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ty and Inst
A B S T R A C T

Deposition of platinum (Pt) monolayers (PtML) on Au substrate represents a robust strategy tomaximally
utilize the Pt atoms and meanwhile achieve high catalytic activity towards methanol oxidation reaction
for direct methanol fuel cells owing to a substrate-induced tensile strain effect. However, recent studies
showed that PtML on Au substrate are far from perfect smooth monoatomic layer, but actually exhibited
three-dimensional nanoclusters. Moreover, the PtML suffered from severe structural instability and thus
activity degradation during long-term electrocatalysis. To regulate the growth of PtML on Au surface and
also to improve its structural stability, we exploit dealloyed AuCu core-shell nanoparticles as a new
substrate for depositing PtML. By using high-resolution scanning transmission electron microscopy and
energy dispersive X-ray elemental mapping combined with electrochemical characterizations, we reveal
that the dealloyed AuCu core-shell nanoparticles can effectively promote the deposition of PtML closer to
a smooth monolayer structure, thus leading to a higher utilization efficiency of Pt and higher intrinsic
activity towards methanol oxidation compared to those on pure Au nanoparticles. Moreover, the PtML

deposited on the AuCu core-shell NPs showed substantially enhanced stability compared to those onpure
Au NPs during long-term electrocatalysis over several hours, during which segregation of Cu to the Au/Pt
interface was revealed and suggested to play an important role in stabilizing the PtML catalysts.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Direct methanol fuel cells (DMFC) represent one of the most
promising clean energy sources for portable consumable electron-
ics due to their high energy densities. However, the sluggish anodic
methanol oxidation reaction (MOR) has greatly limited the
efficiency and power density of DMFCs and generally requires
the use of large amounts of noble metal electrocatalysts like
platinum (Pt) [1–4]. In addition, Pt also suffers from severe
poisoning effect by the CO intermediate (�COads) formed during
MOR [3]. To decrease the usage and increase the activity of Pt,
Brankovic et al. developed an efficient catalyst design strategy by
deposition of a monoatomic-thick Pt layer (namely, Pt monolayer,
hereafter denoted as PtML) on a second substrate through surface-
limited redox replacement of a pre-formed underpotential
deposited Cu monolayer [5–9]. These PtML could ideally achieve
100% Pt utilization, thus showing promising mass-normalized
catalytic activities [10–13]. Deposition on different substrates can
also result in strain/ligand effect on the PtML in combination of the
itute of Materia Medica, Chinese
can sensitivelymodulate the Pt surface catalytic activities [7,14,15].
In particular, a tensile strain on the PtML was achieved on Au
substrate due to a larger lattice parameter (or atomic radius) of Au
compared to Pt, leading to enhanced adsorption of hydroxyl (�OH)
from water [12]. The enhanced OH formation could promote the
oxidation of�COads or a direct oxidation of�COHads to CO2without
the formation of COads, thus leading to enhanced MOR activities.

While the monolayer structure of PtML was generally assumed
and has been observed on Pd substrate [16], recent studies show
that PtML grown on Au substrate, either bulk [17,18] or nanoparticle
(NP) surfaces [18,19], is far from a perfect monolayer film but
exhibits three-dimensional (3D) rough agglomerates (namely, a
Volmer-Weber growth mode), which not only reduces the
utilization of Pt atoms but also weakens the tensile strain effect.
This is probably due to the large lattice parameter difference (4%)
between Au [80_TD$DIFF](4.08Å) and Pt (3.92Å), while lattice mismatch
between Pd (3.89Å) and Pt (3.92Å) is on 0.77% [20,21]. Indeed,
conformal overgrowth of Pd on Pt nanocube seeds into epitaxial
core-shell structure have been demonstrated, whereas overgrowth
of Au on the Pt seed resulted in anisotropic heterostructure [20]. In
addition to the effect of lattice parameter, the weak interaction
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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between Au and Pt (or more favorable Pt-Pt interactions) [17] and
much lower surface energy of Au compared to Pt [22,23] were also
considered to contribute to the formation of 3D Pt agglomerates on
Au. Moreover, the 3D Pt agglomerates on Au surface were unstable
during long-term operation particularly under high potentials,
leading to substantial catalyst degradation [19,24]. To promote the
formation of a smooth Pt monolayer on Au {111} surface, a CO
stabilization strategy was developed by utilizing a stronger
interaction of CO with Pt compared to that with Au [17]. However,
once removing the CO adsorbent, three-dimensional Pt agglomer-
ate re-generate, suggesting a great limitation of the CO stabiliza-
tion strategy.

In this paper, we exploit a new approach to regulate the growth
of smooth PtML catalysts on Au surface by utilizing dealloyed Cu-Au
core-shell NPs as the substrate. The use of dealloyed Cu-Au NPs not
only reduce the usage of noble metal Au, but also can efficiently
promote the growth of PtML on the Au surface closer to a smooth
monolayer, leading to improved MOR activity. This was confirmed
by using high resolution scanning transmission electron micros-
copy (STEM), energy dispersive X-ray (EDX) spectroscopic map-
ping and electrochemical characterizations. The core-shell
compositional fine structures of the as-grown PtML on dealloyed
Au-Cu core-shell NPs before and after long-term MOR electro-
catalysis were further carefully characterized, suggesting substan-
tially improved stability after long-term MOR electrocatalysis in
comparisonwith those grown on pure Au NPs. This study provides
a new way to stabilize smooth Pt monolayers on Au surface for
enhanced electrocatalytic properties on MOR.

The AuCu NPs were prepared by a previously-reported seeded
solvothermalmethodusingpre-synthesizedAuNPs as the seed [25]
and then supported on a high surface area carbon (Vulcan XC)
(detailed experimental procedures are presented in the supplemen-
tarymaterial). Fig.1a shows TEM image of the supported AuCuNPs,
whichexhibit a uniformparticle sizewith anaveragediameterof 4.5[54_TD
$DIFF]nm (particle size distribution analysis in Fig. S1 in Supporting
information) and a composition close to Cu50Au50 as confirmed by
EDX analysis. For comparison, a home-made pure Au catalyst with
the average particle size of 5.1[55_TD$DIFF]nm supported on Vulcan XC was also
prepared (the TEM image is shown in Fig. S1). Dealloyed AuCu core-
shell NPs (denoted asD-AuCu)were thenprepared byelectrochemi-
cal cycling (200 cycles) of the AuCuNPs in 0.1[56_TD$DIFF]mol/L HClO4 between
0.05[81_TD$DIFF]Vand1.2V(Unlessotherwisespecifiedthroughout thepaper,all
potentials are normalized to reversible hydrogen electrode, RHE) at
500[58_TD$DIFF]mV/s (Fig. 1b). During this process, surface non-noble Cu atoms
were gradually removed as indicated by the large oxidative peaks at
around 0.58[59_TD$DIFF]V. A smaller reductive peak at around 0.55[60_TD$DIFF]V can be also
observed and can be ascribed to underpotential deposition (UPD) of
part of leached Cu2+ on the Au surface. However, this reductive peak
was much smaller than the oxidative peak related to Cu leaching,
meaning that theUPD rate is far lower than that of Cu leaching. After

[(Fig._1)TD$FIG]

Fig.1. (a) TEM image of the as-prepared AuCuNPs supported on Vulcan XC carbon suppor
by 200 cycles between 0.05 [76_TD$DIFF]V and 1.2V at 500mV/s in N2-saturated HClO4 solution. (c) ED
(d) XRD patterns of pristine AuCu NPs, D-AuCu NPs, and pure Au NPs.
200 cycles, no oxidative/reductive peak can be observed, indicating
the complete removal of surfaceCu. TheAuCualloy coreandAu shell
in the dealloyed Au-Cu NPs are confirmed by EDXmapping (Fig. 1c)
as well as the Z-contrast STEM image (Fig. S2 in Supporting
information), and the average composition was determined to be
Au75Cu25 from large area EDX analysis. Fig. 1d presents the X-ray
diffraction (XRD) patterns of the pristine AuCu, the D-AuCu and the
pure Au catalyst, all of which show a face-centered-cubic structure.
The AuCu alloy NPs manifest an obvious shift of diffraction peaks to
higher angles relative to pure Au NPs, indicating a decreased lattice
parameter [82_TD$DIFF](3.96Å) compared to Au [83_TD$DIFF](4.08Å) due to Cu alloying. After
leaching the surface Cu, the average lattice parameter of theD-AuCu
NPs (4.04Å) increases but still range between the pure Au (4.08Å)
and pure Pt (3.92Å). In another word, the dealloyed AuCu NPs can
still result in a tensile strain for subsequently deposited PtML.

The dealloyed Au-Cu NPs were then applied as the substrate for
depositing PtML by the well-established redox replacement of UPD
CuML process. Firstly, a CuMLwas underpotentially deposited on the
dealloyed Au-Cu core-shell NPs in N2-satruated CuSO4 and H2SO4

solution and then subsequently replaced by K2PtCl4 in N2-
saturated 50[65_TD$DIFF]mmol/L H2SO4. Following previous reports, the use
of Pt2+ precursor in H2SO4 solution enables one-by-one replace-
ment of Cu by Pt2+ [9,18]. The as-deposited catalyst was denoted as
D-AuCu@Pt. The pristine AuCu NPs were not directly used as the
substrate for PtML since not only the outmost-surface Cu but also
the near-surface Cu atoms would be replaced by Pt2+ precursor,
leading to a AuPt alloy surface instead of a Pt monolayer on top of
Au substrate. For comparison, PtML was also deposited on the pure
Au NPs following the same protocol (denoted as Au@Pt). Fig. 2
presents the high-angle annular dark field (HAADF) STEM
characterization of the D-AuCu@Pt catalyst and the Au@Pt catalyst.
Consistent with our previous findings [19], the Au@Pt catalyst
(Fig. 2a, and more images in Fig. S3 in Supporting information)
exhibits an irregularly shape with a high surface roughness and
sharp corners/protrusions, significantly different from the near
spherical shape of original Au NPs (Fig. S1). High resolution STEM
(HR-STEM) image (Fig. 2b) also presents a non-uniform image
contrast across the NP as indicated by the intensity line profile
shown in the inset, indicating a non-uniform Pt deposition on the
surface. EDX mapping in Fig. 2c also evidences a non-uniform
deposition of Pt, with the sharp corners identified as the formation
of 3D Pt nanoclusters. In contrast, the D-AuCu@Pt catalyst
demonstrates similarly smooth NP surface as the original D-AuCu
NPs (Fig. 2d). No prominent islands or sharp corners are observed
on the surface of D-AuCu@Pt particles and the HR-STEM image
(Fig. 2e) exhibits a uniform image contrast across the whole NP,
indicating successful deposition of smooth PtML. This was
corroborated by EDX-mapping (Fig. 2f), where Pt distributes more
homogeneously on the D-AuCu NPs without apparent Pt-rich
sharp corners.
t. (b) CV curves (the 1st, 2nd and last cycle) of electrochemical dealloying of AuCuNPs
Xmapping and line profile of D-AuCu NPs, evidencing a AuCu alloy and an Au shell.
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Fig. 2. HAADF-STEM images, EDX-mapping and structural model of D-AuCu@Pt (a–c) and Au@Pt (d–f) nanoparticles.
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The more uniform deposition of PtML on the D-AuCu core-shell
NPs compared to those on pure Au NPs indicates a significant role
of Cu at the core in regulating the growth of smooth PtML on the Au
surface. Geometrically, alloying of Cu at the core can induce
decreased lattice parameter of Au and thus reduced lattice
mismatch between Au and Pt, which benefits a continuous
epitaxial growth of PtML instead of Volmer-Webber growth.
Thermodynamically, the 3D agglomerate structure of Pt on pure
Au surface was previously ascribed to much lower surface energy
of Au compared to Pt, which drives the segregation of Au over Pt
[17,26]. On dealloyed Au-Cu core-shell NPs, the compressive strain
exerted by the AuCu alloy core would in principle increase the
surface energy of the Au shell compared to unstrained pure Au
surface, since the latter represents the most stable state and thus
has the lowest surface energy. Thus, decreased surface energy
difference between Au and Pt is expected and favors the formation
of 2D PtML on D-AuCu NPs

Thesurfacecompositionof theD-AuCu@PtandAu@Ptcatalystcan
be further evaluated by surface adsorption/desorption during cyclic
voltammetry (CV) in N2-saturated 0.1[56_TD$DIFF]mol/L HClO4 solution (Fig. 3a).
A clear hydrogen adsorption/desorption feature on Pt can be clearly
observed between 0.05[84_TD$DIFF]V and 0.35V. In addition, there are two
reduction peaks at 0.4–0.9[85_TD$DIFF]V and 0.9–1.4V corresponding to the
reduction of Pt surface oxides and Au surface oxides formed under
high potentials, respectively [27]. From the charge associated with
thehydrogenadsorption/desorptiononPt(210[86_TD$DIFF]mC/cm2)andAuoxide
reduction (180[87_TD$DIFF]mC/cm2 for a upper potential limit of 1.5[70_TD$DIFF]V) [28], the
surface compositions of theAu@Pt and theD-AuCu@Pt catalystwere
estimated to be 47%Pt and 75% Pt, respectively. The higher Pt surface
[(Fig._3)TD$FIG]

Fig. 3. Electrochemical characterization andmethanol oxidation activities of D-AuCu@Pt
$DIFF]nm) electrocatalyst. (a) CVs in N2-saturated 0.1[77_TD$DIFF]mol/L HClO4 solution at 100mV/s. (b) CO
satruated 0.5 [78_TD$DIFF]mol/L CH3OH +0.1mol/L HClO4 at a scanning rate of 10[41_TD$DIFF]mV/s. (d) MOR polar
electrode for the D-AuCu@Pt and the Au@Pt catalyst were controlled to be 16 mgAu/cm
compositionontheD-AuCu@Ptcatalyst is ingoodaccordancewithits
higher Pt coverage as revealed by STEM-EDX mapping.

CO stripping was also performed to gain further insight into the
catalyst surface adsorption properties (Fig. 3b). The onset and peak
potentials of the CO stripping are highly sensitive to the binding
energy of Pt with CO and with hydroxyl fromwater, both of which
are critical for oxidation of adsorbed CO on Pt surface [12].
Adsorption of CO on Au can be ruled out since no CO stripping peak
can be observed on pure Au NPs (Fig. S4 in Supporting
information), consistent with previous findings [27]. The commer-
cial Pt/C (JohnsonMatthey 3000, 2 [38_TD$DIFF]nm) shows themost delayed CO
oxidation among the three catalysts, since CO adsorbs strongly yet
hydroxyl adsorbs too weakly on pure Pt surface for CO oxidation.
Due to a stronger adsorption of OH on Pt surface with a tensile
strain, an earlier CO stripping was observed on both Au@Pt and D-
AuCu@Pt catalysts compared to pure Pt catalyst. On par with
Au@Pt, the onset potential of CO stripping on the D-AuCu@Pt
catalyst is further lower, indicating a further enhanced adsorption
of hydroxyl. MOR electrocatalytic activity measurement (Fig. 3c)
show that the D-AuCu@Pt catalyst produced 3-fold enhancement
in terms of mass-normalized activity at 0.8[88_TD$DIFF]V. When normalized to
the ECSA of Pt, the D-AuCu@Pt catalyst also demonstrates
substantially enhanced (1.5�) surface-specific activities than that
of the Au@Pt catalyst and much higher (4.5�) compared to
commercial Pt catalyst (Fig. 3d). This result indicates that, although
the lattice parameter of the dealloyed Cu-Au NPs decreased
compared to Au NPs, PtML deposited on D-AuCu NPs may
experience even higher tensile strain than those on Au NPs. This
is reasonable since the 3D nanocluster morphology of PtML on the
and Au@Pt catalyst in comparisonwith a commercial Pt/C (JohnsonMatthey 3000, 2 [38_TD
stripping in 0.1mol/L HClO4 at 10mV/s. (c) MOR polarization curves recorded in N2-
ization curves normalized to the ECSA of different catalysts. Catalyst loadings on the
2, while catalyst loading for Pt/C catalyst was 16 mgPt/cm2.
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latter would greatly compromise the substrate-induced tensile
strain effect.

Electrocatalytic stability of the D-AuCu@Pt catalyst on the MOR
was further evaluated by long-term chronoampemetry holding at
0.6[89_TD$DIFF]V for 12h, in comparison with the Au@Pt catalyst measured at
identical conditions (Fig. 4a). Both the two catalysts exhibit
obvious activity drop,which can be ascribed to the accumulation of
COad intermediate which poisons the Pt surface. In particular, the
Au@Pt catalyst almost show no activity after 8[90_TD$DIFF]h. The D-AuCu@Pt
catalyst, although degrades first as well, maintains a stable
electrocatalytic activity after 10h, thus showing improved stability
than the Au@Pt catalyst. To gain atomic origin of the different
stability, we further conducted STEM-EDX mapping of the aged
catalyst NPs. The aged D-AuCu@Pt NPs (Fig. 4c) generally still show
a high coverage of the PtML shells, despite lower than those before
stability test. In contrast, the aged Au@Pt NPs showmuch lower Pt
coverage on the surface or even no Pt at all (Fig. 4d). To
quantitatively analysis the Pt coverage, the perimeter of the PtML

on the surface was measured and divided by the perimeter of the
projected image of Au NPs, as illustrated in Fig. S5 (Supporting
information). The statistical results are shown in Fig. 4b. The Pt
coverages of all the analyzed Au@Pt NPs (mostly below 40%) are
much lower than those of the D-AuCu@Pt catalyst (above 60%).
These results suggest an obvious structural change of the PtML on
AuNPs during extended electrocatalytic stability test, whichwould
exacerbate the activity degradation due to both decreased ECSA
and weakened tensile strain effect. Subsurface Cu alloying can
effectively suppress the structural instability of PtML, thus
contributing to enhanced electrocatalytic stability.

[(Fig._4)TD$FIG]

Fig. 4. Electrocatalytic stability and structural changes of the D-AuCu@Pt and the Au@Pt c
of the Pt coverage in different D-AuCu NPs (particles c1-c7 in (c)) and the Au NPs (partic
respectively (c and d) EDX elemental mapping of the D-AuCu@Pt and Au@Pt catalyst aft
elemental mapping of particle 1 and 3[44_TD$DIFF] in (c), respectively.
Besides the structural stability of PtML, it appears that the
distribution of Cu in the D-AuCu@Pt catalyst substantially changed
after the stability test. In contrast to the pristine D-AuCuNPswhere
Cu ismainly confined at the core, the EDXmappings in Fig. 4c show
that part of Cu migrates to the interface between Au and PtML. This
can be quantitatively revealed by the line profiles along the dash
line regions of particle c1 and particle c3, as shown in Figs. 4e and f,
respectively. The detailed reason of Cu interface segregation was
unclear at present but could be induced by alleviated interface
strain energy. Similar interface segregation phenomenon has been
observed in random grain boundaries of Ni-Bi bulk alloys [29] and
twin boundaries of Mg bulk alloys containing impurities like Zn
andGd [30], yet the segregation at the nanoscale interfaces of core-
shell NPs has not been reported and needs further studies. It is
however highly speculated that Cu segregated at the Au/Pt
interfaces may play an important role in stabilizing the PtML on
Au due to the much stronger Cu-Pt and Cu-Au interaction
compared to Pt-Au.

In conclusion, we demonstrate an efficient approach to stabilize
Pt monolayers on Au surface by using dealloyed AuCu core-shell
NPs as substrate. The existence of Cu at the NP core not only
decreased the usage of the precious metal Au but also reduced the
lattice mismatch and surface energy difference between Au and Pt,
thus favoring the epitaxial growth of a smooth PtML on the Au-rich
shell. As a result, the D-AuCu@Pt catalyst shows a higher ECSA of Pt
and enhanced mass activity compared to the Au@Pt catalyst.
Moreover, the obtained smooth PtML on the D-AuCu NPs also
showed higher specific catalytic activity than the Au@Pt catalyst
due to a higher strain effect. During long-term steady state
atalyst. (a) Long-term stability test by holding at 0.6 [79_TD$DIFF]V for 12h. (b) Statistical analysis
le d1-d7 in (d)) after stability test based on the EDX mapping shown in (c) and (d),
er the stability test. (e and f) EDX line profiles along the directions as shown in the
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electrocatalytic stability test by holding at 0.6[89_TD$DIFF]V for 12h, the D-
AuCu@Pt catalyst largely maintained a high Pt coverage (above
60%) and achieved a stable electrocatalytic activity, while the
Au@Pt catalyst showed significantly decreased Pt coverage and
pronounced activity degradation (completely inactive after 10 [74_TD$DIFF][24_TD$DIFF]h).
In addition, EDX mapping suggests that Cu segregated at the
interface between Au and Pt after the long-term stability test,
which may play an important role in stabilizing the PtML due to
strong Cu-Pt and Cu-Au interaction. The utilization of dealloyed
core-shell NPs as the substrate provide a new strategy for fine-
tuning the growth of atomically smooth PtML electrocatalysts on
noble metal substrates as well as their electrocatalytic activity and
stability.
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