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Abstract: Pt/CeO,—C catalysts with CeO, pre-calcined at 300—-600°C were synthesized by combining hydrothermal calcination and wet im-
pregnation. The effects of the pre-calcined CeO, on the performance of Pt/CeO,—C catalysts in methanol oxidation were investigated. The
Pt/CeO,—C catalysts with pre-calcined CeO, at 300—-600°C showed an average particle size of 2.6-2.9 nm and exhibited better methanol elec-
tro-oxidation catalytic activity than the commercial Pt/C catalyst. In specific, the Pt/CeO,—C catalysts with pre-calcined CeO, at 400°C dis-
played the highest electrochemical surface area value of 68.14 m*-g ™' and I/, ratio (the ratio of the forward scanning peak current density (Iy)
and the backward scanning peak current density (Z,)) of 1.26, which are considerably larger than those (53.23 m*-g ' and 0.79, respectively) of

the commercial Pt/C catalyst, implying greatly enhanced CO tolerance.

Keywords: direct methanol fuel cell; platinum/cerium dioxide—carbon; electrocatalyst; methanol oxidation

1. Introduction

Methanol is an abundant and environment-friendly re-
source, and direct methanol fuel cells (DMFCs) have been at-
tracted extensive research because of their high volumetric
energy density and suitability for portable applications [1].
Nevertheless, the extensive commercial applications of DM-
FCs are restrained by several barriers, such as heat and water
management, methanol crossover through the polymer pro-
ton exchange membrane, the slow kinetic reaction of meth-
anol, and the poor stability of catalysts [2]. In specific, the in-
termediate CO produced during the anodic process can heav-
ily poison the surface of Pt catalysts and slow down the kin-
etic reaction of methanol. The most efficient method to over-
come this problem is to utilize Pt-based alloys [3—4], such as
Ru [5-9], Ni [10], Co [11], and Sn [12], which were chosen
for their oxophilicity. The additional metals can easily ad-
sorb oxygen species such as OH,,, which can facilitate the
transformation of CO to CO, through a known bi-functional
mechanism [13]. However, such a multi-component metallic
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electrocatalyst system is hard to achieve uniform nanostruc-
ture, impractical for commercial utilization, and is prone to
segregation during device operation [14].

Another effective strategy is to use metal oxides as Pt
catalyst support, which can significantly enhance the activity
and stability of catalysts [15]. Nowadays, many metal oxides,
such as WOs [16], SnO, [17], TiO, [18-19], and MoO;
[20-21], have attracted considerable attention. In particular,
ceria (cerium oxide) is efficient for alleviating gaseous CO
poisoning because its fluorite structure provides high surface
area and variable valence states (redox Ce*'/Ce*" sites) that
increase oxygen storage capacity [14]. Moreover, the interac-
tion between CeO, and Pt can enhance electrochemical activ-
ity by promoting the dispersion of Pt nanoparticles and allow
OH,4 species to interact with CO on the Pt surface. The
boundaries between Pt and CeO, are active sites for oxygen
reduction reaction (ORR). Therefore, with the addition of
CeO,, the Pt/CeO, catalytic system can not only enhance the
electrochemical activity of methanol oxidation reaction
(MOR) but also alleviate CO poisoning [22].
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Some scholars have reported that the addition of ceria im-
proves the performance of Pt catalysts in methanol oxidation.
Yu et al. [23] found that Pt/CeO,—graphene catalysts exhibit
better methanol electrochemical oxidation than Pt/graphene
catalysts. CeO, content also affects ORR catalysis. Xu et al.
[24] reported that Pt/CeO,/C has more oxygen atoms than the
sample without CeO,. In specific, the percentage of surface
oxygen on Pt nano-particles (NPs) is increased from 59.65%
in Pt/C to 69.19% in Pt/20CeO,/C containing 20wt% CeO,
and to 77.75% in Pt/40CeO,/C containing 40wt% CeO,. The
extremely enhanced oxygen spillover from CeO, to Pt sur-
face increases ORR activity. X-ray photoelectron spectro-
metry (XPS) revealed that the Ce 3d peaks of Pt/CeO,/C
show a slightly negative shift when compared with those of
pristine CeO,, which is a strong evidence of the interaction
between Pt and Ce. However, a high CeO, content inevitably
leads to a rather low Pt’ proportion and heavy aggregation,
which reduces the number of active sites available. The
strong interaction between Pt and Ce can increase the num-
ber of oxygen atoms on the Pt surface, but the preparation
method, the CeO, content, the ratio of Ce*, and many other
conditions may change the structure of the Pt/CeO, system,
which in turn affects catalytic activity.

Although many studies have investigated the effects of
CeO, composition on Pt/CeO,—C catalysts [25-27], few
studies have discussed the influence of CeO, pre-calcined
temperatures on MOR performance. Pt/CeO,—C catalysts
with CeO, pre-calcined at 300-600°C were investigated by
the combination of hydrothermal calcination [28] and wet
impregnation [29] to explore the optimal pre-calcination tem-
perature of CeO, in methanol electro-oxidation. The elec-
trocatalytic activity and stability of the as-synthesized cata-
lysts in MOR were characterized by cyclic voltammetry
(CV) and amperometric current density—time (i—f) curve ana-
lysis. Electrochemical results of this study show that the
Pt/CeO,—C catalyst with CeO, pre-calcined at 400°C exhib-
ited superior CO tolerance in methanol electrochemical oxid-
ation than the commercial Pt/C catalyst.

2. Experimental
2.1. Preparation of Pt/CeO,—C nanocatalysts

(1) Synthesis of CeO,/C precursor.

For the synthesis of the CeO,/C precursor, 0.051 g
Ce(NOs);-6H,0 and 0.1896 g carbon substrate (Vulcan XC-
72R, Cabot, America) were dissolved in 40 mL distilled wa-
ter, and then the mixture was ultrasonicated for 30 min, con-
tinuously stirred for another 3 h, and then added with 50wt%
ammonia until the pH value of the solution was 10. After the
reaction, the mixture was filtered for three to five times. The
obtained material was dried at 80°C for 12 h. Then, the dried
material was calcined in a saturated nitrogen atmosphere at
different high temperatures (300, 400, 500, and 600°C) for

2 h to obtain a homogeneous precursor CeO,/C.

(2) Synthesis of Pt/CeO,—C catalyst.

The previously prepared CeO,/C precursor was dispersed
in distilled water with another 30 min of pre-ultrasonication.
The mixture was dropped with 16.7 mL H,PtCls solution
(19.3 mmol/L) with continuous stirring for 1 h, and then
placed in the oven until completely dry. The final product
Pt/CeO,—C catalyst was obtained after the reduction under
5% Hy/Ar at 300°C for 2 h. The obtained Pt/CeO,—C samples
at different pre-calcination temperatures (300, 400, 500, and
600°C) for CeO, were marked as PC300, PC400, PC500, and
PC600, respectively.

(3) Preparation of working electrode.

For the fabrication of the working electrode, 10 mg cata-
lysts in 5 mL isopropanol and 100 pL Nafion (10wt%,
DE1020, DuPont, America) solution (0.05wt% Nafion dis-
solved in isopropanol) were mixed and then ultrasonicated
for 30 min to obtain a homogeneous catalyst ink. Then, 8—
12 uL of the catalyst ink was added onto the glassy carbon
substrate with a micropipette, yielding a Pt load of 20
pg-ecm 2. The glass carbon working electrode was polished
with 50 nm alumina powder and then ultrasonicated with ul-
trapure water and ethanol for several times before all electro-
chemical measurements.

2.2. Characterization of physical properties

The X-ray diffraction (XRD) patterns were obtained with
a Rigaku D/max 2550/PC diffractometer (RIGAKU, Japan)
operating with graphite-monochromatized Cu K, radiation (1
=(0.154060 nm), and scans were performed at the 26 range of
10°-80°. The microstructure of the catalysts was analyzed by
JEM-2100 transmission electron microscopy (TEM; JEOL,
Japan). Chemical composition was analyzed by inductively
coupled plasma-atomic emission spectroscopy (ICP-AES;
iCAP 6000 Radial, THERMO, Varian, America). The sur-
face electron structure of Pt/CeO,—C was analyzed by XPS
with a Thermo ESCALab250 using monochromatized Al K,
radiation.

2.3. Electrochemical characterization

All measurements were carried out in a conventional
three-electrode cell at room temperature with a CHI 660D
electrochemical analyzer (Chen Hua Instruments, Shanghai,
China). The glassy carbon coated with the catalyst ink served
as the working electrode, a platinum foil of 1 cm® as the
counter electrode, and a saturated calomel electrode as the
reference electrode. All the potentials were converted to re-
versible hydrogen electrode (RHE) after the measurements.

CV tests were performed in a 0.5 M Ny-purged H,SO,
solution at room temperature. The potential was scanned in
the range of 0-1.2 V vs. RHE at a scan rate of 50 mVs ™' for
40 cycles. The electrochemical surface area (ECSA) of each
catalyst was calculated on the basis of the charges associated
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with the adsorption peak of hydrogen after double-layer cor-
rection at the positive scanning, and the calculation equation
is as follows [30-32]:

21%;1V M

Pt

where Qy is the total charge (uC) calculated by the hydrogen
adsorption peak area, Wp, is the loading (uC-cm™) of Pt on
the working electrode, and the constant “210” represents the
charge needed to oxidize a monolayer of hydrogen on a
bright Pt surface.

ECSA =

3. Results and discussion
3.1. Structure and composition analysis

Fig. 1 shows the XRD patterns of the PC400 catalyst and
the precursor CeO,/C pre-calcined at different temperatures
(300, 400, 500, and 600°C). First, the diffraction peaks at 260=
39.85°,46.30°, and 67.50° can be clearly found in the PC400
sample, which can be indexed as the (111), (200), and (220)
planes of the Pt face centered cubic (fcc) crystalline structure,
respectively, whereas the diffraction peaks belonging to
CeO, cannot be recognized in the PC400 sample. For the pre-
cursor patterns, the diffraction peaks at 28.21°, 32.92°,
47.24°, and 56.20° are ascribed to the (111), (200), (220), and
(311) planes of the CeO, cubic fluorite structure [33-34], re-
spectively. Interestingly, the peak intensity of these facets in-
creased with increasing pre-calcination temperature. The dis-
appeared CeO, diffraction peaks in the PC400 sample may be
assigned to the stronger Pt diffraction peaks hiding the CeO,
diffraction peaks. The amorphous cerium oxide layer on Pt
can prevent the Pt surface from oxidation and consequently
enhance the activity of the catalysts [35]. In addition, another
diffraction peak can be observed at 25.3°, which belongs to
the (002) plane of carbon.

—PC400

JCPDS PDF#O4—080%
Pt \

— (Ce0,/C-500°C

— (Ce0,/C-400°C
— Ce0,/C-300°C

JCPDS PDFTVB-IO
Ce02| | L [ [ L

10 20 30 40 50 60 70 80
207(°)
Fig. 1. XRD patterns of PC400 and CeO,/C pre-calcined at
different temperatures. Standard patterns of CeO, (JCPDS
PDF#43-1002) and Pt (JCPDS PDF#04-0802) are attached for
comparison.

[
— Ce0,/C-600°C l

Intensity / a.u.
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Fig. 2 shows the TEM results of the as-synthesized
Pt/CeO,—C catalysts pre-calcined at different temperatures. In
general, the four catalysts showed comparatively small sizes
of about 2.7, 2.6, 2.7, and 2.9 nm. It should be noted that the
red histograms represent the statistics of the number of
particles in the corresponding TEM images, and the blue line
represents the cumulative results of the proportion of differ-
ent particle sizes. However, the high pre-calcination temper-
ature (>400°C) led to the agglomeration of CeO, and the un-
even distribution of Pt nanoparticles. An interplanar spacing
distance of 0.226 nm can be easily found in PC300, which is
attributed to the Pt (111) plane [30,32]. Furthermore, the ele-
ment mapping images of Ce, O, and Pt in Fig. 3 show that the
three elements of Ce, O, and Pt in PC400 were evenly dis-
tributed on the surface of the carbon support. The rather small
loading amount of ceria explains why we cannot observe the
CeO, diffraction peak of PC400 in the XRD patterns.

Fig. 4 exhibits the Pt 4f and Ce 3d XPS peaks for PC400,
and the details of the fitting parameter results are shown in
Table 1. For Pt 4f, the peaks M and M’ situated at 71.62 and
74.94 eV are ascribed to Pt’, whereas the peaks N and N’
situated at 72.88 and 76.33 eV belong to Pt*". Pt’ was the
main Pt species in PC400, accounting for 68.1% of the total.
However, compared with pure bulk Pt (70.9 eV), the binding
energy showed a slight positive offset of 0.72 eV [31,36],
which can be attributed to the strong interaction between Pt
and CeQO, in PC400, changing the electronic structure of the
Pt metal [37-38].

With regard to Ce 3d, the U series peaks at 882.51,
885.36, 901.40, and 907.94 eV are ascribed to Ce**, whereas
the six other peaks at 882.81, 888.16, 898.65, 904.15, 907.21,
and 916.98 eV belong to Ce*" [39]. The component propor-
tion of Ce*" was predominant, accounting for 62.2%, where-
as that of Ce*" was merely 37.8%. As we have previously dis-
cussed, the variable valence states (redox Ce*'/Ce*" sites) can
greatly enhance the oxygen storage capacity, and the oxygen
vacancy in Ce—-O is a major advantage of the material. Yuan
et al. [40] reported that CeO,-, with a high concentration of
oxygen vacancies shows good ORR activity, excellent stabil-
ity, and good resistance to methanol crossover effects,
thereby benefiting the catalysis of MOR.

3.2. MOR activity

Fig. 5(a) shows the CV curves of the various catalysts
measured at room temperature in a 0.5 M N,-purged H,SO,
solution. The ECSA values of the as-synthesized catalysts
PC300, PC400, PC500, and PC600 were calculated to be
59.87, 68.14,62.07, and 55.98 m*-g ', which were 1.12, 1.28,
1.16, and 1.05 times higher than that of the commercial Pt/C
catalyst (53.23 m>-g "), respectively. The ECSA of each cata-
lyst was calculated on the basis of the charges associated with
the absorption peak of hydrogen after double-layer correc-
tion with a reference value of 210 pC-cm? for the hydrogen
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9

PC300.
and PC600. Inset in (a) shows the high resolution transmission electron microscope (HRTEM) images of PC300.

Fig. 2.

perature is 400°C. The ECSA values of PC300—PC600 cata-
lysts were larger than that of the commercial Pt/C catalyst

possibly because the addition of CeO, can enhance the distri-

41]. ECSA analysis

[

monolayer adsorption on the Pt surface

indicates that the addition of CeO, can facilitate electro-

chemical performance, and the optimal pre-calcination tem-
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Fig. 3. TEM images of elemental mapping of (a) Ce, (b) O, (c) Pt, and (d) the overlap.
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Ce4+

J— Ce3+

920 910 900 890 880
Binding energy / eV

Fig. 4. XPS spectra for (a) Pt 4f and (b) Ce 3d of PC400 sample.

bution of Pt nanoparticles, which agreed with the TEM im-
ages.

Electrochemical tests of the as-prepared Pt/CeO,—C cata-
lysts in MOR were executed by CV measurement. As shown
in Fig. 5(b) and Table 2, the onset potentials of PC300,
PC600, and the commercial Pt/C started at 0.376, 0.380, and
0.383 V, respectively, which were close to each other.
However, the onset potentials of PC400 and PC500 began at
0.327 and 0.33 V, respectively. A method (//], ratio) was

used to compare the ratio of the forward scanning peak cur-
rent density (/}) and the backward scanning peak current
density (/,), which represent the oxidation of methanol elec-
tro-oxidation and the subsequent oxidation of the reactive
carbonaceous species obtained from the positive potential
scanning, respectively [42—43]. The I/, ratio can be used to
reflect the catalysts ’ tolerance of CO poisoning [44]. As
shown in Fig. 5(b), the I/I, ratio of PC400 was the highest
among all the five catalysts, including the commercial Pt/C
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Table 1. Binding energies and surface compositions from
deconvolution of XPS spectra in Fig. 4 for PC400
Species Peak Binding Relative Total
energy / eV proportion /% proportion / %
P M 71.62 35.90 68.1
M’ 74.94 32.20
P+ N 72.88 16.50 319
N’ 76.33 15.40
\% 882.81 15.42
\'%A 888.16 16.45
Cet A% 898.65 11.42 20
w 904.15 11.61 ’
N 907.21 0.94
w" 916.98 6.36
U 882.51 8.54
Ce U’ 885.36 14.08 373
u” 901.40 10.81 ’
u” 907.94 4.37

catalyst. Moreover, the I/, ratio decreased with increasing
pre-calcination temperature of CeO, (>400°C). This result

80

(a) —PC400
~ 60F p  —PC500
T —PC300
g 40 —PC600 S
E 20 F 4 — Commercial Pt/C ' F
I ot -
2
g -20
T 40t
5
£ —60
=)
© 80}
7100 1 1 1 1

1 1 1
0 0.2 0.4 0.6 0.8 1.0 1.2
Potential / V vs. RHE

can be ascribed to the fact that the poor dispersion of the
nanocatalysts directly results in poor catalytic performance
and CO poisoning tolerance [45]. Compared with previous
studies on Pt/CeO,—C (graphene) systems, our results show
that the CeO, pre-calcination temperature of the Pt/CeO,—C
catalyst affects the CO tolerance of methanol oxidation. The
detailed information is provided in Table 3.

Chronoamperometry is an effective method to evaluate
the electrocatalytic activity and stability of catalysts. From
Fig. 6, PC400 displayed the highest current density and the
smallest current decay among all the catalysts, including the
commercial Pt/C. In specific, the current density values of
PC300, PC400, PC500, PC600 and the commercial Pt/C after
3600 s constant potential electrolysis at 0.6 V vs. RHE in the
amperometric i— curves were 23.4, 28.0, 19.4, 18.1 and 12.2
mA-mg ', respectively. This result indicates that PC400 pos-
sesses the highest electrocatalytic activity and the strongest
tolerance to carbonaceous by-products produced during
methanol oxidation.

The enhanced catalysis activity and stability of the as-syn-
thesized PC300—PC600 catalysts in MOR can be explained
as follows:

a00f ®

o —PC400
&0 —PC500
E 300 = pC300
£ —PC600
= 200 — Commercial Pt/C
2
£ 100}
o
§ ol A

-100 -

1 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0 1.2
Potential / V vs. RHE

Fig. 5. Electrochemical data for the as-synthesized catalysts (PC300, PC400, PC500, and PC600) and the commercial Pt/C (20wt%,
JM, America): (a) CV record in 0.5 M H,SO, solution at a scan rate of 50 mV/s; (b) CV record in 1 M CH;0H and 0.5 M H,SO,

solution at a scan rate of 50 mV/s.

Table 2.
the commercial and as-prepared catalysts

Comparison of electrocatalytic properties between

On-set potential /

Catalyst V vs. RHE It/ (mA-mg") I,
PC300 0.376 354 0.99
PC400 0.327 405 1.26
PC500 0.33 376 1.07
PC600 0.380 335 0.92
Commercial Pt/C 0.383 316 0.79

First, Ce 3d orbitals can change the electronic structure of
Pt and weaken the adsorption of CO-based carbonaceous by-
products on the Pt surface; CO can also be oxidized by CeO,
on the Pt surface at the same time [48—49]. As a result, the re-

duction of carbon-containing intermediates adsorbed on the
Pt surface can effectively improve the electrocatalytic activ-
ity of MOR [26].

Second, CeO, can improve the distribution of Pt nano-
particles [46] and provide the OH,4 species for electro-oxida-
tion to interact with the carbonaceous intermediates ad-
sorbed (CO,) by the catalysts and then generate CO, during
MOR, which is a bi-functional mechanism. These reactions
are explained as follows [50-53]:

CeO, +H,0 — CeO, —OH,4 + H* +e” (2)
Pt—CO,y +Ce0, —OH,y — Pt+Ce0,+CO,+H"+e~ (3)
Pt— CeO, + xCO — Pt—CeO,_, + xCO, 4)

Finally, the optimum pre-calcination temperature (400°C)
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may contribute to the generation of CeO, with fluorite struc-
ture and promote the interaction among CeQ,, Pt, and carbon
support. High temperatures (>400°C) may lead to the ag-
glomeration of CeO,, which negatively impacts the homo-
genous distribution of Pt nanoparticles [32,54].

Table 3. Comparison of electrocatalytic properties of Iyl
with previous Pt/CeQ, studies
Catalyst I/l Ref.
Pt/CeO,—graphene <1 [46]
Pt/3wt%CeO,—C 0.55 [47]
Pt/6wt%CeO,—C 0.53 [47]
Pt/9wt%CeO,—C 1.45 [47]
Pt/12wt%CeO,—C 1.23 [47]
Pt—3wt%CeO,/graphene 1.41 [23]
Pt—5wt%CeO,/graphene 1.45 [23]
Pt-7wt%CeO,/graphene 1.48 [23]
Pt—10wt%CeO,/graphene 1.35 [23]
PC300 0.99 This work
PC400 1.26 This work
PC500 1.07 This work
PC600 0.92 This work
400 |—PC400
= —PC500
op —PC300 40 F
£ —PC600 35 .
é 300 —Commercial Pt/Cy 3 | S
g 25+ PC300
E:. 20 L PC600
'Z 200t 15 F—4— Commercial PUC
3 M e
‘g 2000 2400 2800 3200 3600
£ 100
O

0 n n n  : i 1 1
0 500 1000 1500 2000 2500 3000 3500
t/s

Fig. 6. Amperometric i~ curves collected for 1 h at 0.6 V vs.
RHE for the catalysts in a 1 M CH;OH and 0.5 M H,SO, solu-
tion at room temperature.

4. Conclusion

Pt/CeO,—C catalysts were successfully prepared, and their
electrocatalytic performance was tested in acidic medium to
investigate the effect of CeO, pre-calcined at different tem-
peratures (300-600°C) on the performance of Pt/CeO,—C
electrocatalysts in methanol oxidation. PC400 exhibited the
best methanol electro-oxidation among all the catalysts. In
specific, the ECSA and /{1, ratio of PC400 were 68.14 m*-g™'
and 1.26, respectively, which were 1.28 and 1.59 times high-
er than those of the commercial Pt/C catalyst. Furthermore,
the amperometric i—¢ curve of PC400 displayed an excellent

Int. J. Miner. Metall. Mater., Vol. 28, No. 7, Jul. 2021

stability performance compared with those of the other cata-
lysts. Therefore, introducing CeO, from a proper pre-calcina-
tion temperature (~400°C) can promote the dispersion of Pt
nanoparticles with a small size (~2.6 nm) and provide a high
tolerance to carbonaceous species produced during MOR,
thereby directly enhancing catalytic activity and stability.
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