effectively
indicated that more amount of C,HsOH molecules was
electrochemically oxidized on catalyst b as compared to the
case of using catalyst a and c, generating a satisfactory EOR
electrocatalytic performance.
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Figure 8. Successive CV curves, which were measured
at the 1, 5, 10, 15, 20 and 25 cycles in 1M KOH containing
IM ethanol at 50 mV s, for various catalysts coated GC
electrode. Figure a, b and ¢ corresponded to the case of using
catalyst a, b and ¢ modified GC electrodes. The curves
showing the relationship between the peak current density of
peak f for EOR and the cycling number was illustrated in
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figure d. In figure d, curve a, b and ¢ corresponded to the case
of using electrode a, b and c.

The successive CV curves of EOR on various catalysts
coated GC electrodes are illustrated in the figures of Fig.8
with an intention to study the cycling stability of EOR on
each catalyst. To be noted, the CV curves in Fig.8 were
recorded at 1, 2, 5, 10, 15, 20 and 25 cycles. In figure a, for
peak f and peak b, the peak current density gradually
increased with increasing the cycling number, suggesting that
catalyst a was reactivated in the successive potential cycling.
In the case of catalyst b (figure b of Fig.7), except for the first
cycle, all other CV curves were almost overlapped, implying
that the electrocatalytic activity of catalyst b had no evident
variation during the whole cycling test, exhibiting a satisfied
electro-catalysis performance consistency. The varying trend
of the peak current density with cycling number for catalyst
c (figure c of Fig.8) was similar to that of catalyst a, i.e., the
peak current density of peak f evidently increased with
increasing the cycling number. The relationship between the
peak current density of peak f and the cycling number for all
prepared catalysts is plotted in figure d of Fig.8. Apparently,
in the total testing period, catalyst b showed the largest peak
current density, for example, at the 20" cycle, the peak
current density of peak f on catalyst a, b and ¢ were 17.4, 82.3
and 28.1 mA c¢cm?, respectively, proving that catalyst b had
the best electrocatalytic activity towards EOR among all
prepared catalysts.
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Figure 9. The CA curves measured in an electrolyte
solution containing 1M KOH and 1M ethanol, in which the
applied potential was fixed at -0.27 V. Curve a, b and ¢
corresponded to the case of using electrode a, b and c.

The electrocatalytic durability of all studied catalysts was
examined by using CA (Fig. 9). On the basis of the previous
work, the rapid drop of current density in the initial stage of
the CA curve was generally ascribed to the fast variation of
the electric charge of the double electric layer appearing on
the working electrode surface, which was usually called as
capacitive current, and the gentle straight line appearing in
the CA curve was commonly resulted from the direct electro-
oxidation of ethanol molecules or the intermediates formed
during the direct EOR process, which was mostly nominated
as faradic current or polarized current [50]. Evidently,
catalyst b showed the largest faradic current density in the
whole testing period, presenting a satisfied electrocatalytic
durability. Especially, even after 7200 s, the current density
of EOR on catalyst b was still retained to be 7.9 mA cm?,
which was significantly higher than that of case using
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catalyst a (0.1 mA cm?) and catalyst ¢ (3.2 mA cm?). The
sequence of the electrocatalytic durability for all studied
catalysts displayed in Fig.9 was consistent well with that
order shown in Fig.7, namely, following the decreasing
order, catalyst b> c>a.
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Figure 10. CV curves for electrode a, b and ¢, which were
measured on various catalysts coated GC electrodes in 1M
KOH at 50 mV s™!. Curve a, b and ¢ corresponded to
electrode a, b and c.

The CV curves of all prepared catalysts were also
measured in 1 M KOH solution desiring to further reveal the
electrocatalytic mechanism of all studied catalysts towards
EOR (Fig.10). The shape of all the CV curves was very
similar to that of the CV curve measured on the pure Pd
electrode [51], which strongly indicated that the metallic Pd
was still the main substance of all prepared catalysts to
electrochemically catalyze the EOR process. Through
comparing with previous work concerning the CV
performance of pure Pd electrode in KOH solution [51], it
was concluded that the electrochemical reduction peak
centered about -0.35V was attributed to the electro-reduction
of PdO to metallic Pd, i.e., PdO + H,O + 2e~—Pd + 20H"
[51], which was denoted as PdO/Pd peak for simplicity. That
is to say, prior to the EOR process, all the PAO molecules
have been electrochemically reduced to be metallic Pd since
the EOR started at about -0.7V on all prepared catalysts (as
shown in Fig.7). The sequence of the peak current densities
for the PdO/Pd peaks was the following increasing order,
namely, catalyst a<c<b, which was consistent well with the
electrocatalytic performance order shown in Fig.7 and Fig.9.
The largest CV area of the PdO/Pd peak was exhibited by
catalyst b, suggesting that more amount of metallic Pd were
electrochemically produced on catalyst b prior to the EOR
process. To provide a quantitative comparison of the active
area for all studied catalysts, the electrochemical surface area
(ECSA) of each catalyst was approximately calculated using
the following equation (1) [52], namely,

ECSA= Qpgo /(mxC) (1)

In above equation, Qp4o Was the electric charge used for
the electrochemical reduction of PdO monolayer, which was
roughly equal to the ratio of the CV peak area of PdO/Pd to
the potential scanning rate. And, m was the amount of the
metallic Pd in each catalyst, C was a constant of 424 mC cm
2, After a careful calculation, the ECSA of catalyst a, band ¢
was determined to be 4.8 m? gp4!, 22.8 m? gpq! and 13.0 m?
gpd’!, respectively. Encouragingly, the value of 22.8 m? gpq!
measured on catalyst b was much higher than the recently
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reported ECSA value (8.35 m® gps!) measured on a
Pd/NiO/Ti composite catalyst [53]. Therefore, all prepared
catalysts, especially catalyst b, were thought to be promising
electrocatalysts for EOR based fuel cells.
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Figure 11. EIS results for electrode a, b and ¢, which
were detected in an electrolyte containing 1M KOH and 1M
ethanol. In all figures, curve a, b and c corresponded to the
case of using electrode a, b and c. (a) Nyquist plots; (b)
Bode plots; (¢) Curves of the total impedance (Z) against
frequency (f).

Results of EIS for all prepared catalysts are shown in the
figures of Fig.11. Curves in figure a are the Nyquist plots for
all prepared catalysts, which were measured in the solution
of 1M KOH containing 1M ethanol. Generally, for an
electrochemical reaction, its Nyquist plot consisted of a
semicircle in the higher frequency range (The diameter of the
semicircle was equal to the charge transfer resistance (Re))
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and a 45° line in the lower frequency region [54]. In this case,
each Nyquist plot comprised a straight line in the higher
frequency range and a sloped line in the lower frequency
region. That is, the R value of EOR on the studied catalyst
was too small to be presented, which could only be attributed
to the presence of carbon solid spheres in all prepared
catalysts. In the Bode plots of all prepared catalysts (figure b
of Fig.11), one huge symmetrical peak was distinctly
displayed in the total frequency region, which effectively
indicated that the microstructures of all prepared catalysts
were close to each other. The relationship between the total
resistance and the applied frequency for all prepared catalysts
are given in figure ¢ of Fig.11. The total resistance values of
all prepared catalysts were almost identical when the
frequency was higher than 100 Hz, which indirectly indicated
that the main microstructures of all prepared catalyst were
very similar to each other, i.e., showing a structure of carbon
solid sphere anchored by many nanoparticles.

In summary, the relatively higher content of metallic
Pd as compared to Pd?’, the uniform particle size and the
largest CV peak area were analyzed to be the main reasons
rendering catalyst b the best EOR electrocatalytic activity
among all prepared catalysts. Preparing a novel catalyst of
SnO,-CSS supported Pd based composite EOR catalyst using
PdO-H;O and tin oxides as the starting materials was the
major contribution of this preliminary work, which was very
helpful to the further development of Pd based EOR
electrocatalysts.

4. CONCLUSIONS

For the first time, a novel catalyst carrier of SnO,-CSS
was prepared via a hydrothermal process assisted calcination
method, and then, the as-prepared catalyst carrier supported
Pd based composite catalysts (Pd/SnO,-CSS) were fabricated
through using a hydrothermal method. The surface
morphologies of all prepared catalysts were observed by
using SEM, revealing that a large number of particles with
various sizes were anchored on the surface of the prepared
CSS. The chemical compositions of all prepared catalysts
were mainly analyzed by using XRD and XPS, showing that
metallic Pd, PdO, SnO; and carbon material were the main
substances of all prepared catalysts. More importantly, as
indicated by CV and CA results, all prepared catalysts had an
evident electrocatalytic activity towards EOR. Especially, in
the CA test, the polarized current density of EOR on catalyst
b was maintained to be as high as 7.9 mA cm™ even after
7200 s, suggesting that catalyst b was a promising catalyst to
substitute the current Pd based catalyst. In this work, besides
the elements of Pd, C, O and Sn, no other elements were
introduced into the preparation system, which was an
important merit of the present work as compared to the
previously published works regarding the preparation of Pd
and Sn composite catalysts for EOR. This strategy can be
employed to prepare CSS decorated with other metal oxides
so as to promote the development of Pd based binary or
ternary EOR electrocatalysts.
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