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A very simple and promising method to design the anode
catalyst architecture for direct alcohol fuel cells by physically
mixing Pt/C catalyst with transition-metal oxide nanoparticles
is presented and electrochemical measurements confirm that
this unique catalyst structure has excellent activity toward
alcohol and CO electro-oxidation.

As is well known, direct alcohol fuel cells (DAFCs) have received
increasing interest for their use as power sources for mobile
applications.'> However, two key problems still inhibit the
commercialization of DAFCs. The first is the high cost of the
precious metal Pt, and the second is the sluggish kinetics and
catalyst poisoning caused by CO-like species. To solve the first
problem, numerous researches have been focused on the reduction
of Pt loading by increasing the catalyst specific active area and its
accessibility.*® For the second problem, advanced electro-catalyst
design relies on the bifunctional mechanism, which means a second
component, such as Ru, assists the oxidation of CO-like species by
adsorption of oxygen-containing species nearby the poisoned Pt
sites.*!? Also, several other Pt-based binary (PtRu, PtSn, etc.),4’5 10
ternary (PtRuNi, PtRulr, etc.),'? and quaternary (PtRuOslr,
etc.)"? catalysts have been reported to show good activity. Among
all the reported catalysts, the PtRu-based system is recognized as
the most promising candidate.> Recently, we reported a novel
nanocomposite Pt/RuO,-H,O/CNT catalyst which showed excel-
lent performance compared with the benchmark PtRu/C cata-
lyst.'* Unfortunately, the Ru element is also very expensive, which
restricts the wide application of PtRu and/or PtRuO,-H,O based
catalysts in DAFCs. Another strategy by using metal oxide (MO)
modified (or coated) carbon black (CB) or carbon nanotube
(CNT) as the support of Pt has also been developed, in which the
MO can also enhance the CO tolerance of the catalysts, according
to the bifunctional mechanism.'>'® However, it is hard to control
the size, shape, morphology, and thickness of the MO on the
surface of CB. As a result, part of the Pt may be inactive due to
poor contact with the CB support (Fig. S1, ESIY).

Herein, we present a novel concept to design the anode catalyst
architecture for DAFCs by directly and physically mixing Pt/C
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catalyst with transition-metal oxide (TMO) nanoparticles.
Although some researches have been done by mixing Pt/C with
Ruw/C," " our strategy is completely different. As shown in
Scheme 1, TMOs are dispersed homogeneously in the interspaces
of Pt/C nanoparticles, resulting in a high level of TMO-Pt-C
interfaces, which greatly accelerates the electro-oxidation of CO 4
through a bifunctional approach. Electrochemical measurements
confirm that this unique catalyst structure has excellent activity
toward alcohol and CO electro-oxidation. In addition, the diluting
effect of TMO nanoparticles in this catalyst structure permits
ready access of reactant to the Pt/C catalyst and thereby enhances
the utilization of Pt.

Several familiar TMO nanoparticles, which have been widely
studied as catalysts or catalytic support for CO oxidation and the
water—gas shift (WGS) reaction,®®* ie. CeO,, ZrO,and TiO,
(Fig. S2. ESIf), were tested in terms of their effect on the Pt/C
catalyst. Commercial Pt/C (E-Tek, 20 wt% Pt) was used and is
denoted as Pt/C. A catalyst ink was prepared by ultrasonic
dispersion of Pt/C, as-prepared TMO nanoparticles, and Nafion
ionomer in a mixed solution of ethylene glycol (EG) and ionized
water. A gold patch (I x 1 cm) coated with catalyst ink was used
as the working electrode. A saturated calomel electrode (SCE) and
a Pt gauze were used as reference and counter electrodes,
respectively. All electrode potentials in this paper are referenced
to the SCE.

Fig. S3(a) and (b), ESL show typical TEM images of Pt/C and
as-prepared CeO, nanoparticles, respectively. The carbon support
has an average particle size of about 30-40 nm while CeO, has an

Scheme 1 Schematic representation of catalyst layer structure of Pt/C
nanoparticles mixed with transition-metal oxide (TMO) nanoparticles.
The right part shows the bifunctional mechanism of CO electro-oxidation.
The adsorbed oxygen-containing species on the surface of TMO?2* can
assist the oxidation of CO-like species which is adsorbed on the nearby Pt
sites. (Nafion ionomer and electrons are not shown.)
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Fig. 1 Cyclic voltammetry curves of alcohol electro-oxidation at Pt/C
(dotted line) and Pt/C + 20 wt% CeO, (solid line) at 25 °C in 1 mol L™
alcohol-1 mol L™! HCIO, in the potential range —0.2 to 1.0 V vs. SCE
with a scan rate of 50 mV s~ . Only the 50th scan is shown and used for
comparison of the catalytic activity of the specified catalysts.

average particle size of 9.5 nm. Fig. S3(c)(g)t show SEM images
and EDS analysis of the novel Pt/C + CeO, catalyst architecture.
As can be seen from Fig. S3(d)(g), Pt/C particles, CeO,
nanoparticles and Nafion ionomer can be dispersed homoge-
neously in the catalyst layer by the simple ultrasonic method.

Fig. 1 shows CV curves of alcohol electro-oxidation at Pt/C
and Pt/C + 20 wt% CeO, catalysts. For all four alcohols,
Pt/C + 20 wt% CeO, exhibits a much higher activity than pristine
Pt/C. The peak current densities 7, (mA mg ' Pt) at
Pt/C + 20 wt% CeO, catalyst are about 1.35 (methanol), 1.64
(ethanol), 1.87 (EG), and 1.82 (glycerol) times that at Pt/C,
respectively. Furthermore, the onset and peak potentials at
Pt/C + 20 wt% CeO, are both lowered compared with those of
Pt/C for all alcohols. In addition, almost no activity degradation
was observed even after 500 cycles of uninterrupted scanning in
1 mol L™ ! ethanol-1 mol L ™! HCIOy solution (as shown in Fig. S4,
ESIY), indicating the good stability of the Pt/C + CeO, catalyst
nanoarchitecture in acid media.

Considering that the two catalysts have the same Pt loading
(0.1 mg cm?), the significant enhancement on activity should be
mainly due to the special catalyst structure resulting from the
addition of CeO, nanoparticles. To clarify the role of CeO,, the
electrochemically active surface (EAS) and ethanol electro-
oxidation activity of Pt/C catalyst with and without CeO, are
compared in Table 1. The EAS of Pt/C increase from 58.1 m> g~
Pt to 68.7 m? g~ ! Pt by the addition of CeO, nanoparticles can be
attributed to the dilution effect of CeO, nanoparticles in the novel

catalyst structure (Scheme 1), which will permit ready access of
alcohol reactant to the Pt/C catalyst and thereby enhance the
utilization of Pt. More importantly, it can be seen from Table 1
that the specific peak current density J; (mA cm ™2 Pt) of ethanol
electro-oxidation on Pt/C + 20 wt% CeO, is 0.98 mA cm > Pt,
about 40% higher than that of pure Pt/C catalyst. We further
believe that CeO, may promote the activity of Pt/C by accelerating
the oxidation of CO,qs on the surface of Pt according to
the bifunctional mechanism, as in the case of PtRu-based
catalysts,”> >’ as shown in the right part of Scheme 1. Actually,
this can be confirmed by the CO stripping voltammetry result.

As shown in Fig. 2, significant differences in the onset and peak
potential for CO oxidation between the catalyst containing CeO,
and that of pure Pt/C are observed, illustrating the beneficial role
of CeO, for CO oxidation. Comparison of the CO oxidation
curves for the CeO,-containing catalyst reveals that the onset
potential for Pt/C + 20 wt% CeO, is found at even lower potential
(0.43 V) than that for Pt/C (0.51 V). The CO oxidation peak
potential for Pt/C + 20 wt% CeO, (0.52 V) is also lower than that
for Pt/C (0.59 V), due to CO oxidation on the interface of CeO,—
Pt/C.'® According to the bifunctional mechanism, the OH,g, or
oxygen-containing species on Ce0,>*?° can transform CO-like
poisoning species (CO,q4s) on Pt to CO, (see Scheme 1), releasing
the active sites on Pt for further electrochemical reaction, and
hence, the activity of Pt/C catalyst toward alcohol -electro-
oxidation is greatly enhanced. In addition, we also find a very
small CO oxidation peak at about 0.30 V for Pt/C + 20 wt%
Ce0,, which can be attributed to the CO oxidation on the surface
of CeO,, in accord with the CO stripping voltammetry result on
pure CeO, nanoparticles (see the inset of Fig. 2). The small CO
oxidation current on pure CeO, can be explained by the poor
electron conductivity of CeO, or weak CO adsorption ability on
the surface of CeO,.

Fig. 3 presents the chronoamperometric curves of CO,q4s
oxidation on Pt/C and Pt/C + 20 wt% CeO,. For both potentials,
the CO oxidation peak time for Pt/C + 20 wt% CeO, is obviously
shorter than that for Pt/C, suggesting a faster CO oxidation
kinetics®® at Pt/C + 20 wt% CeO, catalyst, which is another
evidence that CeO, plays an important role to enhance the
performance of Pt/C catalyst.

We also studied the CO electro-oxidation ability of Pt/C catalyst
mixed with ZrO, and TiO, nanoparticles, respectively (Fig. S5,
ESIY). Both Pt/C + 20 wt%ZrO, and Pt/C + 20 wt%TiO, show
lower onset and peak potential for CO oxidation compared to
Pt/C, as in the case of Pt/C + 20 wt% CeO,. This reveals that a
series of TMO nanoparticles can be used to improve the activity of
Pt/C catalyst.

In summary, our studies open a very simple and promising way
to enhance the Pt utilization and the activity of traditional Pt/C

Table 1 Electrochemical active surface (EAS), ethanol electro-oxidation and CO-stripping data of Pt/C and Pt/C + 20 wt% CeO, catalysts

Ethanol electro-oxidation”

CO-stripping®

Catalyst EAS® /m? g ! Pt EonsedV EpearlV IJmA cm ™2 Pt I,/mA mg~! Pt EonsedV EpeardV
Pt/C 58.1 0.46 0.79 0.71 4123 0.51 0.59
Pt/C + 20 wt% CeO, 68.7 0.29 0.77 0.98 676.2 0.43 0.52

“ Calculated from the H, adsorption-desorption region in CV curves obtained at 1 M HCIO, solution.” ® Obtained from Fig. 1. ¢ Obtained

from Fig. 2.
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Fig. 2 CO stripping voltammetry curves recorded at 25 °C in 1 mol L™}
HCIOy, in the potential range —0.2 to 1.0 V vs. SCE with a scan rate of
10 mV s~ ! for Pt/C and Pt/C + 20 wt% CeO,. The CO was adsorbed at
0.1 V for 20 min; subsequently, the solution CO was removed by N,
bubbling for 30 min maintaining at 0.1 V. The inset shows CO stripping
voltammetry curve for pure CeO, nanoparticles and the background of a
gold patch recorded at the same condition.
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Fig. 3 Chronoamperometric curves of CO adlayer oxidation on Pt/C
and PY/C + 20 wt% CeO, recorded at 25 °C in 1 mol L™' HCIO, at
different potentials. The CO was adsorbed at 0.1 V vs. SCE for 20 min;
subsequently, the solution CO was removed by N, bubbling for 30 min
maintaining at 0.1 V.

catalysts for alcohol and CO electro-oxidation by direct mixing of
Pt/C catalyst with TMO nanoparticles. TMO nanoparticles can
promote the oxidation of CO,4s on Pt according to the
bifunctional mechanism as in the case of PtRu-based catalysts.
Our preliminary results also show that this strategy can be
successfully used to enhance the alcohol electro-oxidation activity
of the state-of-the-art PtRu/C (E-TEK; 20 wt% on Vulcan, Pt : Ru
=1:1), Pt/CNT, and PtRu/CNT catalysts (Fig. S6, ESIT). These
results will be reported in the near future. We believe that by
optimizing the type, size, shape, crystal planes, and the ratio of the

TMO nanoparticles, the performance of Pt/C catalyst for alcohol
and CO electro-oxidation can be further improved and this work is
now underway in our lab. In addition, this type of Pt/C + TMO
catalyst nanoarchitecture may also find use as an anode catalyst
for proton exchange membrane fuel cells (PEMFC) fed by
reforming hydrogen which contains much more CO.

This work is supported by the National Natural Science
Foundation of China (50606021, 90410002) and State Key Basic
Research Program of China (2002CB211803).
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Experimental Section

Preparation of transition metal oxides (TMO) nanoparticles

All transition metal oxides (TMO) nanoparticles used in this work were prepared by molten salt method as
described in Ref. (1) and (2). Cerium nitrate, zirconium nitrate, and tetrabutyl titanate were used as precursors for
preparation of CeQO,, ZrO,, and TiO,, respectively. For a typical synthesis process, K,C,04 solution was added
drop-wise into the cerium nitrate solution with constant stirring to attain a pH value of 10. The resultant
precipitation was filtrated and washed with deionized water and ethanol repeatedly, and then dried at 80 °C for 12
h. This precipitation and KNO; were mixed with a mortar and pestle at molar ratio of 1:3. The mixtures were
calcined at 500 °C for 3 h, and then cooled to ambient temperature. The products were immersed in deionized
water, washed and filtered repeatedly to remove the residual fluxes. Finally, the products were dried at 120 °C to
obtain the CeO, nanoparticles. The morphologies of the TMO nanoparticles were examined by TEM (JEOL
model JEM-1200EX). As shown in Figure S2, the average particle size is 9.5 nm, 4.6 nm, and 10.1 nm for CeO,,

Zr0O,, and TiO,, respectively.

Working electrode preparation

The catalyst ink was prepared by mixing the Pt/C catalyst (E-Tek, 20 wt.% Pt) with perfluorsulfonic acid solution
(5 wt.%, Nafion®, DuPont), ethylene glycol (EG) and deionized water ultrasonically. For the case of Pt/C+TMO,
TMO nanoparticles were first dispersed in deionized water ultrasonically, and then mixed with Pt/C, Naﬁon®, and

S1



EG ultrasonically. The resulting slurry was spreaded onto a gold patch of ca. 1.0 cm” (1x1 cm). Then the electrode

was dried at 80 °C in air with the total catalyst loadings of about 0.1 mg Pt/cm’.

Characterization

The morphologies of the Pt/C catalyst and TMO nanoparticles were examined by TEM (JEOL model
JEM-1200EX). The catalyst structure of Pt/C+TMO was observed using a scanning electron microscope (SEM,

LEO1530), and EDS analysis was used to analyze the element distribution in the catalyst architecture.

Electrochemical measurements

Electrochemical measurements were carried out in a three electrode cell using a Solartron SI1287 workstation at
25 °C. A saturated calomel electrode (SCE) and Pt gauze were used as reference and counter electrodes,
respectively. All electrode potentials in this paper are referred to the SCE. A solution of in 1 M alcohol + 1 M
HCIO,4 was used as electrolyte. All the reagents used were of analytical grade. Several activation scans were
performed until reproducible voltammograms were obtained. Cyclic voltammograms were recorded in the
potential range -0.2 to 1.0 V vs. SCE at a scan rate of 50 mV s™'. The oxidation of preadsorbed CO was measured
by CO stripping voltammetry in 1M HCIO, solution at a scan rate of 10 mV s, All the recorded currents are
corrected for the weight percentage of the platinum in catalysts. The experimental error during CV test in this

work 1s within 5 mV.
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Figure S1 Schematic representation of the preparation process of Pt/MO/C catalyst. First, metal oxide (MO) was
coated on the surface of carbon black (CB) by microwave irradiation method® or co-precipitation method* to
obtain the MO/CB support. It is hard to control the size, shape, morphology, and thickness of the MO on the
surface of CB in this step. Secondly, Pt nanoparticles were deposited on MO/CB to obtain the Pt/MO/CB catalyst.

Three types of Pt species exit in the Pt/MO/CB catalyst, as shown in the figure.

(I) Pt deposits on the surface of CB, which is the same as pristine Pt/C catalyst.

(IT) Pt deposits on the interface of CB and MO, which causes the most active site of the catalyst, when Pt
contact well with CB and MO. According to the bifunctional mechanism, the OH,4s species on MO can
transform CO-like poisoning species (CO,q4s) on Pt to CO,, releasing the active sites on Pt for further

electrochemical reaction.

(IIT) Pt deposits on the surface of MO, which may be useless due to the bad electron conductivity of MO.
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Figure S2 TEM images of TiO, (left) and ZrO, (right) nanoparticles prepared from molten salt method. The

average particle size is 10.1 nm and 4.6 nm for TiO, and ZrO,, respectively.
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Figure S3. (a) TEM image of Pt/C (E-Tek, 20 wt.% Pt) catalyst; (b) TEM image of as prepared CeO,
nanoparticles; (c) SEM image of the catalyst architecture of Pt/C+20wt.%CeO,; (d)-(g) show the distribution of C,

Pt, Ce, S element of the selective position in (c), which was measured by EDS, respectively.
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Figure S4. Stability of the Pt/C+20wt.%CeO, catalyst over 500 cycles of ethanol electrooxidation.
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Figure S5. CO stripping voltammetry curves recorded at 25 °C in 1 mol/L HCIOy in the potential range of -0.2 V
to 1.0 V vs. SCE with a scan rate of 10 mV/s for Pt/C, Pt/C+20wt.%ZrO,, and Pt/C+20wt.%TiO, catalysts. The
CO was adsorbed at 0.1 V for 20 min, subsequently, the solution CO was removed by N, bubbling for 30 min
maintaining at 0.1 V. Both Pt/C+20wt.%ZrO, and Pt/C+20wt.%TiO, show lower onset and peak potentials for CO

oxidation compared with pristine Pt/C catalyst.
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Figure S6. Cyclic voltammetry curves of methanol electro-oxidation at PtRu/C (E-TEK; 20 wt% on Vulcan,
Pt:Ru=1:1) with and without CeO, nanoparticles recorded at 25 °C in 1 M methanol + 1 M HCIOy in the potential
range of -0.2 V to 0.9 V vs. SCE with a scan rate of 50 mV/s. Only the last voltammograms (the 50th scan) were

used for comparison the catalytic activity of the specified catalysts.
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