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Electrochemical Oxidation of Methanol on Pt-SnO,/C Catalysts
Characterized by Electrochemistry Methods
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Pt-SnOy/C catalysts with Pt/Sn atomic ratio of 1:1, 2:1, 3:1, 4:1 and 5:1 were prepared by the impregnation method. The electro-
chemical process of methanol oxidation on these five catalysts was studied using cyclic voltammetry and electrochemical impedance
spectroscopy two simple real-time methods. Impregnation is a stable way to prepare Pt-SnOy/C catalysts with accurate stoichiometry
and uniform particle size, which increased from 3.8 nm to 5.4 nm as the Sn content decreased. The maximum current density of
methanol electrochemical oxidation initially increased and then decreased with the Sn content, and Pt3-SnO,/C exhibited the highest
value of about 16.6 mA - cm~2. Methanol electrochemical oxidation on the Pt-SnOy/C catalyst surface changed from adsorption to
dehydrogenation, to hydrolysis and finally oxidation as the electrode potential increased from 0 V to 0.85 V. The main intermediate
created during methanol electrochemical oxidation was CO,qgs. The existence of Sn atoms decreased the onset potential of the
hydrolysis reaction, and consequently promoted methanol electrochemical oxidation. Interestingly enough, the highest reaction rate
was obtained at about 0.65 V due to similar reaction rates of CO,qs oxidation and methanol dehydrogenation.
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Direct methanol fuel cells (DMFCs) have been attracting more
attention due to fuel abundance, lower cost, safer transformation and
storage, and higher volume energy density, compared with other direct
alcohol fuel cells (DAFCs)."* However, DMFCs have not been yet
utilized at a large scale due to two disadvantages:>

(1) Low activity of the anode catalysts. The commonly used Pt/C
catalyst can be easily poisoned by the adsorbed intermediates, such as
CO,ys and -CHO,q, inhibiting the catalytic activity of the Pt/C catalyst
for methanol.

(2) Heavy crossover of methanol molecules. The crossover of
methanol molecules from the anode to the cathode through the proton
exchange membrane not only wastes the fuel, but also creates mixed
potential, leading to lower performance.

In recent years, the second problem has been gradually resolved by
the development of novel proton exchange membranes,>’ however,
the first one has not been greatly improved. Developing highly active
catalysts for methanol has become the research focus in the DMFCs
field.>'? At present, the most commonly used DMFCs anode catalysts
are Pt and Pt-Ru bimetallic catalysts, which have remarkable theoreti-
cal catalytic properties for methanol.!*'> Generally, Ru element has a
bifunctional effect. First, the electron state of Pt atoms can be changed
by Ru atoms, leading to reduction of the CO,q4s adsorption energy.
Second, Ru atoms can promote the formation of (OH) ™4, which can
react with the CO,q4s intermediate and generate CO,, consequently
accelerating the methanol electrochemical oxidation process.

Compared with Pt-Ru, the Pt-Sn or Pt-SnOy catalysts also have
remarkable theoretical catalytic properties for methanol, while are
less expensive and more abundant. Chu et al., have demonstrated
that the PtSn catalysts show similar methanol catalytic activity (ips,
= 0.57 A, ipry = 0.6 A) and higher ethanol catalytic activity (ips,
=0.2 A, ipry = 0.17 A), compared with the PtRu catalysts.'® While
Neto et al, suggested that the PtSn/C catalyst was more active than the
PtRu/C and PtSnRu/C catalysts for methanol and ethanol oxidation
at room temperature based on the chronoamperometry experiments
results.!” Thus, the research of the Pt-Sn bimetallic catalyst has at-
tracted more attention in recent years.'®2 However, the effects of Sn
atoms are still unclear, especially whether Sn atoms can promote the
formation of (OH) ™ ,¢s similar to Ru atoms.

Generally, the development of the new anode catalysts for DM-
FCs is based on methanol electrochemical oxidation. Unfortunately,
regardless of many studies of methanol electrochemical oxidation, the
controversy still exists. Particularly, it is still unclear which interme-
diates will be created during methanol electrochemical oxidation on
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specific catalysts. It is well-known that the overall electrochemical
oxidation of methanol on the Pt-based catalysts is:

CH;0H + H,0 — CO, + 6H' + 6e~ U® = 0.046 V [1]

However, there are many side and transitional reactions during the
whole oxidation process, as shown in Figure 1.2%?” Each reaction step
requires one electron transfer, and during methanol oxidation to CO5,
six steps (electrons) are needed, in agreement with Equation 1. The
reactions conducted from the left to the right shown in Figure 1 are
related to the dehydrogenation of the absorbed methanol molecules
and intermediates, while those conducted in the vertical direction are
related to the oxidation of the carbon-containing intermediates with
the oxygen-containing radicals, usually (OH) ™ 4.

In summary, methanol electrochemical oxidation on Pt surface
includes three main processes.”® (1) Adsorption of the methanol
molecules on the Pt surface. (2) Dehydrogenation of the adsorbed
methanol molecules, which will create carbon-containing intermedi-
ates. (3) Reactions between the carbon-containing intermediates and
oxygen-containing radicals (usually OH™), which will generate CO,.

Many methods can be used to study the methanol electrochemical
processes conducted in DMFCs, for example in-situ Fourier trans-
form infrared spectroscopy?®?° and differential electrochemical mass
spectrometry, which are suitable to identify the intermediates during
the methanol oxidation process.* In recent years, electrochemical
impedance spectroscopy (ELS) attracts great attention in DMFCs field
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Figure 1. Schematic diagram of methanol electrochemical oxidation on the
Pt catalysts. All six reactions along the vertical direction involve the oxygen-
containing radical, (OH) ™ a4s. And four of these six reactions were reduced to
H™, based on chemical equilibrium.
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due to its simplicity and real-time capability.>! Combing with the the-
oretical results shown in Figure 1, the methanol oxidation process
conducted on the Pt-based catalysts can be easily deduced. It is useful
to conduct the study about this issue.

In this paper, methanol electrochemical oxidation on the Pt-
SnO,/C catalyst was studied by cyclic voltammetry (CV) and EIS
two simple real-time electrochemical methods, to determine the in-
termediates created during the reactions and the effects of Sn atoms.
Besides, the Sn content effects on the physical and chemical prop-
erties of the Pt-SnO,/C catalysts with different np/ng, atomic ratios
(1:1, 2:1, 3:1, 4:1, 5:1) were studied using energy dispersive spectra
(EDS), X-ray diffraction (XRD), transmission electron microscopy
(TEM) and X-ray photoelectron spectroscopy (XPS).

Experimental

Catalysts preparation.— The Pt-SnOy/C catalysts were prepared
by the impregnation method, which was conducted as follows.
The required amounts of the H,PtCls - 6H,O (AR, Pt > 37%) and
SnCl, - 2H,0 (AR, >98%) precursors, and the Vulcan XC-72R car-
bon black matrix (Carbot Corp., BET = 250 m?*/g) were added into
the isopropanol water solution (1:1) to form homogeneous slurry with
ultrasonic dispersion. Then the slurry was heated to 60°C and kept
at this temperature for 5 h in the water bath. After that, 1 mol/L
NaOH solution was dropped into the slurry to adjust the pH value to
10, and NaBH4 (AR, >96%) was added into the slurry according to
the np:nn.gps = 1:10 ratio. After 4 h of heating at 60°C, the black
solid catalysts were filtered and washed with deionized water until no
precipitation was observed by 0.1 mol/L. AgNO; standard solution.
Finally the catalysts were dried at 80°C for 12 h in a vacuum oven.
Five Pt-SnO,/C catalysts with different Pt/Sn atomic ratios (np:ng,
= 1:1, 2:1, 3:1, 4:1, 5:1, labeled as Pt;-SnO,/C, Pt,-SnO,/C, Pt;-
SnO,/C, Pt;-SnO,/C and Pts-SnO,/C, respectively) were prepared,
and the nominal loading of Pt in all these catalysts was 20 wt%.

Working electrode preparation.— The glass carbon electrodes
(GCEs) with the diameter of 3 mm were used as the working elec-
trode in this research. Before the electrochemical tests, the GCEs
were gradually polished by the Al,O; powder (0.1 pm and 0.05 pm),
and ultrasonically washed using ethanol, HNO; and deionized wa-
ter solution (1:1) for 1 min, respectively. A mixture containing 2 mg
Pt-SnO,/C catalyst, 200 1 ethanol, 100 1 deionized water and the
appropriate amount of 5 wt% Nafion solution (Johnson Matthey Com-
pany) was ultrasonically dispersed for 1 h to obtain uniform catalyst
ink. 10 pL of this catalyst ink was spread on the GCE surface and
dried under an infrared lamp.

Characterization.— The structure of the catalysts was determined
using the rotating anode diffractometer (Dmax-RB 12 kW, Rigaku)
with the Cu radiation source, A = 1.5406 A, and 10-100° 26 scan range
with 10°/min rate. XPS tests were performed on the AXIS ULTRAPLP
(SHIMADZU) X-ray photoelectron spectrometer equipped with the
Al Ka source, hv = 1486.6 eV, and the 12 kV working voltage and
the 200 W power. TEM analysis was carried out using the JEOL
JEM-2010 electron microscope operated at 200 kV.

The CS350 electrochemical workstation was used to perform the
electrochemical measurements in a standard three-electrode system.
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Figure 2. EDS results of the Pt-SnOy/C catalyst. The insets show the TEM im-
ages of the catalysts with different magnification: (a) 40,000x; (b) 100,000x.

The GCE, Pt foil and saturated calomel electrode (SCE) were cho-
sen as the working electrode, the counter-electrode and the reference
electrode, respectively. In this paper, all the potentials were recorded
with respect to the SCE (vs. SCE).

Two electrochemical methods, CV and EIS, were used to deter-
mine the catalytic performance and methanol electrochemical oxida-
tion process. CV experiments were performed in the 0—1.1 V potential
range with 20 mV/s scanning speed. EIS experiments were performed
between 10~2 Hz and 10°> Hz with 10 points per decade. The amplitude
of the sinusoidal potential signal was 5 mV and the electrode poten-
tial was set at 0 V, 0.25 V, 0.45 V, 0.65 V and 0.85 V, respectively.
Both of these two electrochemical measurements were performed at
room temperature in 0.5 mol/L. CH;0H + 0.5 mol/L H,SO, elec-
trolyte solution, which was purged with ultrapure N, for 30 min to
remove O;.

Results and Discussion

Morphology and composition.— TEM images in Figure 2 insets
show that the catalysts nanoparticles are uniformly dispersed on the
surface of the carbon black matrix, and the particle size is about 4-10
nm for all five Pt-SnO,/C catalysts.

As seen in Figure 2 and Table I, the real loading of the Pt element
within these five Pt-SnO,/C catalysts is about 20 wt%, which is in
agreement with the nominal value. The np.:ng, atomic ratio is 1.3,
1.87, 2.88, 4.48 and 5 for the Pt;-SnO,/C, Pt,-SnO,/C, Pt3-SnO,/C,
Pt4-SnO,/C and Pts-SnO,/C samples, respectively, indicating that the
impregnation method used in this research is stable and reliable.

In order to determine the chemical states of the Pt and Sn elements
in the catalysts, additional XPS tests were conducted, as shown in Fig-
ure 3. For the Pt element, there are two peaks with the binding energy
of about 71.7 eV and 75 eV in the Pt4f spectra, which are attributed
to the Pt4f7, and Ptdfs,, energy levels, respectively, as shown in Fig-
ure 3a. The Pt4f signal doublet can be fitted with two components,
which are ascribed to Pt(0) and Pt(I) two chemical states, respec-
tively. Combined with the EDS and XRD data shown in Structure
section, the peaks around 71.7 eV and 75 eV are assigned to metallic
Pt, while the peaks around 72.6 eV and 75.59 eV are assigned to

Table I. EDS and XPS results of the Pt-SnO,/C catalysts.

EDS XPS
Sample Pt, wt.% Sn, wt.% Pt, at.% Sn, at.% npy:nsy Ipus Isn3a npy:nsy
Pt;-SnO/C 18.12 8.54 1.52 1.17 1.3 15640 113250 16:84
Pt2-SnOx/C 21.56 7.07 1.81 0.97 1.87 12702 81686 18:82
Pt3-SnOy/C 20.14 431 1.61 0.56 2.88 14174 45973 30:70
Pt4-SnO,/C 23.07 3.15 1.88 0.42 4.48 21466 23925 56:44
Pts-SnOy/C 19.93 24 1.55 0.31 5 30922 22527 66:34
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Figure 3. XPS results of the Pt-SnO/C catalysts with different Pt/Sn ratios: (a) Pt4f; (b) Sn3d.

PtO. The existence of PtO in the catalysts is attributed to the long
air exposure. Nevertheless, Pt is the major component in all samples
according to the area of the peaks.

For the Sn element, there are also two peaks with the binding en-
ergy of 487.5 eV and 495.9 eV in the Sn3d spectra, corresponding to
Sn3ds;, and Sn3ds), energy levels, respectively, as shown in Figure 3b.
The Sn3d signal doublet can be fitted with two components, which
are ascribed to Sn(0) and Sn(IV) two chemical states, respectively.
Combined with the EDS and XRD results shown in Structure section,
the peaks around 485.9 eV and 494.3 eV are assigned to metallic Sn,
and the peaks around 487.7 eV and 496.1 eV are assigned to SnO;.
Hence, for the SnOy, x equals 0 and 2 based on the above results.
Particularly, the content of SnO, is much higher than the Sn chemical
state due to long air exposure. However, the Sn oxides can provide
oxygen-containing species for oxidizing intermediates (e.g. CO,qs)
chemisorbed on the adjacent active Pt sites, which consequently pro-
motes the methanol electrochemical oxidation.*

The relative content of the Pt and Sn elements on the catalyst
surface was calculated using the relative sensitivity factors (RSFs)
method:3

n; I; / S;
n; 1 j / S j

where n;/n; represents the atomic ratio between the element i and j,
I; and I; denote the peak area, while S; and S; are the RSFs of the
two elements. In the present work, the RSFs of the Pt4f and Sn3d
are 5.575 and 7.875, respectively, and the quantified results are listed
in Table I. Apparently, the atomic ratios of the Pt and Sn elements
on the catalysts surface change with the Sn content in the solution.
Besides, the Sn content on the catalyst surface is much higher than the
nominal value, indicating that the Sn atoms tend to accumulate on the
catalyst surface. This may inhibit the growth of the Pt-SnOy particles
confirmed by the XRD results shown below.

(2]

Structure.— Figure 4 shows XRD patterns of the Pt-SnO,/C cata-
lysts. The intensity peaks at 39°, 46°, 67°, 81° and 85° are attributed
to Pt(111), Pt(200), Pt(200), Pt(311) and Pt(222), respectively, indi-
cating typical face centered cubic (fcc) structure. The positions of all
the Pt diffraction peaks are slightly shifted toward larger 26 values as
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Figure 4. XRD patterns of the Pt-SnO/C catalysts with different Pt/Sn ratios.

the Sn content decreases, which may be attributed to the formation of
the PtSn binary alloy. Moreover, the width of the Pt diffraction peaks
gradually becomes lager as the Sn content increases, indicating that
the lattice parameters of the Pt crystal increase with the Sn content,
as listed in Table II.

The peaks at about 26°, 34° and 52° are attributed to C(110),
Sn0,(101) and SnO,(211), respectively.®* It is interesting to note that
the intensity of the SnO,(101) peak increases with the Sn contents,

Table II. Structure parameters of the Pt-SnOy/C catalysts.

Sample Position of Pt(220) Particle Size, nm Lattice constant, A
Pt;-SnO,/C 67.16° 3.8 3.94
Pt-SnOy/C 67.16° 44 3.938
Pt3-SnO,/C 67.28° 5.1 3.933
Pt4-SnOx/C 67.4° 54 3.932
Pt5-SnO,/C 67.4° 5.8 3.926
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Figure 5. (a) Cyclic voltammograms of the Pt-SnOy/C catalysts obtained in the 0.5 mol/L. CH30OH~+0.5 mol/L H>SOj solution with 20 mV/s scanning rate; (b)
intensity of the oxidation peak I and II as a function of the composition of the Pt-SnO/C catalysts; (c) ratio of the peak I and peak III intensities as a function of

the composition of the Pt-SnOy/C catalysts.

indicating that more Sn crystalline exists with the higher Sn content
in the catalysts. It is necessary to note that there are no diffraction
peaks belonging to PtO and Sn, which is inconsistent with the XPS
results. This may be attributed to the poor crystallinity and relatively
small amounts of these two phases in the Pt-SnO,/C catalysts.

The average particle size of the Pt-SnO,/C catalysts was estimated
by the Debye-Scherrer formula:®

0.9%
d= 3
B cos 6 131

where d denotes the average particle size, the value 0.9 comes from
the spherical crystallite geometry, \ is the wavelength of X-ray ra-
diation (Cu, Ka, N = 1.5406 A), B represents the full width at half
maximum (FWHM) of the Pt(220) peak and 9 is the diffraction angle
corresponding to the Pt(220) peak maximum. Selecting the Pt(220)
reflection can eliminate the influences of the carbon matrix and Sn
diffraction peaks. As seen in Table II, the average particle size of
the Pt-SnO,/C catalysts ranges from 3.8 nm to 5.4 nm, which is in
agreement with the TEM results. Moreover, the average particle size
decreases as the Sn content increases, which is attributed to the SnO,

phase accumulates on the catalysts surface and inhibits the Pt particle
growth.¢

Catalytic properties.— Cyclic voltammetry was used to estimate
the catalytic properties of the Pt-SnO,/C catalysts for methanol within
this research. The cyclic voltammograms were obtained in 0-1.1 V
potential range with 20 mV/s scanning speed, as shown in Figure 5a.
Three peaks labeled as I, II and III were obtained within the whole
scanning potential range, which are related to the methanol electro-
chemical oxidation, water electrolysis and intermediates electrochem-
ical reduction reactions, respectively. Moreover, the onset potentials of
the methanol oxidation for these five Pt-SnOy/C catalysts are similar,
about 0.2 V, which is close to the value obtained on pure Pt catalysts.?’

As the Sn content in the catalysts decreases, the maximum current
densities of the methanol electrochemical oxidation and the water
electrolysis reaction increase to a maximum and then decrease, as
seen in Figure 5b. The Pt3-SnO,/C catalyst shows the highest values of
about 16.6 mA/cm? (peak I) and 15.3 mA/cm? (peak II), respectively,
which are much larger than the Pt/C catalysts*® and close to the Pt-
Ru/C catalysts.**" This indicates that the Pt-SnO,/C catalyst is a
potential substitute for the Pt-Ru/C catalysts. These variations can be
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Figure 6. Nyquist plots of the Pt-SnOy/C catalysts obtained at 0 V in 0.5 mol/L CH30H + 0.5 mol/L H,SOj solution. In the equivalent circuit, Rg and CPE
represent the solution resistance and the constant phase angle element, respectively. The schematic diagram shows the adsorption of the methanol molecules on

the Pt-SnOy/C catalysts surface.

explained by the dual effects of Sn atoms mentioned above. When the
Sn content in the catalysts is low enough, the Pt d band of the PtSn
particles was narrower and was shifted down relative to the Fermi level
when increasing the Sn content, leading to lower CO,4s adsorption over
the bimetallic system than the monometallic system.*' Moreover, it
is easier to create (OH),4s on Sn atoms, compared with Pt atoms,
which can promote methanol electrochemical oxidation. However,
as shown in Table II, the lattice constant values of the Pt-SnO,/C
catalysts increase almost linearly with the Sn content. Besides, all
these values are larger than the lattice constant value of pure Pt (3.924
A), indicating that the Sn atoms may exist in the Pt lattice and create
crystal defects. Hence, too high Sn content in the catalysts may damage
the integrity of the Pt lattice and hinder the adsorption of methanol on
the Pt surface, therefore degrading the catalyst performance.”> There
is an optimal Sn content in the Pt-SnO,/C catalysts, and 3:1 (Sn 25
wt%) is the optimal np:ng, value within this research.

Besides, there is also an optimal relation between the average
particle size and the catalytic properties of the catalysts. The small
particle size may lead to high surface activity of the catalyst particles,
and consequently promote CO,q4s adsorption, which can degrade the
catalysts performance. Large particle size may leads to low active
centers of the catalysts, which can also degrade the catalytic properties.
The optimal average particle size is about 5 nm within this research.

Generally, the ratio of the maximum current density of the peaks
I and II can be used to describe the catalyst tolerance to intermediate
species accumulation.*? The higher ratio indicates better electrochem-
ical oxidation of methanol to CO, during the forward scan, i.e., less
intermediates are left. The ratios for the Pt;-SnO,/C, Pt,-SnO,/C, Pt3-
Sn0O,/C, Pt;-SnO,/C and Pts-SnO,/C catalysts are 0.99, 1.05, 1.08,
1.04 and 1.01, respectively, as seen in Figure 5c. Obviously, the Pt;-
SnO,/C catalyst shows highest catalytic properties, compared with
the other four Pt-SnO,/C catalysts.

Methanol electrochemical oxidation mechanism.— EIS was used
to study the electrochemical oxidation process of methanol on the
Pt-SnO,/C catalysts. According to the Nyquist plot results, especially
the corresponding equivalent circuits, one can deduce the possible re-
action process conducted on the catalyst surface. Within this research,
five typical DC potentials (0 V, 0.25 V, 0.45 V, 0.65 V and 0.85 V),
corresponding to different reaction processes were chosen for the EIS
tests based on Figure 5a.

gle element (CPE), representing the double layer capacitance of the
absorbed methanol. According to the previous research, the main
methanol absorption sites are Pt atoms instead of the Sn atoms due to
the difference in electronic structure.** The principal bonding orbital
of methanol on the Pt surface belongs to the oxygen atom, which
has one lone pair of electrons, as shown in Figure 6. Besides, the
plots of these five Pt-SnO,/C catalysts are quite similar to each other
confirmed by the fitting parameters shown in Table III. This indicates
that methanol adsorption is hardly affected by the composition of the
Pt-SnO,/C catalysts at this potential.

When the potential increases to 0.25 V, the Nyquist plots of the
Pt-SnO,/C catalysts show a large capacitive reactance arc in the high
and middle frequency range and a pseudo-inductive arc in the low
frequency range, as shown in Figure 7. It is worth to note that Pt;-
SnO,/C has the smallest capacitive reactance arc radius, i.e., the small-
est charge transfer resistance (R;) shown in Table IV. This indicates
that the electrochemical oxidation conducted on the Pt;-SnO,/C sur-
face has the highest rate compared with the other four Pt-SnO,/C
catalysts, which is in agreement with the CV results. According to
the equivalent circuit shown in Figure 7, there are two different time
constants, the capacitance (C; and C,) and the inductance (L), related
to the methanol dehydrogenation and the intermediates adsorption re-
actions (especially CO,q45) shown in Figure 7. The reaction rate of the
five Pt-SnO,/C catalysts is different from each other according to the
fitting parameters (R, R, and Rj3) in Table IV. This trend is inconsis-
tent with the CV results, which may be attributed to the difficulty of
reaching steady state at this potential. Moreover, the pseudo-inductive
arcs of the Nyquist plots shown in the fourth quadrant are attributed to
the strong CO,qs adsorption on the Pt sites compared with the carbon-
containing intermediates. This can inhibit methanol electrochemical
oxidation into CO,.* The catalyst surface coverage responds slowly
to the alternating electrode potential due to the strong adsorption of
COQOyg;s, leading to a delay between the potential perturbation and the
resulting alternating current, i.e. a pseudo-inductance in the Nyquist
plots.

TableIll. Fitting parameters based on the equivalent circuit shown
in Fig. 6.

The main reaction conducted on the Pt-SnO,/C surface is the Sample R;, @-cm’ CPE. x107* F-em™?
chemi-adsorption of the methanol molecules at 0 V potential, ac- Pt;-SnO,/C 1.266 7.093
cording to the linear Nyquist plots and their equivalent circuit in Pt,-Sn0O,/C 1.694 7.229
Figure 6. Moreover, the equivalent circuit is composed of two el- Pt3-SnO,/C 1.413 5.601
ements in series, the solution resistance (R,) between the working Pt4-SnO4/C 1.227 5.661
electrode and the reference electrode, and the constant phase an- Pt5-SnOy/C 1.527 5.297
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Figure 7. Nyquist plots of the Pt-SnOy/C catalysts obtained at 0.25 V in 0.5 mol/L CH30H + 0.5 mol/L. H,SOy4 solution. In the equivalent circuit, Ry, CPE and
R; represent the solution resistance, the constant phase angle element and the charge transfer resistance of the whole system, respectively; C; (C2) and L represent
the capacitance and the inductance component of the methanol dehydrogenation and the intermediates adsorption, respectively; Ry, Ry and R3 represent the charge
transfer resistance corresponding to the three steps of the dehydrogenation reactions conducted on the Pt-SnOy/C catalysts surface. The schematic diagram shows
the dehydrogenation reactions of the methanol molecules conducted on the Pt-SnOx/C catalysts surface.

The radius of the pseudo-inductive arc increases as the potential
increases to 0.45 V, as seen in Figure 8. Apparently, Pt;-SnO,/C still
has the smallest capacitive reactance arc radius confirmed by the R,
value in Table V, indicating the fastest electrochemical oxidation of
the methanol on the Pt3-SnO,/C surface. According to the equivalent
circuit in Figure 8, there are two inductance components, L; and L,
which may be related to the adsorption of CO,ys and (OH)™ 4, de-
duced from methanol electrochemical oxidation on pure Pt catalysts.”’
Generally, the favored adsorption sites for (OH)™ 45 are Sn atoms, in-
stead of Pt atoms based on the difference of the adsorption energy
on these two sites.*> Moreover, the Ry, value for the electrochemical
oxidation of CO,q4s is much larger than Ry, which is related to the
hydrolysis reaction, as listed in Table V. Hence, combined with the
CV results, it’s interesting to note that the existence of Sn atoms in the
Pt catalysts can decrease the onset potential of the hydrolysis reaction,
and consequently promote CO,g4, electrochemical oxidation.®

As the potential increases to 0.65 V, the Nyquist plots flip to the
second quadrant in the high and middle frequency range, as shown in
Figure 9. This indicates that the rate determining step of the electro-
chemical oxidation changed from the CO,4, oxidation to the methanol
dehydrogenation.*® The rates of these two reactions will approach each
other with the increasing potential. When the potential is high enough,
the rate of the CO,4; oxidation will exceed that of the methanol dehy-
drogenation, confirmed by the R,; and Ry, values in Table VI, leading
to the abrupt flip of the Nyquist plots to the second quadrants. It
is interesting to note that the Nyquist plots contain a large capac-
itive reactance arc in the low frequency range, which is related to

the electrochemical oxidation on the Pt-SnO,/C surface. Apparently,
Pt3-SnO,/C still has the smallest radius compared with the other four
catalysts confirmed by the R, values in Table VI. Based on the equiv-
alent circuit, the competition between these two reactions leads to the
relaxation of the electrochemical oxidation process, which is repre-
sented by the inductance component L in Figure 9.

When the potential reaches 0.85 V, the Nyquist plots shows a
large capacitive reactance arc in the high and middle frequency range,
and a small diffusion impedance arc (Warburg impedance) in the
low frequency range, as shown in Figure 10. This indicates that the
rate determining step may be the diffusion of the reactants at high
potential. According to the equivalent circuit in Figure 10, the fi-
nite diffusion impedance (Zw) is attributed to the diffusion of the
methanol molecules to the Pt-SnO,/C catalysts surface, and the fit-
ting values of Zy are similar, as listed in Table VII, indicating that
the diffusion process is similar for these five Pt-SnO,/C catalysts at
high potential. In addition, the radius of the capacitive reactance arc
(Ry) for Pt3-SnO,/C is much smaller than the other four Pt-SnO,/C
catalysts, indicating easier oxidation of methanol on the Pt;-SnO,/C
catalysts.

In summary, methanol electrochemical oxidation reaction con-
ducted on the Pt-SnO,/C catalysts undergoes adsorption, dehydro-
genation, hydrolysis and oxidation as the electrode potential increases
from O V to 0.85 V. At 0.65 V the rates of CO,qs oxidation and the
methanol dehydrogenation are similar. Sn atoms in the Pt catalysts
can decrease the onset potential of the hydrolysis reaction, and con-
sequently promote CO,q, electrochemical oxidation.

Table IV. Fitting parameters based on the equivalent circuit shown in Fig. 7.

R, CPE, x1073 R;, Cy, x1073 Ry, Cy, x1073 Ry, L, R3,
Sample Q-cm? F-cm™2 Q-cm? F.-cm™2 Q-cm? F.-cm™2 Q-cm? H-cm? Q-cm?
Pt;-SnO,/C 1.287 2.074 1372 1.811 2.729 2.002 28.84 6387 205.3
Pt,-SnOx/C 1.389 6.253 101.5 5.324 1.824 3.091 12.89 6451 174.8
Pt3-SnO,/C 1.441 7.339 70.04 2.085 6.229 6.212 19.62 4494 102
Pt4-SnO,/C 1.571 3.301 100.2 2.696 3.158 1.553 23.75 4614 168.1
Pts-SnOy/C 1.526 1.772 155.8 1.824 2.675 1.887 27.34 5917 237.5
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Figure 8. Nyquist plots of the Pt-SnO,/C catalysts obtained at 0.45 V in 0.5 mol/L CH3OH + 0.5 mol/L. H,SOy4 solution. In the equivalent circuit, Ry, CPE and
R represent the solution resistance, the constant phase angle element and the charge transfer resistance of the whole system, respectively; Lj (L) and Ry; (Re2)
represent the inductive impedance and the charge transfer resistance of the adsorption reaction of CO,gs and (OH)™ 445 proceeding on the Pt-SnO,/C catalysts
surface, respectively. The schematic diagram shows the generation of (OH) ™ 45 on Sn atoms.

Table V. Fitting parameters based on the equivalent circuit shown in Fig. 8.

Rs, CPE, x1073 R, L, Ry, Ly, Re,
Sample Q-cm F-cm™2 Q-cm? H-cm? Q-cm? H-cm? Q-cm?
Pt;-SnO4/C 1.204 7.166 199.3 123.1 173.54 162.7 32.31
Pt>-SnO4/C 1.179 7.948 183.2 103.2 126.03 391.8 28.45
Pt3-SnOy/C 1.254 7.211 52.79 35.02 145.65 111.1 15.13
Pt4-SnO,/C 1.47 9.455 1155 109.7 115.79 69.67 26.57
Pts-SnO/C 1.594 7.446 244.1 351.6 151.41 102.7 47.93
Conclusions with the designed value, and the average particle size increased from

3.8 nm to 5.4 nm as the Sn content decreased, confirmed by the TEM
and XRD results. There are two chemical states (Pt and PtO, Sn and
Sn0O,) for Pt and Sn elements existing in the catalysts, respectively.
The content of the chemical states of Pt and PtO is almost equal, while

Five Pt-SnO,/C catalysts with different Pt/Sn atomic ratios (1:1,
2:1, 3:1, 4:1 and 5:1) were successfully prepared by the impregnation
method. The composition of the Pt-SnO,/C catalysts was in agreement
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Figure 9. Nyquist plots of the Pt-SnOy/C catalysts obtained at 0.65 V in 0.5 mol/L CH30H + 0.5 mol/L H,SO4 solution. In the equivalent circuit, Ry, CPE and
R; represent the solution resistance, the constant phase angle element and the charge transfer resistance of the whole system, respectively; CPE; and Ry; represent
the constant phase angle element and charge transfer resistance corresponding to the oxidation of COygs to COg, respectively; L, Rp, C and Ry, represent the
inductive impedance, the polarization resistance, the capacitance and the charge transfer resistance corresponding to the methanol dehydrogenation reactions. The
schematic diagram shows electrochemical oxidation of CO,qs into CO;.
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Figure 10. Nyquist plots of the Pt-SnO/C catalysts obtained at 0.85 V in 0.5 mol/L. CH30H + 0.5 mol/L H»SOy solution. In the equivalent circuit, Ry, CPE
and R; represent the solution resistance, the constant phase angle element and the charge transfer resistance of the whole system, respectively; Zy represents the
finite diffusion impedance (Warburg impedance) corresponding to the diffusion of the methanol molecules from the solution to the Pt-SnOx/C catalyst surface.
The schematic diagram shows the diffusion of the methanol molecules from the solution to the Pt-SnOy/C catalyst surface.

Table VI. Fitting parameters based on the equivalent circuit shown in Fig. 9.
R, CPE, x1073 Ry, CPE,, x107? Ry, L, Ry, C, x1073 Rp,
Sample Q-cm? F-cm™2 Q-cm? F.-cm™2 Q-cm? H-cm? Q-cm? F.-cm™2 Q-cm?

Pt;-SnO,/C 1.424 2.846 43.62 2.531 268.51 59.55 21.41 4.164 51.47
Pt2-SnO,/C 1.362 3.076 40.68 9.467 204.7 56.48 17.28 1.773 49.41
Pt3-SnO,/C 1.422 6.177 30.77 2.421 100.1 20.94 17.41 6.386 34.16
Pt4-SnO,/C 1.555 2.604 39.31 5.077 120.3 15.18 25.87 2.877 48.12
Pt5-SnO,/C 1.286 2772 49.97 7.352 299.8 88.71 11.42 1.152 66.84

Note: the absolute values are shown.

the content of SnO, is much higher than the Sn chemical state due
to the long air exposure. According to the CV results, when the Sn
content in the catalysts decreases, the maximum current density of the
electrochemical oxidation of methanol increases to a maximum first
and then decreases. The Pt3-SnO,/C catalyst shows the highest value
of about 16.6 mA - cm™2.

Methanol electrochemical oxidation on the Pt-SnO,/C catalysts
was studied by the simple real-time EIS method. The process pro-
gressed from adsorption to dehydrogenation, to hydrolysis and finally
oxidation as the electrode potential increased from 0 V to 0.85 V,
based on the Nyquist plots and the simulated equivalent circuit. The
main intermediates during the electrochemical oxidation of methanol
on the Pt-SnO,/C catalysts is CO,q,. It was generated at the potential
of about 0.25 V, and the existence of Sn atoms decreased the onset po-
tential of the hydrolysis reaction and promoted the (OH) ™45 creation.
The highest reaction rate was obtained at about 0.65 V due to similar
reaction rates of CO,q4s oxidation and methanol dehydrogenation.
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