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ng of Pt on CeO2 as a carbon-free
catalyst for methanol and oxygen reduction
reaction†

Linchi Zou, *ab Jian Pan,a Feng Xuc and Junfeng Chen*c

The widely studied Pt/C catalyst for direct methanol fuel cells (DMFCs) suffers severe carbon corrosion

under operation, which undermines the catalytic activity and durability. It is of great importance to

develop a carbon-free support with co-catalytic functionality for improving both the activity and

durability of Pt-based catalysts. The direct loading of Pt on the smooth surface of oxides may be difficult.

Herein, the Cu assisted loading of Pt on CeO2 is developed. Cu pre-coated CeO2 was facilely

synthesized and Pt was electrochemically deposited to fabricate the carbon-free PtCu/CeO2 catalyst.

The PtCu/CeO2 catalyst has a mass activity up to 1.84 and 1.57 times higher than Pt/C towards methanol

oxidation reaction (MOR) and oxygen reduction reaction (ORR), respectively. Better durability is also

confirmed by chronoamperometry and accelerated degradation tests. The strategy in this work would be

greatly helpful for developing an efficient carbon-free support of Pt-based catalysts for applications in

DMFCs.
1. Introduction

Methanol is a cheap fuel source but has higher energy density
than hydrogen, making direct methanol fuel cells (DMFCs)
a fascinating power source.1,2 Pt or Pt based metallic nano-
particles (NPs) supported on carbon materials, including
amorphous carbon, carbon nanotubes, graphene, etc., are
commonly used as efficient catalysts.3–7 However, carbon suffers
inevitable chemical and electrochemical oxidation due to the
high moisture, high temperature, and high operation poten-
tials.8 The electrochemical corrosion occurs as followed:

C + H2O / CO + 2H+ + 2e� (1)

Reaction (1) will be promoted in the presence of Pt based
catalysts.9 The carbon corrosion leads to the migration and
aggregation of supporting metal NPs, which undermine the
activity and durability of catalysts.

It is of great importance to develop the stable support for
improving both activity and durability of catalyst. Exploring the
carbon-free supports with co-catalytic functionality has proven
to be an effective approach.10–15 Many materials, such as
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Ti0.7Ru0.3O2,10 Magnéli phase Ti8O15 nanowires,13 and CeO2,15,16

were studied as potential catalyst supports of DMFC. Kozu and
the co-workers reported a one-step electrochemical synthesis of
Pt–CeO2 composite thin lms and received a 25 mV negative
shi toward MOR.15 Lin and the co-workers used poly(-
vinylpyrrolidone) as template to synthesis porous CeO2 as non-
carbon support to load Pt.16 Their as-synthesized catalysts
showed nearly twice the activity of Pt/C toward MOR. However,
the poor conductivity of such non-carbon materials emerges as
a trouble. The surface of oxides is smooth and hence the
interaction with Pt is so weak that Pt nanoparticles aggregate
easily, leading to the poor activity and durability.

Herein, we explore a facile method, which can load Pt
homogeneously on CeO2 support via Cu pre-coating, to
prepare a conductive, efficient, and stable carbon-free catalyst
support for DMFC. CeO2 is a widely studied oxide, which can
promote the activity and stability of catalysts.16,17 We found
that Cu is able to coat on CeO2 surface homogeneously,
avoiding the aggregation. Moreover, it has been revealed that
both Cu and CeO2 can modify the Pt d-band centre to achieve
better performance on methanol oxidation reaction (MOR)
and oxygen reduction reaction (ORR).16–19 We started with
partially covering Cu NPs with CeO2 via a one-pot synthesis
method, and then electrodeposited Pt onto the uncovered Cu
surface. As a result, the PtCu alloy NPs form and co-exist with
CeO2, such structure connes the metal NPs and prevents
their migration (Scheme 1). Results show that the MOR, ORR,
and durability of the as-prepared catalysts are improved
compared to Pt/C.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The processes of synthesizing PtCu/CeO2 catalysts.

Fig. 1 XRD patterns of Cu–CeO2 before (A) and after Pt deposition (B);
(a), Cu–CeO2-31; (b), Cu–CeO2-21; (c), Cu–CeO2-11; (d), Cu–CeO2-
12; (e), Cu–CeO2-13.
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2. Experimental
2.1 Materials

Chloroplatinic acid hexahydrate (H2PtCl6$6H2O), copper nitrate
trihydrate [Cu(NO3)2$3H2O], cerium(III) nitrate hexahydrate
[Ce(NO3)3$6H2O], sodium hydroxide (NaOH), sodium borohy-
dride (NaBH4), and glycerol were of analytical reagent (A.R.)
grade and purchased from Sinopharm Chemical Reagent Co.,
Ltd. All chemicals were used as received. Deionized water (DI
water, Millipore, 18.2 MU at 25 �C) were used in all processes.

2.2 Catalyst preparation

Ce(NO3)3$6H2O and Cu(NO3)2$3H2O at different molar ratio
(Cu : Ce ¼ 1 : 3, 1 : 2, 1 : 1, 2 : 1, and 3 : 1) were added into
a three neck ask, then 100 mL of ethylene glycol (EG) were
added, following the agitation at 80 �C overnight. 200 and
500 mg of NaOH and NaBH4 were dissolved in 100 mL of DI
water and slowly dropped into the ask. When the reaction
nished, the Cu/CeO2 composites were collected and rinsed
with ethanol by centrifuging. The Cu/CeO2 paste was freeze-
dried.

For Pt electrodeposition, 6 mg of Cu/CeO2 supports and 60
mL of Naon solution (5% w/w, Dupont) were dispersed in 6 mL
of isopropanol solution (isopropanol : DI water¼ 1 : 1). 10 mL of
the resultant ink was pipetted onto the surface of glassy carbon
electrode (GCE, f¼ 5 mm) and dried at room temperature. GCE
was polished with Al2O3 (<50 nm) to a mirror-like surface before
used. The electrode was immersed in the electrolyte containing
0.5 M H2SO4 and 3.86 � 10�3 M H2PtCl4, then subjected to the
cyclic voltammetry (CV) scanning in the potential range of 0.0–
1.2 V at 50 mV s�1 for 40 cycles. Pt wire and saturated calomel
electrode (SCE) were used as counter and reference electrode,
respectively. The catalysts with Cu : Ce ratios of 1 : 3, 1 : 2, 1 : 1,
2 : 1, and 3 : 1, were labelled as PtCu/CeO2-13, PtCu/CeO2-12,
PtCu/CeO2-11, PtCu/CeO2-21, and PtCu/CeO2-31, respectively.

2.3 Characterizations and electrochemical tests

X-ray diffraction (XRD) was performed on Ultima3 (D/teX) in the
scanning 2q range of 20–90� with Cu ka (l ¼ 0.15406 nm) as
radiation source. The morphology of catalysts was obtained by
transmission electron microscope (TECNAI G2F20, FEI). X-ray
photoelectron spectroscopy (XPS) was performed on ESCALAB
250 (Thermo Scientic). The Pt loading was evaluated by
inductively coupled plasma atomic emission spectrometry (ICP-
MS, XSERIES 2, Thermo Fisher). CV was carried out in a three-
© 2021 The Author(s). Published by the Royal Society of Chemistry
electrode cell on CHI650D in the potential range of 0.0–1.2 V
scanned at 50 mV s�1. 0.5 M H2SO4 aqueous solution was used
as electrolyte. Methanol electrooxidation was tested in 0.5 M
H2SO4 and 1 M methanol electrolyte. To perform ORR, glassy
carbon rotating-disk electrode was used as WE (RDE, f ¼ 5
mm). Linear sweep voltammogram (LSV) measurements were
RSC Adv., 2021, 11, 36726–36733 | 36727
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performed in O2-saturated 0.1 M HClO4 solution at room
temperature at the rotating speed of 1600 rpm and sweep rate of
10 mV s�1. The kinetic current was calculated as followed:20

1

I
¼ 1

Ik
þ 1

Id
(2)

where Ik is the mass transport free kinetic current and Id is the
diffusion-limiting current. The values of Id and I were chosen at
0.9 V and 0.2 V for calculation.
3. Results and discussion
3.1 Structure and morphology analysis

XRD was used to identify the structure of Cu pre-coated CeO2

(Cu/CeO2) (Fig. 1A). A broad peak in the range of 20–32� is
ascribed to CeO2(111) and (200) facets (JCPDS 34-0394). The
peak at 47.5� is indexed to CeO2(220). The vague diffraction
signals indicate the very small particle size.21 The characteristic
peaks at 43.3�, 50.4�, and 74.1� belong to the metallic Cu(111),
(200), and (220) facets (JCPDS 04-0836). The 2q angles of Cu
peaks are in very coincidence with JCPDS 04-0836, illustrating
that CeO2 did not affect the Cu crystal structure. We also
observe the diffraction signals of Cu2O which has the main peak
at 36.4� accompanying with a weak one at 61.4�, ascribed to
(111) and (220), respectively (JCPDS 05-0667). It is rational of the
presence of Cu2O because the lattice oxygen of CeO2 could
Fig. 2 TEM images of PtCu/CeO2-21 catalyst (A). The scale bar in the ima
image (D, E, and F) show the mapping of Ce, Cu, and Pt, respectively.

36728 | RSC Adv., 2021, 11, 36726–36733
migrate to Cu surface in the condition of intimate contact.16,17

As Cu dosage decreased, the Cu diffraction signals become
fading, due to the lowering Cu contents in Cu/CeO2. Aer Pt
deposition, Pt signal emerges clearly expect on Cu/CeO2-13
(Fig. 1B), due to the low metal content that not sufficient for
XRD instrument to receive signal. Pt(100), Pt(200), and Pt(220)
facets are identied at 40.0, 46.6, and 68.0�, which are all
slightly higher than 2q of JCPDS 04-0802. This indicates the
PtCu alloy formation during Pt deposition.

The morphology and particle size of PtCu/CeO2 with the
Cu : Ce molar ratio of 2 : 1 were identied by TEM analysis
(Fig. 2). TEM images of PtCu/CeO2-12 and Pt/C were also offered
(Fig. S1†). The PtCu/CeO2 catalysts are the assembly of small
nanoparticles (Fig. 2A and S1A†). The lattice with spacing value
of 0.219 nm is commonly found. The value is between 0.226 nm
of Pt(111) (JCPDS 04-0802) and 0.208 nm of Cu(111) (JCPDS 04-
0836), which is a clear evidence of PtCu alloy.22 The lattice
belonging to CeO2 could be barely found, but the EDS mapping
reveals the homogeneous dispersion of Ce, Pt, and Cu elements
(Fig. 2C–F). We propose that the PtCu alloy coats on CeO2

surface.
The very intimate contact of CeO2 and PtCu alloy can modify

the electronic structure of Ce, Cu, and Pt elements, which is
proven by XPS (Fig. 3). Ce 3d orbital is curve-tted into satellite
peaks belonging to Ce3+ (v0, v0, u0, and u0) and Ce4+ (v, v, v00, v000,
u, u00, and u000),23,24 respectively (Fig. 3A). The peak u000 is
ge (B) is 5 nm. Image (C) shows the area chosen for elemental mapping,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The XPS analysis of Ce 3d (A), Cu 2p (B), and Pt-4f (C).
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a characteristic signal of Ce4+.16 It is very weak here, demon-
strating that the Ce4+ concentration in the CeO2 NPs is relatively
low, therefore, the concentration of oxygen vacancy is high.24

The ratio SCe3+/(SCe3+ + SCe4+) is commonly used to evaluate
the Ce3+ fraction, i.e., the oxygen vacancy concentration.24 PtCu/
CeO2-21 has the ratio of 0.42. Cu 2p spectrum shows the co-
existence of Cu, Cu+ and Cu2+ (Fig. 3B). The peaks at 932.50
and 952.37 eV are attribute to Cu0, the Cu+ could be found close
to Cu0.25 The shakeup satellite peaks at around 935, 944, 955,
and 963 eV belong to Cu2+ species.26,27 The intimate contact of
CeO2 and PtCu alloy NPs greatly facilitated the migration of
lattice oxygen in the surface of CeO2 to metal surface, and the
electron transfer from PtCu to CeO2, leading to the presence of
high concentration of oxygen vacancy andmetal oxide species.16

Both CeO2 and Cu can inuence the Pt electronic structure, as
a result, Pt 4f orbital shis positively by 0.18 eV compared to
that of Pt/C (Fig. 3C). The positive B.E. shi suggests that the d-
band centre of Pt moves downwards, which will reduce the
binding strength of adsorbents, leading to the enhancement of
activity.28,29

3.2 Electrochemical activity and durability

The Cu-free Pt/CeO2 shows no activity (Fig. S2†), hence, the
discussion hereaer focuses on PtCu/CeO2. Fig. S3† demon-
strates the electrodeposition process during cyclic voltammetry
(CV) cycles between 0.0–1.2 V vs. SHE at a scan rate of 50 mV s�1.
The peak at 0.34 V in the initial scans suggests the Cu disso-
lution from the Cu–CeO2 support.29,30 The Cu dissolution
© 2021 The Author(s). Published by the Royal Society of Chemistry
current fades as scanning goes on and dropped to undetectable
level aer ve scans, indicating that Cu dissolution ceases. The
peak at around 0.75 V is subject to the Pt reduction from the
precursor. The Pt precursor (PtCl6

2�) was reduced to Pt0

following the probable reactions:31,32

PtCl6
2� + 2e� / PtCl4

2� + 2Cl�, E0 ¼ 0.726 V SHE (3)

PtCl4
2� + 2e� / Pt + 4Cl�, E0 ¼ 0.758 V SHE (4)

PtCl6
2� + 4e� / Pt + 6Cl�, E0 ¼ 0.744 V SHE (5)

The anodic voltammetric responses at potentials higher than
0.95 V are associated with the formation of Pt surface oxide. On
the cathodic scan, reduction peak at 0.7 V is related to the
partial reduction of Pt oxide.33 The hydrogen adsorption/
desorption current in the potential range of 0–0.3 V arises as
the deposition cycling goes on, which also illustrates the
successful deposition of Pt. When the Pt electrodeposition was
nished, the working electrodes were rinsed with plenty of DI
water for electrochemical tests.

The CVs show familiar H ad/desorption (0–0.4 V) as well as Pt
oxide formation (0.6–1.2 V) in 0.5 M H2SO4 (Fig. 4A). The onset
potentials of Pt oxide formation of Pt/Cu–CeO2 catalysts are
more positive than Pt/C, indicating that Pt of PtCu/CeO2 is more
difficult to oxidize.34 The Pt loading on the electrode surface was
evaluated by atomic absorption spectrometry. The PtCu/CeO2

catalysts show close Pt loading to Pt/C on the electrode surface
(Fig. 4B). PtCu/CeO2 catalysts with higher Cu content
RSC Adv., 2021, 11, 36726–36733 | 36729
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Fig. 4 (A): CVs of Pt/C and PtCu/CeO2 catalysts in 0.5 M H2SO4; (B), Pt loading and ECSA values; (C), MORmass activities of Pt/C and PtCu/CeO2

catalysts in 0.5 M H2SO4 and 1 M CH3OH; (D), CO stripping catalysts in 0.5 M H2SO4. The scan rate was 50 mV s�1.
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demonstrate higher Pt loading, illustrating that Pt is mainly
deposited on the Cu surface. This agrees well with the TEM
analysis. The electrochemical surface area (ECSA) was calcu-
lated by integrating the hydrogen desorption charge (Fig. 4B
and Table 1). PtCu/CeO2-13 and PtCu/CeO2-12 shows higher
ECSA than Pt/C, due to the lower Pt loading on the electrode.
PtCu/CeO2-31 and PtCu/CeO2-21 have the close ECSA to Pt/C,
while PtCu/CeO2-11 has the lowest value. Fig. 4A and B show
that the PtCu/CeO2 catalysts have comparable electrochemical
activity to Pt/C, evidencing that the presence of Cu efficiently
ensures the conductivity. The very small particle size is also very
benecial for the catalytic activity.35,36

Fig. 4C shows the MOR activity of Pt/C and PtCu/CeO2

catalysts. Both forward (If) and backward (Ib) peak currents of
PtCu/CeO2-13, PtCu/CeO2-11 and PtCu/CeO2-31 are higher than
Pt/C, while PtCu/CeO2-12 and PtCu/CeO2-21 have the lower
Table 1 The electrochemical parameters of Pt/C and PtCu/CeO2 cataly

Pt loading mgPt cm
�2 ECSA cm�2 mgPt

�1

MOR

If mA m

Pt/C 14.9 28.2 1289.8
PtCu/CeO2-31 16.8 26.1 1804.0
PtCu/CeO2-21 15.2 28.2 1226.6
PtCu/CeO2-11 14.5 17.1 2025.2
PtCu/CeO2-12 13.3 34.2 1040.9
PtCu/CeO2-13 12.5 39.7 1507.6

36730 | RSC Adv., 2021, 11, 36726–36733
values (Table 1). The peak If is attributed to the partially
oxidation of methanol to the carbonaceous species such as
COads, and the peak Ib comes from the removal of the incom-
plete oxidized carbonaceous species accumulated on Pt surface
during the forward scan.37,38 The ratio If : Ib is used to evaluated
the MOR performance of catalyst, i.e., larger If : Ib represents
better poisoning tolerance and vice versa.39 All PtCu/CeO2 cata-
lysts have higher If : Ib than Pt/C, illustrating the better poison
tolerance of PtCu/CeO2. As shown in Table 1, PtCu/CeO2-21 has
the highest If : Ib value of 1.27, which is 1.4 times higher than
0.92 of Pt/C. The CO stripping was performed for conrmation
(Fig. 4D). During the rst scans of all catalysts, signals related to
hydrogen ad/desorption does not show, which is attributed to
the CO coverage on Pt surface and no marginal for H adsorp-
tion. The sharp peaks in the potential range of 0.6–0.8 V belong
to the CO oxidation.40 The CO peak of Pt/C locates at 0.878 V,
sts

ORR

gPt
�1 Ib mA mgPt

�1 If : Ib MA mA mgPt
�1 SA mA cmPt

�2

9 1388.92 0.92 127.96 4.54
1 1704.98 1.05 125.63 4.81
8 961.90 1.27 237.88 8.44
5 1914.63 1.06 153.67 8.68
1 942.23 1.11 177.52 5.19
2 1448.27 1.04 171.53 4.32

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The ORR curves obtained with on a glassy carbon rotating
electrode disk in O2-saturated 0.1 M HClO4 solution at a sweep rate of
10 mV s�1.
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more positively than all the PtCu/CeO2 catalysts, especially
PtCu/CeO2-12 (0.745 V) and PtCu/CeO2-13 (0.734 V). One could
nd out that Cu is prone to enhance theMOR activity, due to the
electronic effect,41,42 because the compressive lattice resulting
from alloy structure can weaken the binding of Pt surface atoms
to adsorbed intermediates.41

The ORR polarization curves of Pt/C and PtCu/CeO2 catalysts
are shown in Fig. 5. The onset and half-wave potentials of PtCu/
CeO2 catalysts shi positively relative to Pt/C, implying the
decrease in overpotential of ORR.43 PtCu/CeO2-21, PtCu/CeO2-
11, PtCu/CeO2-12, and PtCu/CeO2-13 exhibit the mass activity
(MA) of 237.88, 153.67, 177.52, and 171.53 mA mgPt

�1 on the
basis of Pt mass at 0.9 V, which are 1.86, 1.20, 1.39, and 1.34
times of MAPt/C (127.96 mA mgPt

�1) (Table 1). PtCu/CeO2-31
exhibits MA value of 125.63 mAmgPt

�1, slightly lower than Pt/C.
The surface-area-specic activity (SA) is calculated by dividing
the mass activity by total ECSA on the electrode surface.11 The
SAs of PtCu/CeO2-31, PtCu/CeO2-21, PtCu/CeO2-11, and PtCu/
CeO2-12 are 1.06, 1.86, 1.91, and 1.14 times higher than Pt/C
(Table 1).
Fig. 6 (A), the chronoamperometry running at the constant potential of 0
of ECSA obtained by ADT.

© 2021 The Author(s). Published by the Royal Society of Chemistry
It is known that the binding energy is strongly related to the
ad/desorption capability of reaction intermediates on the cata-
lyst surface. The quantity oxygen vacancies can bind Pt more
strongly due to the Pt-oxygen vacancy interaction.44 Moreover,
the oxygen vacancies decrease the energy barrier for lattice
oxygen movement. The lattice oxygen at the Pt–CeO2 interface is
well accepted that key for promoting the methanol electro-
oxidation.45 The positive shi of B.E. and the resulting
downward-move of d-band centre of Pt 4f can decrease the B.E.
of adsorbents, such as COads and OHads, on the Pt surface,
which facilitate the remove of adsorbents and promote the
catalytic activity towards MOR and ORR.34 Furthermore, the
reduced Pt lattice constant which decrease the B.E. of OHads and
the suppression of Pt oxide formation are also proposed to be
responsible for the enhanced ORR of PtCu/CeO2 catalysts,
because OHads could inhibit the oxygen adsorption on Pt
surface and Pt oxide has inherently lower ORR activity than bare
Pt.40,46

The durability of catalyst is highly concerned and evaluated
by chronoamperometry (CA) and accelerated degradation test
(ADT). At the initial stage of CA measurements (Fig. 6A), PtCu/
CeO2-31, PtCu/CeO2-21, PtCu/CeO2-11, PtCu/CeO2-12 and PtCu/
CeO2-13 catalysts exhibit the current densities of 16.45, 9.66,
18.81, 8.32, and 12.34 mA cm�2, much higher than 2.74 mA
cm�2 of Pt/C. During the CA operation, methanol was contin-
uously oxidized and the intermediates (such as COads) would
accumulate on Pt surface,47 leading to the catalyst poisoning
and current decrease. Pt/Cu–CeO2 exhibited a much slower
decay of current density over time than Pt/C, due to a faster
remove rate of intermediates on Pt surface and better CO
tolerance.

It is interesting that aer the 10 h continuous CA running,
the If and Ib peak potentials of PtCu/CeO2 move to lower
potentials by upmost 30 mV, and the If:Ib values increase
(Fig. S4 and S5†). The If:Ib values of PtCu/CeO2-31, PtCu/CeO2-
21, PtCu/CeO2-11, PtCu/CeO2-12, and PtCu/CeO2-13 catalysts
are 1.23, 1.61, 1.28, 1.26, and 1.36, higher than their original
values by 0.17, 0.34, 0.22, 0.15, and 0.20, respectively. Pt/C has
no change in these features. The positive change of MOR
activities of PtCu/CeO2 catalysts indicates that the interaction
.6 V for 3600 s in 0.5 M H2SO4 and 1 M CH3OH; (B), the relative change
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between Pt and Cu–CeO2 support becomes stronger under
operation.

ADT was carried out to further examine the durability of
PtCu/CeO2 catalysts (Fig. 6B and S6†). Pt suffers oxidation and
dissolution in the potential range of 0.6–1.2 V by following
reactions:48,49

Pt + H2O 4 PtO + 2H+ + 2e� (6)

PtO + H2O 4 PtO2 + 2H+ + 2e� (7)

Pt 4 Pt2+ + 2e� (8)

PtO + 2H+ 4 Pt2+ + H2O (9)

PtO2 + 4H+ 4 Pt2+ + 2H2O (10)

Which lead to the loss of ECSA. Aer 5000 ADT scans, PtCu/
CeO2-31, PtCu/CeO2-21, PtCu/CeO2-11, PtCu/CeO2-12 and PtCu/
CeO2-13 catalysts retain 31, 32, 42, 42, and 47% of initial ECSA.
As a comparison, Pt/C has only 12% of initial ECSA le. Better
durability is obtained with higher CeO2 content. The oxygen
vacancy has the effect of anchoring metal NPs, which could
inhibit the migration and sintering, leading to an improved
durability.17,50

4. Conclusion

The Cu pre-coated CeO2 carbon-free support was facilely
synthesized via a one-pot method and Pt was electrochemically
deposited to fabricate the PtCu/CeO2 catalyst. The PtCu/CeO2

catalysts show higher activity toward methanol oxidation reac-
tion and oxygen reduction reaction than Pt/C. The better
durability is conrmed by chronoamperometry and accelerated
degradation test. We nd that Cu is preferential to the MOR
enhancement, and CeO2 leans to the improvement in ORR and
durability. The downshi of Pt d-band centre of PtCu/CeO2

catalysts, caused by the interaction between Pt and Cu–CeO2

composite support, is responsible for the MOR, ORR, and
durability enhancement. Besides, the compressive strain effect
of Cu on Pt and the depression of Pt oxidation are benecial to
MOR and ORR, respectively; high concentration of oxygen
vacancy of CeO2 could strongly anchor metallic nanoparticles
which inhibits the migration and sintering of Pt, leading to
durability improvement.
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D. Rutkowska-Zbik, J.-F. Paul, M. Ruggiero-Mikołajczyk,
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