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Abstract: For the first time, nitrogen- and carbon-present tin dioxide-supported palladium composite
catalysts (denoted as Pd/N-C-5nO,) were prepared via an HCH method (HCH is the abbrevia-
tion for the hydrothermal process—calcination-hydrothermal process preparation process). In this
work, firstly, three catalyst carriers (denoted as cc) were prepared using a hydrothermal-process-
aided calcination method, and catalyst carriers prepared using ammonia monohydrate (NH;3-H,O),
N,N-dimethylformamide (C3H7NO) and triethanolamine (C¢H;5NO3) as the nitrogen sources were
nominated as ccy, ccy and cc3, respectively. Secondly, these catalyst carriers were reacted with palla-
dium oxide monohydrate (PdO-H,O) hydrothermally to generate catalysts c;, c; and c3. As testified
by XRD and XPS, besides carbon materials and the N-containing substances, the main substances of
all prepared catalysts were SnO, and metallic palladium (Pd). Above all things, all resultant catalysts,
especially ¢, showed a prominent electrocatalytic activity towards the ethanol oxidation reaction
(EOR). As indicated by the CV (cyclic voltammetry) results, all fabricated catalysts presented a clear
electrocatalytic activity towards the EOR. In the CA (chronoamperometry) measurement, the faradaic
current density of EOR measured on ¢; at —0.27 V vs. an SCE (saturated calomel electrode) after
7200 s was still maintained at about 5.6 mA cm~2. Preparing a novel catalyst carrier, N-C-SnO,, and
preparing a new EOR catalyst, Pd/N-C-SnO,, were the principal dedications of this preliminary
work, which was very beneficial to the development of Pd-based EOR catalysts.
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1. Introduction

As is known to all, direct ethanol fuel cells (DEFCs), due to their merits of higher
energy density, nontoxicity, higher security and convenient storage and transportation, have
received widespread research attention, especially in the research field of fuel cells [1,2].
Although DEFCs have been commercialized in some fuel-cell-powered automotive vehicles,
the drawbacks of using DEFCs are becoming increasingly apparent [3,4]. Besides the
sluggish kinetics of the EOR, the expensive price and limited reserves of platinum (Pt), a
commercial catalyst widely used in DEFCs, were deemed as the chief causes hindering
the large-scale commercialization of Pt-based DEFCs. Therefore, the search for novel
EOR catalysts with satisfactory catalytic activity and relatively lower cost has become an
important topic, especially in the DEFC-related field [5,6]. Fortunately, it was revealed
recently that in addition to Pt, palladium (Pd), especially in an alkaline medium, also has a
remarkable electrocatalytic activity for the EOR [7]. Thus, the relatively abundant reserves
as well as the relatively lower cost, relative to that of Pt, enabled Pd-based EOR catalysts to
be crucial electrocatalysts in the EOR-related area [8].

With further research, it was found that the physicochemical property of the catalyst
carrier is also a key factor that can greatly affect the final electrocatalytic performance of a
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Pd-based EOR catalyst. As a consequence, many novel substances have been utilized as
novel catalyst carriers of Pd-based catalysts with the intention of further improving the
electrocatalytic activity of Pd-based catalysts [9]. For example, Peela’s group [10] prepared
zeolite-carbon (ZSM-5/ AC)-supported Pd-Ag binary alloy catalysts by using a co-reduction
method, revealing that the synergism resulting from the interaction between the bimetallic
catalysts and zeolite support was the main reason providing PdAg/ZSM-5/AC with a
high EOR electrocatalytic activity. Tong’s group [11] synthesized a core-shell-structured
composite catalyst via combining Ag (core) with Pd (shell), reporting that the strain and
electronic effects exerted by the prepared catalysts should be responsible for their high EOR
performances. Xu’s research team [12] fabricated PdZn alloy nanoparticles on nitrogen-
doped carbon materials, producing a caged PdZn/NC catalyst, declaring that the high Pd
dispersion and the adjustment of the Pd electronic property could account for the high
electrocatalytic performances exhibited. Tongol’s group [13] prepared Pd nanoparticles
on a novel carrier of corncob biochar via a borohydride reduction method, revealing that
Pd/CB900 (obtained from corncob waste via pyrolysis at 900 °C) delivered the optimal
electrocatalytic ability towards the EOR among all studied samples. A ternary N-, S- and
P-doped hollow-carbon-sphere-supported Pd nanoparticle composite catalyst used for the
EOR was skillfully prepared by Xu's group [14], in which K,PdCly was employed as the
Pd source and the carbon spheres were fabricated from polyphosphazene. Although, as
summarized above, many novel catalyst carriers have been developed in recent years, to
our knowledge, nitrogen- and carbon-present tin dioxide, namely N-C-5nO,, has rarely
been reported to be used as the catalyst carrier of Pd-based catalysts.

Of late, due to its special electron-accepting ability and its similar atomic radius to that
of the carbon atom, the nitrogen atom, as one typical heteroatom, has been purposely doped
into carbon materials with the aim of producing a novel kind of carbon material [15]. For
instance, Chen'’s group [16] successfully prepared carbon—nitrogen-supported palladium
nanoparticles by using the starting material of a covalent organic framework (COF), in
which piperazine was employed as the N source. Hou and his coworkers [17] synthesized
flower-shaped boron- and nitrogen-doped carbon-supported Pd catalysts for the EOR, in
which 2-methylimidazole was used as the N source. Yang's research team [18] prepared a
catalyst of Pd/NCB@NCNTs where ethylenediamine was utilized as the N source for combi-
nation with carbon atoms. Prof. Zhao [19] prepared a catalyst of Pd/FesC@NCNTs, namely
nanosized Pd-loaded Fe;C encapsulated by N-doped carbon nanotubes, in which melamine
and polyethylene oxide were employed as the N and C sources, respectively. Barman’s
group [20] prepared a new catalyst abbreviated as NiOx/CNy, in which N-doped carbon
nanosheets were synthesized via a microwave method and formamide was used as the N
source. Although a lot of N-containing substances have been employed as the N source
to react with carbon materials [21,22], ammonia monohydrate, N,N-dimethylformamide
and triethanolamine are rarely used as N sources to produce N-doped carbon materials, to
our knowledge.

Being alloyed or being composited with a less expensive transition metal is regarded
as a useful approach to reduce the usage amount of metallic Pd while maintaining Pd’s
electrocatalytic activity towards the EOR. Among all selected transition metals, Sn, due to
its ability to weaken the adsorption of poisoning intermediates as well as its high abun-
dance and nontoxicity [23,24], was thought of as one promising metal for combining with
Pd to prepare Pd-based binary catalysts. However, in many cases, the element Sn will exist
in the form of tin oxides in the prepared catalysts. Therefore, tin dioxide (SnO;)-supported
Pd composite catalysts have been prepared in the last several years. For example, Fan’s
group [25] prepared graphene-based porous carbon-Pd/SnO, nanocomposite catalysts
for the EOR, in which SnCl, and PdCl, were employed as the Sn and Pd sources, re-
spectively. Santos’s group [26], to reduce the usage amount of Pd, prepared a catalyst
of PdxSny /Vulcan XC-72, in which Pd(NO3),; and SnCl, were selected as the Pd and Sn
sources, respectively. Zhu's group [27] prepared a novel EOR catalyst of monodisperse
PdSn/SnOx core/shell nanoparticles in which tin (II) acetate (Sn(OAc),) was employed as
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the Sn source and PdCl; as the Pd source. Liu’s group [28] prepared a two-dimensional
EOR catalyst of Pd;Sny /TiO,-GO via a sol-gel-microwave method, revealing that the SnO,
of the prepared catalysts could effectively help remove the CO,q5 intermediate species
produced in the EOR process. Although many kinds of Sn-containing substances have been
used as a Sn source to prepare SnO; carriers for Pd-based EOR composite catalysts, to our
knowledge, papers reporting the preparation of a SnO, carrier using stannous oxide (SnO)
as the Sn source have rarely been published so far.

In this work, to begin with, three catalyst carriers of N-C-SnO, were prepared using
a hydrothermal process—calcination method, in which SnO, glucose and one N source
were utilized as the starting materials. The chemical components of all produced catalysts
were mainly studied by XRD and XPS, showing that SnO; and elemental Pd were the
major materials of all resulting catalysts. Above all, as indicated by CA measurement, all
fabricated catalysts had an obvious electrocatalytic ability towards the EOR. Particularly,
the faradaic current density measured on c; at —0.27 V vs. an SCE was kept at about 5.6 mA
cm 2 even after 7200 s, a value comparable to the currently reported data. A novel catalyst
carrier, N-C-5nO,, and a new catalyst, Pd/N-C-5nO,, showing excellent electrocatalytic
activity for the EOR were developed in this work, which was the main contribution of this
preliminary work, being very beneficial to the development of both catalyst carriers and
Pd-based EOR catalysts.

2. Experiments
2.1. Materials

Analytical reagents such as ammonia monohydrate (NH3-HO), N,N-dimethylformamide
(C3HyNO), triethanolamine (C¢H15NO3), stannous oxide (SnO) and palladium oxide mono-
hydrate (PdO-H,0O) were all purchased from Shanghai Yien Chemical Technology Co.,
Ltd., Shanghai, China. And all purchased reagents were used as purchased with no other
special purification treatments. An aqueous solution having 1 M ethanol and 1 M KOH was
carefully prepared by dissolving a certain amount of anhydrous ethanol and potassium
hydroxide in a proper amount of double-distilled water.

2.2. Preparation of the Nitrogen- and Carbon-Present SnO,-Supported Pd Composite Catalyst
(Pd/N-C-5n0;)

The preparation of the new catalyst, Pd/N-C-5nO,, was achieved by using an HCH
method, in which the starting materials were glucose, SnO and one N-containing source.
In the first step, the catalyst carrier N-C-SnO, was fabricated using a hydrothermal
process—calcination approach, in which 0.04 g of SnO, 3 mL of NH3-H,O and 10 mL of
0.5 M glucose solution were added together in a 25 mL autoclave. After being well sealed,
the autoclave was heated at 180 °C for 10 h to complete the first hydrothermal process.
Subsequently, after being cooled down naturally to the room temperature, the suspension
solution was filtered carefully by the means of suction filtration, generating some solid filter
residues, which were carefully washed by secondary distilled water three times. Lastly, the
resulting solid filter residues were fully desiccated in a drying box at 90 °C for 7 h to finish
the drying process. And then, the well-dried sample was placed in a well-cleaned and well-
dried crucible, which was calcined at 600 °C for 1 h to accomplish the calcination treatment
so as to produce the catalyst carrier cc;. The preparation processes for the other two catalyst
carriers, besides the nitrogen sources used, were almost identical to that of preparing cc;.
The catalyst carriers prepared using ammonia monohydrate, N,N-dimethylformamide and
triethanolamine were identified as ccj, ccp and cc3, respectively.

In the final step, the target catalysts were also prepared by a hydrothermal method.
Briefly speaking, 0.01 g of ccy, 0.01 g PAO-H,0 and 3 mL double-distilled water were added
together in a 5 mL centrifuge tube, which was treated by ultrasonication for 60 min so as to
produce a relatively homogeneous suspension solution. After that, the resultant suspension
solution, including the double-distilled water that was used to wash the centrifuge tube
(the used centrifuge tube was rinsed three times, and in each washing time, 7 mL of
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double-distilled water was used), was transferred into an autoclave, which was heated
in a drying box at 200 °C for 3 h to end the second hydrothermal process. Subsequent
preparation processes were identical to that of producing catalyst carrier cc;. Therefore, the
catalysts prepared using catalyst carriers ccj, cc; and ccs were called catalysts ¢, c; and
c3, respectively.

2.3. Preparation of Pd/N-C-SnO;-Coated Glassy Carbon (GC) Electrodes

The following preparation steps were employed to prepare the catalyst-coated GC
electrodes. To start with, 1.5 mg of ¢; was mixed with 0.5 mL of a Nafion-containing ethanol
solution (the mass content of Nafion in the ethanol solution was about 0.1 wt.%), forming a
suspension solution, which was further treated by ultrasonication for 60 min to fabricate
an ink-like solution. Soon afterward, 18 uL of the above catalyst ink was carefully dropped
onto a GC electrode using a pipette gun (the diameter of the GC electrode cross-section
was 3 mm). Finally, the resultant electrode was dried in air for 10 h to prepare the final
Pd/N-C-5nO;-coated GC electrode, and the catalyst loading amount on each electrode was
about 0.76 mg cm~2. And the electrodes coated with catalysts c1, c; and c3 were nominated
as electrodes ¢y, ¢; and c3, respectively.

2.4. Characterization

The crystalline phase and the chemical components of all studied samples were fully
analyzed by using an X-ray diffractometer (X-ray diffraction, D8 ADVANCE, Bruker AXS,
Karlsruhe, Germany). The elemental contents of each studied sample were examined
by using EDS (energy-dispersive spectrometry, INCA Energy 350, Abingdon, UK). The
functional groups existing in all prepared catalysts were detected by the traditional tech-
nique of FTIR (Fourier transform infrared spectroscopy, Hitachi FTIR-8900 spectrometer,
Tokyo, Japan). SEM (scanning electron microscopy, HITACHI, SEM S-570, Tokyo, Japan)
was used to view the surface morphologies of the studied samples. Raman spectroscopy
was performed on a laser confocal Raman microspectroscopy instrument (XploRA PLUS,
Horiba Scientific, Palaiseau, France). Also, XPS (X-ray photon-electron spectroscopy, Kratos
Analytical spectrometer, Al K radiation) was employed to further affirm the chemical
valences of the elements of the studied samples so as to further ascertain the chemical
components of all prepared catalysts, in which the adventitious carbon with a binding
energy of 284.8 eV (C 1s) was used as the criterion to measure the binding energies of the
other elements.

Typical techniques such as CV, CA and EIS were all performed on an electrochemical
workstation, CHI 660E, by using a traditional three-electrode cell. In the three-electrode
cell, the resultant electrode, a saturated calomel electrode (SCE) and a platinum slice were
used as the working, reference and counter electrodes, respectively. The electrocatalytic
performances of all studied catalysts for the EOR were fully examined in an aqueous
solution containing 1M KOH and 1M ethanol. In this work, the current density value was
equal to the ratio of the measured current value to the geometric area of the GC electrode.

3. Results and Discussion
3.1. Characterizations of the Studied Samples

XRD patterns for all synthesized catalyst carriers are shown in Figure la. In this
case, only the diffraction peaks assigned to SnO; were presented in all resultant patterns;
namely, the main diffraction peaks at 26 of 26.7°, 33.9° and 51.6° were ascribed to the
crystallographic planes of (110), (101) and (211) of SnO, [29] (JCPDS, Card No. 41-1445),
respectively. That is, the main crystal material of all synthesized catalyst carriers was
SnO;. Apparently, the diffraction peak intensity of ccy, for example, as shown by the red
circled part, the intensity of the diffraction peak at 26.7°, was higher than that of other
two catalyst carriers, indicating that cc, had the best crystallinity among all obtained
catalyst carriers [30]. For the XRD patterns of all prepared catalysts (Figure 1b), except
for the diffraction peaks assigned to SnO,, four diffraction peaks positioned at 39.8°,



Electrochem 2024, 5

486

46.7°, 68.2° and 82.2° were also clearly displayed in all resultant patterns, which matched
well with the (111), (200), (220) and (311) crystallographic planes of metallic Pd (JCPDS,
No. 5-681) [31], respectively, indicating the formation of metallic Pd in all resultant catalysts.
Also, a diffraction peak centered at 25° (as shown by the purple circled part), which was
generally ascribed to the (002) facet of graphite, was also exhibited in all resulting patterns,
which substantially indicated that the resultant carbon materials were graphitized from
the amorphous nature [32]. Thus, SnO,, metallic Pd and carbon materials as three main
substances were contained in all synthesized catalysts.

In Figure 2a, the peaks assigned to C, N, O, Pd and Sn are all clearly presented.
Apparently, the presence of C was due to the existence of carbon ashes (parts of calcination
products) in all produced catalysts. The atomic contents of C in catalysts ¢1, ¢; and c3
were roughly measured to be 1.5%, 12.5% and 9.0%, respectively, indicating that the largest
amount of carbon materials was contained in c,. The Pd atomic percentages were found to
be 13.2% in ¢1, 15.0% in ¢; and 1.1% in c3. Generally, the higher the atomic content of Pd,
the higher the electrocatalytic activity towards the EOR. The atomic contents of Sn and O
in ¢1, ¢p and c3 were found to be 19.6% and 40.1%, 20.9% and 45.3%, and 17.5% and 58.2%,
respectively. Thus, the atomic ratios of Sn to O were about 0.49, 0.46 and 0.30 for c;, ¢ and
c3, respectively, showing values rather smaller than 1, which strongly indicated that the
prepared tin oxides should be SnO, rather than stannous oxide (SnO). The peaks assigned
to N were clearly displayed in all resultant EDS patterns, which effectively demonstrated
that the element of N has been doped in all prepared catalysts. The element mappings of
the above five elements of catalyst c; are shown in Figure 2b. In each mapping, the spots
representing the elements were uniformly distributed in the observation window, which
substantially indicated that all the resultant substances were also dispersed homogeneously
in the as-prepared catalysts.
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Figure 1. (a) XRD patterns of all catalyst carriers in which the standard XRD patterns for both SnO,

and metallic Sn are also presented. Patterns ccj, ccp and ccs correspond to catalyst carriers ccq, cc)
and cc3, respectively. (b) XRD patterns for three prepared catalysts, where the standard XRD patterns
for SnO; and metallic Pd are also illustrated. Patterns c;, c; and c3 correspond to catalysts c;, c; and
c33, respectively.

The functional groups of all investigated catalysts were measured using FTIR, and the
results are provided in Figure 3a. In each pattern, a huge and broad band at 3443 cm™!
assigned to the -OH group [33] was presented clearly, suggesting that the catalyst surfaces
were fully covered by copious -OH groups, producing a surface with a relatively higher
polarity. The band at 1638 cm ™! is usually attributed to the group of C=C [33], which
should have originated from the formation of carbon spheres in the first hydrothermal
process [33]. The band positioned at 1399 cm~! generally stems from the C-H bending
vibrations of both aldehydes and ketones [34]. That is to say, the presence of the bands at
both 1638 cm~! and 1399 cm~! substantially indicated that carbon materials still existed in
all studied catalysts. The band at about 621 cm~! was from the presence of O-Sn-O bonds
in the studied samples [35]. Therefore, the existence of carbon materials and SnO, in all
prepared catalysts was again indicated by the FTIR results.

In the Raman spectra of all prepared catalysts (Figure 3b), as illustrated by the red
circled part, an evident peak representing the A4 vibration mode of SnO, was exhibited
definitely at about 634 cm~!, indicating the presence of SnOj in all resulting catalysts [36].
In addition, two weak absorption bfigures a and bands were also displayed in all resultant
patterns, especially in the pattern of ¢;. Generally, the peak at 1349 cm~! (denoted as
the D-band [37]) was due to the existence of carbon atoms of disorderly carbon materials,
and the band appearing at 1598 cm~! (nominated as the G-band), was ascribed to the
carbon atoms with the sp? bonds of ordered graphite [37]. Therefore, the presence of both
carbon materials and SnO, in all resultant catalysts was again affirmed by the Raman
spectra results.
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Figure 2. (a) EDS patterns of all prepared catalysts. Patterns c;, c; and c3 correspond to catalyst cq, cp
and c33, respectively. (b) EDS mappings of C, N, O, Pd and Sn for catalyst c;.



Electrochem 2024, 5 489

Transmittance%
{9

4000 3500 3000 2500 2000 1500 1000 500

-1
Wavenumber/cm
(@)

D band G band

Intensity/a.u.

200 400 600 800 1000 1200 1400 }600 1800 2000
Raman shift/cm
(b)

Figure 3. (a) FTIR spectra of all resultant catalysts. (b) Raman spectra for all prepared catalysts. In
(a,b), patterns ¢, c; and c3 correspond to catalysts ¢, ¢ and c3, respectively.
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In the wide-survey XPS spectra (Figure 4a), besides the small band ascribed to N,
the bands assigned to the elements of C, Pd, Sn and O were all clearly exhibited. In the
patterns of the C 1s spectra (Figure 4b), a huge and broad binding energy (BE) peak
was found at about 284.8 eV, which is generally indexed to the carbon atoms of sp? C
(C=C) [38]. And the BE peaks positioned at about 286.3 and 288.6 eV were ascribed to the
carbon atoms of C-OH/C-N/C-O and O-C=0 [39], respectively. The BE peak intensity of
the peak at 284.8 eV was stronger than that of both BE peaks at about 286.3 and 288.6 eV,
which effectively confirmed that the carbon materials of the resultant catalysts were
mainly composed of sp? C, which is very favorable for electronic transmission due
to the formation of delocalized 7 bonds [40]. In the O 1s spectra (Figure 4c), four BE
peaks appeared sequentially from the lower binding energy region to the higher binding
energy region; namely, the BE peaks at about 530.8, 532.4, 533.9 and 534.7 eV were
assigned to the O atom of O-5n [41], C=0 [42], C-O-H/C-O-C [42] and O=C-OH [43],
respectively. In the Pd 3d XPS spectra (Figure 4d), the BE peaks at 335.1 eV and 340.4
eV, being indexed to Pd° (3ds s2) and Pd° (3d; /2), respectively, are the characteristic BE
peaks of metal state of Pd [44]. Evidently, the BE peak at 335.1 eV for c¢; was negatively
shifted, as compared to that for c; and c3, by 0.3 eV and 0.1 eV, respectively, indicating
that the BE peaks assigned to metallic Pd for c; had the highest binding energy among
all prepared catalysts. Two other small and broad BE peaks were identified as the typical
BE peaks of Pd?*; namely, the BE peaks at 336.5 eV and 341.7 eV [44] were assigned to
Pd?* (3ds s2) and Pd?* (3ds /2), respectively, indicating that a small amount of PdO was
still present in all resultant catalysts. Apparently, the peak intensity and the area of the
BE peak belonging to metallic Pd, especially in the case of pattern cp, were much higher
than those assigned to Pd?*, suggesting that metallic Pd was the main Pd-containing
substance of all prepared catalysts. In the Sn 3d spectra (Figure 4e), only the BE peaks
ascribed to Sn** were present in pattern c; and pattern c3; namely, the BE peaks at
486.8 and 495.3 eV resulted from Sn** (3d; /2) and Sn** (3ds /2), respectively [41]. Thus,
along with the XRD results (Figure 1b), it was again concluded that SnO, was a main
Sn-containing substance of catalysts c; and c3. Interestingly, in the case of pattern c;,
aside from the BE peaks indexed to Sn**, the BE peaks assigned to metallic Sn were also
visible; that is, the BE peaks at 485.0 and 493.5 eV stemmed from Sn? (3ds /2) and SnY
(3d3/2) [45], respectively, indicating that SnO, and metallic Sn were contained in catalyst
¢2. In the N 1s spectra (Figure 4f), pattern c3 showed four BE peaks, namely the BE peaks
at 397.6, 399.2, 400.4 and 402.2 eV assigned to pyridinic N, pyrrolic N, graphitic N and
oxidized N, respectively [46]. And for catalyst c3, the atomic contents of N existing in
the form of pyridinic N, pyrrolic N, graphitic N and oxidized N were measured to be
about 13.8%, 45.3%, 38.3% and 2.6%, respectively. Interestingly, in pattern c;, the BE peak
belonging to the oxidized N totally vanished, and the atomic contents of N existing in
the form of pyridinic N, pyrrolic N and graphitic N were found to be about 33.8%, 54.4%
and 11.8%, respectively. In the case of pattern cj, only two BE peaks, assigned to the N
forms of pyridinic N (397.6 eV) and pyrrolic N (399.4 eV), respectively, were presented,
and the atomic contents of N existing in the form of pyridinic N and pyrrolic N were
found to be 6.6% and 93.4%, respectively. The above results substantially demonstrated
that the element N was really doped in the prepared catalysts by forming N-containing
chemical bonds. As a result, besides PAO and metallic Sn, carbon materials, metallic Pd
and SnO; were again indicated by the XPS measurement to be the main substances of all
resultant catalysts, being well in accordance with the results of XRD (Figure 1b).
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3.2. SEM Characterization

SEM images with different scales for the three synthesized catalysts are presented in
Figure 5. For the SEM image with a 2 um scale for catalyst c¢; (image c;), a large spherical
particle that was decorated with numerous flocculent particles was clearly exhibited. Inter-
estingly, for the SEM image with a 200 nm scale of catalyst c1, no large spherical particles
were observed anymore, and, instead, several destroyed spherical particles that contained
many small particles (red boxed part) as well as some aggregates constructed by several
small particles (blue circled part) were presented distinctly. For catalyst c; (image cp),
numerous debris-shaped particles with a hollow network structure were viewed in the
SEM images (with a scale of 2 um). In general, the hollow network structure of catalyst
cp was very beneficial to the flow of both the electrolyte solution and ethanol molecules.
As shown by the yellow triangle-enclosed part of image c, (with a scale of 200 nm), those
debris-shaped particles appearing in the SEM images (with a scale of 2 um) were piled up
with a lot of small blocky particles. As for catalyst c3 (image c3), a large particle coated
with many small particles was seen in the viewing window. And, as indicated by the
SEM image with a scale of 200 nm, several clod-shaped particles that were formed by the
accumulation of many small particles were presented clearly, which strongly affirmed that
particles of catalyst c3 were also piled up with numerous small particles. The above results
at least indicated that the kind of added N sources was a key factor that could directly affect
the final morphologies of the catalysts prepared. Apparently, as compared to the other
two catalysts, the morphology of catalyst ¢, was more advantageous for electrocatalytic
ability promotion due to its special empty network structure.

Figure 5. SEM images for three prepared catalysts. The scale bars of SEM images were respectively
2 um and 200 nm. Image cj, ¢; and c3 were the images of catalyst ¢;, ¢ and c3.

3.3. Electrocatalytic Performances Towards EOR Achieved by the Pd/N-C-SnO; Catalysts

Figure 6a—c are the CV (cyclic voltammetry) curves recorded on electrodes c1, ¢ and c3,
respectively, in which the black and red curves were measured in solutions of 1 M KOH and
1 M KOH + 1 M ethanol, respectively. In the presence of ethanol, all the CV curves (red
curves) showed two electrochemical oxidation peaks, which substantially indicated that all
prepared catalysts had an electrocatalytic ability towards the EOR. Usually, the electrochem-
ical oxidation peak resulted from the direct electrochemical oxidation of ethanol molecules
(named as peak f), and the so-called abnormal electrochemical oxidation peak was due to
the electrochemical oxidation of intermediates that were prepared while producing peak
f [47]. All the red CV curves shown in Figure 6a—c are collected again in Figure 6d, via
which the electrocatalytic abilities of all investigated catalysts towards the EOR could be
well compared. Evidently, the peak current density of peak f measured on electrode c;
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was about 183.7 mA cm—2, which, was about 2.24 and 5.4 times higher than that recorded
on electrode ¢; (81.7 mA cm™?) and c3 ( 34.2 mA cm—2), respectively. It is noteworthy
that the value of 183.7 mA cm 2 was significantly higher than the state-of-the-art value
of 29.3 mA cm~2 [8] reported by Huang’s group in 2022. In addition, the onset potential
of the EOR on electrode c; was about —0.63 V vs. an SCE, which was negatively shifted
for about 60 mV and 110 mV compared to that of the EOR occurring on electrodes ¢; and
c3, respectively, implying that the EOR could proceed more easily on catalyst c;. Also, the
largest CV peak area was exhibited by electrode c; among all studied electrodes, suggesting
that the largest amount of ethanol molecules was electrochemically oxidized on catalyst
c. Consequently, it was rational to conclude that catalyst c; had the best electrocatalytic
ability for the EOR.
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Figure 6. CV (cyclic voltammetry) plots recorded on all prepared electrodes at 50 mV s~1, in which
the black and red curve were respectively recorded in 1M KOH and a solution of 1M KOH + 1M
ethanol. (a—c) were respectively measured using electrode ¢y, ¢, and c3. Above CV curves measured
on various electrodes at 50 mV s~ in a solution of IM KOH + 1M ethanol are collected in (d).

The cycling stabilities of all investigated catalysts for the EOR were evaluated by
using 25 consecutive CV curves (figures of Figure 7). For the CV curves of Figure 7a—c,
the peak current densities increased gradually with an increase in the cycle number in
the initial stage, and after 10 cycles, relatively stable peak current density values were
achieved. The relationship between the cycle number and the peak current density of peak
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f is summarized in Figure 7d. Apparently, electrode c; showed the largest peak current
density value in the total testing period, which strongly indicated that catalyst ¢, had the

best cycling stability among all examined catalysts.
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Figure 7. Successive CV curves measured at a scan rate of 50 mV s~! in a solution of 1M KOH + 1M
ethanol, in which (a—c) were respectively plotted employing electrode ¢y, ¢; and c3, and in each figure,
CV curves were successively recorded at the 1st, 5th, 10th, 15th, 20th and 25th cycles. For all above
successive CV curves, the relationship between the peak f current density and the cycling number
was again summarized in (d), in which curve cj, ¢; and c3 were respectively recorded using electrode
¢1, ¢ and c3.

The electrocatalytic durability of all synthesized catalysts for the EOR was probed
using the traditional technique of chronoamperometry (CA), and the corresponding results
are given in Figure 8. In the total elapsed time of 7200 s, the largest faradaic current density
was delivered by catalyst c,, for instance, at the testing time of 7200 s, the current densities
were about 3.6, 5.6 and 0.5 mA cm 2 for electrodes cy, c; and c3, respectively, exhibiting an
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increasing sequence of c3 < ¢; < ¢p. That is, the best electrocatalytic durability was exhibited
by c; among all prepared catalysts.
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Figure 8. The CA (Chronoamperometry) curves recorded in a solution of 1M KOH + 1M ethanol, the
working potential was fixed at —0.27 V vs. SCE. Curve ¢y, ¢; and c3 were respectively recorded using
electrode c1, ¢y and c3.

To further study the possible reasons endowing catalyst c, with significant electrocat-
alytic activity, the CV curves of all prepared electrodes measured in 1 M KOH are shown
in Figure 9. A large electrochemical reduction peak was observed at about —0.35 V vs.
an SCE in all the CV curves, which, based on the previous work [48], should be ascribed
to the electrochemical reduction of PdO to metallic Pd (for simplicity, this CV peak was
denoted as CV peakpgo,pq). That is, the shape of all the CV curves shown in Figure 9
was very close to that of the CV curve recorded on the pure Pd electrode in 1 KOH [4§],
which strongly proved that metallic Pd was still the major material electrocatalyzing the
EOR process. Interestingly, three small electrochemical oxidation peaks appeared in all
resultant CV curves, which could only be ascribed to the presence of SnO, in all prepared
catalysts. The highest peak current density of CV peak pqo,/pq and the maximum CV curve
area were exhibited by electrode ¢, which was well in accordance with the fact that catalyst
¢ exhibited the best electrocatalytic activity among the three prepared catalysts.

Three typical EIS plots of all examined electrodes are given in Figure 10. For the
Nyquist plots of all investigated electrodes (Figure 10a), a nearly half semicircle and an
almost vertical line appeared in the whole frequency region, which was very similar to
the Nyquist plot of carbon-material-coated electrodes [49]. According to the previous
work [50], the diameter of the semicircle was generally equal to the value of the charge
transfer resistance (Rct). For the sake of simplicity, the diameter of the half semicircle was
roughly equivalent to that of the semicircle; thus, the values of R.; were assessed to be
about 10.1 (3, 8.7 (3 and 11.6 () for electrodes c;, ¢z and c3, respectively. Consequently,
because of its smallest value of R, the fastest kinetic process was delivered by electrode c.
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Figure 10. EIS (electrochemical impedance spectroscopy) measurement results for various catalyst-
coated GC electrodes measured in an electrolyte solution containing 1M KOH and 1M ethanol. In
each figure, curves ¢y, ¢ and c3 correspond to the cases of using electrodes ¢y, ¢, and c3, respectively.
(a) Nyquist plots; (b) Bode plots; (c) curves showing the relationship between the total impedance (Z)
and the applied frequency.

The Bode plots of all studied electrodes are given in Figure 10b, in which a well-defined
symmetrical peak was exhibited in each pattern, which substantially evidenced that the
main microstructures of all studied electrodes were almost identical to each other. The logf
values of the symmetrical peak for electrodes c; and c; were identical, namely logf = 1, and
the logf value of the symmetrical peak for electrode c3 was about 1.5, which suggested that
the capacitance values simulated from Bode plots of both c; and c; were larger than that
fitted from the Bode plot of c3 [51]. In other words, the microstructure of both ¢; and c; was
looser than that of c3, being well in accordance with the SEM observation results (Figure 5).
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The relationship between the applied frequency and the values of the total resistance
(Riota1) for all studied electrodes is shown in Figure 10c. When the used frequency was
1 Hz, the values of Ry, for electrodes cj, ¢ and c3 were approximately equal to 2652 (2,
1685 () and 5122 (), respectively, displaying an increasing sequence of ¢, < ¢; < c3. This
Riotal value sequence was well maintained in the frequency region ranging from 1 to 30 Hz.
Interestingly, as the frequency was higher than 30 Hz, almost identical values of Ry,
were exhibited by all studied electrodes. Summarily, electrode ¢, delivered the smallest
value of Ryyt,1, which was thought to be a main reason enabling ¢, to possess the optimal
electrocatalytic ability towards the EOR among all studied catalysts.

In summary, the special network structure, the higher content of metallic Pd and
the larger CV curve area were considered to be the major causes giving c, the best EOR
electrocatalytic activity among all prepared catalysts. The development of a novel method
for preparing N- and C-present SnO; catalyst carriers and the preparation of a N- and
C-present SnO,-supported Pd-based catalyst showing noticeable electrocatalytic ability for
the EOR were evaluated as the main contributions of this preliminary work.

4. Conclusions

In this work, nitrogen- and carbon-present tin dioxide-supported Pd composite cat-
alysts (denoted as Pd/N-C-5nO,) were prepared using an HCH method, in which three
N sources were employed in preparing the N-C-SnO; catalyst carriers. The existence of
carbon materials, SnO, and metallic Pd in all resultant catalysts was substantially indicated
by the XRD and XPS results. As indicated by the SEM images, being rather different from
catalysts ¢ and c3, catalyst c; showed a hollow network structure. Above all things, as
demonstrated by the conventional techniques of CV and CA, all resultant catalysts deliv-
ered an electrocatalytic activity for the EOR. Among three resulting catalysts, catalyst cp
showed the best electrocatalytic activity towards the EOR, which was analyzed to mainly
result from the empty network structure and higher content of metallic Pd. Showing the
preparation of Pd/N-C-5nO, catalysts as well as their excellent electrocatalytic activities
for the EOR was the main dedication of this preliminary work. In particular, due to its
special morphology and significant electrocatalytic activity towards the EOR, catalyst c;
was considered as a potential catalyst for the EOR.
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