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This research concentrated on the use of a modified Pt/C anodic catalyst with titania (TiO2) and tin (Sn)
to enhance the utilization and efficiency of a direct ethanol fuel cell. The TiO2-doped active carbon
support (TiO2-C) was prepared by the impregnation method. Then, using platinum chloride (PtCls) and
tin (1) chloride dihydrate (SnCl2-2H.0) as precursors, a Pt(Sn)/TiO.-C anodic catalyst was fabricated
by the formic acid reduction method. Further, a series of Pt(Sn)/TiO2-C anodic catalysts were coated
on carbon paper as working electrodes. Performance evaluations were executed by cyclic voltammetry
(CV) and chronoamperometry for the ethanol electro-oxidation, and CO stripping voltammetry was
performed in an acid solution at room temperature. Characterization of the series Pt(Sn)/TiO.-C
catalysts displayed that all catalysts revealed uniform dispersion of platinum with a diameter around 3
- 6 nm and a high electrochemically active surface area. Apparently, the doping of TiO2 and Sn could
disperse the active species, and lower the potential of the ethanol electro-oxidation to improve the
ethanol oxidation reaction (EOR). In addition, the inclusion of TiO2 and Sn could promote CO
stripping by the surface active OHaq sites and through the formation of a PtSn, alloy at a lower
oxidizing potential.
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1. INTRODUCTION

In the past decades, the development of direct alcohol fuel cells (DAFCs) has been extensive


http://www.electrochemsci.org/
mailto:chenbinwang@gmail.com

Int. J. Electrochem. Sci., Vol. 15, 2020 12396

and made them a possible power source. These power sources are based on proton exchange
membrane fuel cells and use alcohol as fuel for portable electric devices such as mobile phones,
charger, notebooks, and electric vehicles [1-14]. They can be directly converted into hydrogen for
power generation through a reformer. Compared to other fuel cells, DAFCs only demand a short time
from startup to stable power generation, coupled with high stability, low fuel composition risk, low
operating temperature, and convenient fuel replenishment. Among the alcohols, methanol (MeOH) [1-
3, 11, 12], ethanol (EtOH) [4-6, 9-11, 13, 14] and ethylene glycol (EG) [7, 8, 10, 11] are popular
energy resources owing to their high energy density and easy access. Ethanol is an active ingredient in
alcoholic beverages, while both methanol and ethylene glycol refer to toxic alcohols that can result in
severe metabolic acidosis [15]. In this study, ethanol was locked and the goal of the research was to
investigate how to design the electrocatalyst in order to improve the capability of the complete electro-
oxidation of ethanol.

In general, highly dispersed active species on high surface area carbon-based electrocatalysts
are potentially adopted for ethanol oxidation while enhance the C—C breaking bond. Among these,
noble metals (Pt, Pd, Rh, Au) with unique catalytic activities are commonly chosen [1-14, 16-23].
Titanium dioxide (TiO2) possesses a high activity and catalytic stability in acidic solutions [19, 24, 25].
Javier et al. [24] used TiO2/SBA-15 as a photocatalyst to execute the oxidation of alcohol under UV
irradiation. Brian et al. [25] confirmed the performance of a Pt/TiO, catalyst when applied to the
electro-oxidation of ethanol. Reaction intermediate of CO easily poisoned platinum to become inactive
of electro-oxidation for anodic catalysts. In order to inhibit the poisoning of anodic catalysts, Simoes et
al. [26] revealed that Sn-Pt bimetallic catalysts can mitigate the poisoning effect of CO on ethanol
electro-oxidation.

Based on the approaches, a comparative study on series Pt(Sn)/TiO.-C anodic catalysts
fabricated by the formic acid reduction method was studied in this work, and the efficiency of the
electro-oxidation of ethanol and CO stripping were evaluated using cyclic voltammetry (CV).

2. EXPERIMENTAL

The supports of the TiO2-doped (10, 20, 30 and 40 wt%) active carbon (S.A. 240 m?.g™%, Cabot)
were prepared by the impregnation method (assigned as 10, 20, 30 and 40TiO.-C). The appropriate
mass active carbon was added into a 250 mL flask and mixed with a suitable proportion of 2-propanol-
Ti(OC4Hg)s-HNO3 for 24 h stirring at room temperature, after which the suspension was filtered and
washed with distilled water. The obtained precipitate was dried overnight at 110 °C. Series Pt(Sn)/C
and Pt(Sn)/TiO2-C anodic catalysts were fabricated by the formic acid reduction method [27] using
platinum chloride (PtCls) and tin dichloride dihydrate (SnCl>-2H20) as precursors. An appropriate
mass of support powder (C or TiO2-C) was suspended in a formic acid solution, and then precursor salt
solutions of PtCls (Strem Chemicals) and/or SnCl2-2H20 (Acros Organics) were slowly added to the
suspension of support for 6 h stirring at 60 °C in water bath. The blend was then cooled to room
temperature, filtered and washed with distilled water until the washing solution approached pH 7.
Further, the precipitate was dried overnight at 110 °C. Both the Pt and Sn loadings were controlled at
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10 wit%, separately.

A JEM-2010 (JEOL) transmission electron microscope (TEM) was used to observe the
distribution and average size of the series anodic catalysts under an acceleration voltage of 200 kV. X-
ray diffraction (XRD) characterization was executed using a MAC Science MXP18 X-ray
diffractometer and Cu K, as a source. The 26 angle was explored in the range of 20° and 80° with a
scan rate of 6°-min! (with 0.02" steps). In each temperature programmed reduction (TPR) survey, a
fresh 50 mg sample was added to the U-shaped cell, and then the TPR temperature was increased from
— 50 to 200 °C at a rate of 7 °C-min’. The reduction was carried out through a flow of 10% H: in No.
The surface area of the catalysts was measured through the BET equation by nitrogen physisorption.

The electrochemical measurement was executed in a three-electrode cell using an
electrochemical analyzer (CH Instruments 611C) at 25 °C. Painting series Pt(Sn)/TiO2-C anodic
catalyst on carbon paper were used as the working electrode. The loading of the anodic catalyst on the
central region of the carbon paper was 4 mg-cm 2. Both reference and counter electrodes were chosen
the saturated calomel electrode (SCE) and Pt foil. All electrode potentials referred to SCE in the
electrochemical measurements. The cyclic voltammogramcyclic voltammetry (CV) test of the ethanol
oxidation reaction (EOR) was conducted between — 0.2 to 1.0 V potential vs SCE. The scan rate in the
0.5 M HSO4 and 1 M ethanol solutions was 10 mV-s'. The electrolyte solution was purged under
nitrogen gas before each experiment. An evaluation of the hydrogen adsorption and desorption area (—
0.15 to 0.25 V) on the CV in a 0.5 M H>SO4 solution at 25 °C with a scan rate of 50 mV-s™' was
employed to obtain the electrochemical active surface (EAS) of Pt according to equation (1) [28].

EAS = Qn/Mpt-Qnrer (1)

Qn is the average charge of the electro-adsorption and desorption of hydrogen atoms on the Pt
surface, Mpt is the mass of the loaded Pt, and Qwrer is the charge required to oxidize the monolayer of
Hz on the Pt surface (assuming 0.21 mC-cm™2 corresponds to the surface density of 1.3 x 10%°
atom-cm2) [29, 30]. Measurement of the chronoamperometry was carried out at 0.45 V with scanning
a scanning time of 3600 s in an ethanol solution. The CO stripping was executed using voltammetry. In
the working electrode compartment, flow through 0.1% CO in Ar solution at a rate of 140 ml-min~! for
30 min adsorption, and set the scan rate to 10 mV-s* in the range of — 0.2 to 1.0 V in 0.5 M H2SO4
solution.

3. RESULTS AND DISCUSSION

The XRD patterns of a series of Pt/TiO>-C and PtSn/TiO>-C anodic catalysts are displayed in
Figure 1. No distinct TiO> diffraction peaks were discovered in the XRD patterns of Pt/TiO.-C and
PtSn/TiO.-C. It was indicated that the manufactured TiO2-modified support was amorphous. The
Pt/TiO,-C catalysts (Fig. 1(a)) showed dispersion of the platinum particles (dpt ~ 5 - 6 nm), and the
PtSn/TiO-C catalysts (Fig. 1(b)) showed a single well-defined and well-dispersed PtSn. alloy (dpt ~ 3
- 4 nm). The diffraction peaks near 39.8°, 46.3° and 68° were ascribed to the (111), (200) and (220)
refractive index planes of Pt with a face-centered cubic (fcc) structure, whereas the broad peaks at 24°
(111), 39° (220) and 46° (311) revealed the presence of a PtSn, phase as reported previously [31-34].
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In addition, the diffraction peaks (39° and 46°) were slightly turned to a lower angle regarding to the Pt,
further demonstration Pt and Sn atoms form a solid solution.
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Figure 1. XRD patterns of (a) Pt/TiO>-C (b) PtSn/TiO.-C anodic catalysts.
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Figure 2. TEM images of (a) Pt/TiO.-C (b) PtSn/TiO-C anodic catalysts.
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In the performance of TiO as a supported noble metal for the catalytic oxidation of HCHO,
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Zhang et al. [35] indicated that Pt particles on TiO> are well dispersed. A comparison of the diffraction
patterns of platinum found broadening of the peaks and contraction of the 26 on the Pt/TiO,-C and
PtSn/TiO,-C catalysts. These results indicated that the modification of active carbon with TiO2 could
disperse the active species and that the addition of tin could incorporate into the fcc lattice of Pt to
form a well-dispersed alloy. To estimate the particle size of the platinum, the Pt (111) and PtSn; (220)
diffraction peaks were selected to calculate the particle size according to the Scherrer formula, as listed
in Table 1. Simultaneously, TEM micrographs of both series Pt/TiO>-C and PtSn/TiO»-C catalysts are
indicated in Figure 2. The observed mean nanoparticle size was about 5 ~ 6 nm for Pt/TiO>-C (Fig.
2(a)) and 3 ~ 4 nm for the PtSn/Ti02-C catalysts (Fig. 2(b)), as listed in Table 1, which was matched to
the calculated values from XRD.

Table 1. Physical and chemical characterization of series Pt(Sn)/TiO»-C anodic catalysts.

d (nm)* TPR (°C)

Catalyst Surface area (m%/g)

XRD* TEM Tu T2
Pt/C 6.0 6.9 196 -10

Pt/10TiO.-C 5.7 5.8 194 -11 121
Pt/20TiO2-C 5.5 5.0 184 -16 117
Pt/30TiO2-C 52 4.8 181 -20 97
Pt/40TiO2-C 53 4.9 178 -16 100
PtSn/C 5.5 5.6 221 -24 152
PtSn/10TiO2-C 3.7 3.9 210 -27 135
PtSn/20TiO2-C 3.6 3.7 193 -31 133
PtSn/30TiO2-C 3.4 3.1 189 -35 139
PtSn/40TiO2-C 3.7 3.9 179 -34 134

*: Calculated from the XRD, the Pt (111) and PtSn, (220) diffraction peaks are selected to calculate the
particle size by Scherrer formula.

The TPR profiles of both the series Pt/TiO2-C and PtSn/TiO-C anodic catalysts are indicated
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in Figure 3. Both reduction signals (listed in Table 1) could be distinguished according to previous
literature [36, 37]. The signal at the low temperature (T:i: - 45 ~ - 5 °C) was attributed to the reduction
of Pt°Oy and/or PtSn>’Ox (Pt* and PtSn»® are the surface species of Pt metal and PtSn, alloy) in weak
interaction with the support as following equations.

Pt’Ox + X H2 - Pt* + X H20 2

PtSn2*Ox + X H2 — PtSn2® + x H20 3

The signal at the high temperature (Tr2: 95 ~ 125 °C) came from the strong interaction of
Pt and/or PtSn> with support. A comparison of these anodic catalysts found that the temperature of the
highly dispersed PtSn*Ox was lower than that of the Pt°Ox. Also, the modification of active carbon
with TiO2 could well-dispersed active species to lower the reduction temperature of the catalyst.

The EAS of different anodic catalysts can be measured by cyclic voltammograms (CVs) under
an acidic electrolyte, which can be measured according to the average charge of hydrogen electro-
adsorption and desorption on the Pt surface. Figure 4 shows the CVs of both the series Pt/TiO»-C and
PtSn/TiO-C anodic catalysts in a 0.5 M H>SO;4 solution at 25 °C, and the calculated EAS is listed in
Table 2. It could provide quantitative information about the relative number of active sites on the
surface to understand the electro-catalytic activity among series anodic electrodes. Based on the
quantitative calculation of the current densities in the double-layer zone reduction, the EAS of the
series PtSn/TiO,-C catalysts were 1.2 times higher than those of the series Pt/TiO2-C catalysts and
were six times higher than that of the Pt/C catalyst. This feature could be attributed to the
characteristics of bimetallic catalysts containing oxygen-philic transition metals, namely Ti, Mo, Os,
Ru and Sn [38, 39], for accelerating the hydrolysis of water to provide more surface hydroxyl species
(OHag).
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Figure 3. TPR profiles of (a) Pt/TiO2-C (b) PtSn/TiO.-C anodic catalysts.
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Figure 4. CVs of the (a) Pt/TiO2-C (b) PtSn/TiO2-C electrodes in 0.5 M H2SO4 solution with a scan
rate of 50 mV-s* at 25 °C.

The results demonstrated that both the addition of TiO2 and Sn could improve the true surface
area of Pt. It was deduced that modification of the Pt/C anodic catalyst with the addition of TiO and
Sn could enhance the dispersal of active species. Therefore, it could be expected that the tendency of
activity for the ethanol electro-oxidation was: PtSn/TiO2-C > Pt/TiO2-C > PtSn/C > Pt/C. These results
also demonstrated that the EAS varied significantly with the TiO2 loading within the Pt(Sn)/TiO2-C
catalysts. A higher loading of TiO2 would cause encapsulation of the surface Pt and decrease the
surface active site, meanwhile, the 30 wt% TiO> exhibited the highest EAS and “intrinsic” activities
among the series catalysts.

The as-prepared Pt/TiO.-C and PtSn/TiO2-C anodic catalysts were assessed to determine the
catalytic activity of EOR. For the purpose of comprehending the roles of Sn and TiO», a comparative
test of the Pt/C catalyst under the same conditions was also carried out. Figure 5 displays the forward
sweep of the CVs of both the series Pt/TiO2-C and PtSn/TiO-C anodic catalysts in a 0.5 M H2SO4 + 1
M C,HsOH electrolyte. A scan rate of 10 mV-s™ at 30 °C was used to assess the oxidation of ethanol in
the potential between — 0.2 to 1.0 V vs SCE. Based on the maximum peak current during the forward
scan (I, listed in Table 2), the trend for the performance of EOR was PtSn/TiO,-C > Pt/TiO.-C >
PtSn/C > Pt/C, which was consistent with the measurement of EAS. Compared with the Pt/C and
PtSn/C catalysts, the EOR current densities of Pt/TiO2-C and PtSn/TiO2-C were significantly increased
by a factor of two with the loading of TiO., revealing that the EOR kinetics for the PtSn/TiO,-C and
Pt/TiO>-C catalysts were faster. Compared with the dispersed platinum particles, it was apparent that
the doping of TiO2 and Sn could disperse the active species and favor the removal of adsorbed
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intermediates with the surface active OHag sites, and then further the oxidation of the adsorbed
intermediate species.
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Figure 5. Cyclic voltammograms of the (a) Pt/TiO2-C (b) PtSn/TiO»-C electrodes in 1 M ethanol/0.5
M H2SO4 solution with a scan rate of 50 mV-s at 25 °C.

A comparison of the electro-oxidation peak of ethanol on Pt/C and PtSn/C with Xin et al. [31]
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found that the E, are about 0.15 V and 0.08 V higher than our fabricated anodic catalysts. Considering
that TiO./Pt/C and Pt/C with Qiu et al. [40], the Ep are about 0.1 V and 0.12 V higher than our
fabricated anodic catalysts. Therefore, both TiO> and Sn could reduce the potential of ethanol electro-
oxidation, thereby increasing EOR. Accordingly, the series PtSn/TiO2-C represented a more suitable
electrocatalyst, as it had better catalytic activity than the Pt/C and PtSn/C catalysts during ethanol
electro-oxidation. The optimal loading of TiO. could guard against the agglomeration or deformation
of the catalyst during ethanol oxidation. Among the series anodic catalysts, PtSn/30TiO.-C showed a
higher dispersion of active species, reducibility and electrochemical active surface, thereby exhibiting
the best catalytic performance.

Table 2. Performance of series Pt(Sn)/TiO2-C electrodes in terms of EAS, EOR and CO stripping.

Catalys EOR Ez AS CO electro-oxidation
I (mA/mgp)’ E, (V)" (cm?/mg) Bonser (V) Eco (V)

Pt/C 111 0.70 49 0.52 0.63
Pt/10TiO,-C 189 0.74 152 0.41 0.56
Pt/20TiO,-C 230 0.78 179 0.42 0.55
Pt/30TiO-C 263 0.79 264 0.38 0.54
Pt/40TiO,-C 245 0.79 229 0.40 0.55
PtSn/C 168 0.70 99 0.38 0.55
PtSn/10TiO»-C 231 0.71 215 0.38 0.42
PtSn/20Ti0O,-C 251 0.72 244 0.24 0.42
PtSn/30Ti0O,-C 310 0.71 317 0.25 0.43

PtSn/40TiO,-C 274 0.71 275 0.25 0.43

*: Maximum peak current *: Maximum peak potential in EOR  *: Onset potential ~ **: Maximum
peak potential in CO stripping

In order to appraise the electrochemical stability of ethanol electro-oxidation in an acidic media,
further chronoamperometric measurements were performed to evaluate the EOR durability. The
selected PtSn/30TiO2-C, Pt/30TiO.-C and Pt/C anodic catalysts were maintained at 0.45 V and
scanned for 3600 s in a 0.5 M H2SO4 + 1 M C2HsOH electrolyte. The amperometric I-t curves are
displayed in Figure 6. These three catalysts revealed a fast decay of current density within the first few
minutes and then maintained a stable current density. The current density decay was attributed to the
surface being blocked by the COaq intermediate species, and the decaying rate depended on the
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strength of the adsorbed CO [41]. The Pt/C catalysts modified with TiO2 and Sn provided more surface
active OHag sites to strip the COag Species, and they maintained as higher current density. Among these,
the PtSn/30Ti0,-C catalyst indicated less degradation and higher current density compared to the Pt/C
and Pt/30TiO»-C catalysts, which was consistent with the measured values of the CV curves. The EOR
current density over the PtSn/30TiO.-C catalyst for 3600 s approached 60 mA/mgp;, and the current
density attained 30 mA/mgp; and 10 mA/mgp;, respectively for the Pt/30TiO2-C and Pt/C catalysts.
This result indicates that the PtSn/30TiO2-C anodic catalyst had better stability and activity than the
Pt/30TiO»-C and Pt/C catalysts on the ethanol electro-oxidation.

Since COaq is the primary poisoning intermediate species in the electro-oxidation of ethanol, a
favorable catalyst with excellent CO electro-oxidation capacity needed to be provided, which could be
confirmed by the detection of CO stripping. The curves of the CO stripping for the selected
PtSn/30Ti0,-C, Pt/30TiO2-C and Pt/C anodic catalysts are displayed on Figure 7. The onset potentials
(Eonset, as listed in Table 2) and peak potentials (Eco, as listed in Table 2) of the CO oxidation were
0.25 and 0.43 V for PtSn/30TiO,-C, 0.38 and 0.54 V for Pt/30TiO,-C, 0.52 and 0.63 V for Pt/C,
respectively. Previous literatures [38, 39, 42] have revealed that modification of the Pt catalyst with Sn
and TiO: can generate numerous accessible OHaq sites, which enhances in removing the COaq on the Pt
sites by further transferring the CO,q into CO».
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Figure 6. Current density-time curves at 0.45 V for scanning 3600 s for the selected Pt/C, Pt/30TiO»-C
and PtSn/30Ti0»-C electrodes in ethanol solution.
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Figure 7. Cyclic voltammograms for CO stripping of selected Pt/C, Pt/30TiO2-C and PtSn/30TiO,-C
electrodes (adsorption time 30 min, sweep rate 50 mV-s™).

We supposed that the reaction of TiO2 with water would product the Ti-OH functional groups,
and Sn with Pt form PtSn; alloy, they can effectively reduce the oxidation of CO to CO; oxidation
potential. A comparison of the CO stripping on TiO2/Pt/C with Qiu et al. [40] found that the Eqnset and
Eco are about 0.21 V and 0.11 V higher than our fabricated PtSn/30TiO>-C catalyst. This result
implied that the addition of TiO> and Sn could promote the ability to oxidize CO to CO> at a lower
potential, which could help increase the number of active sites and promote the electro-oxidation of
ethanol.

4. CONCLUSIONS

The results of this study demonstrated that the addition of TiOz and Sn to an anodic catalyst
will significantly affect the activity of ethanol electro-oxidation. Modification of the Pt/C anodic
catalyst with TiO2 and Sn can get well-dispersed and higher EAS of active species, which enhanced the
electro-catalytic activity and lowered the potential. The addition of TiO; promoted CO stripping by the
surface active OHaq sites to reduce the CO oxidizing potential. Also, the formation of a PtSny alloy
enhanced the CO stripping at a lower oxidizing potential. Among the prepared series Pt(Sn)/TiO;-C
anodic catalysts, the PtSn/30TiO2-C catalyst exhibited the best catalytic performance and stability,
making it a possible candidate for application in direct alcohol fuel cells in the near further.
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