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ABSTRACT: Single atom catalyst and ultrathin two-dimen-
sional (2D) nanostructures exhibit improved properties
because of the improved exposure of more active atomic
sites and optimized electronic structures. However, the
oxygen reduction reaction (ORR) in fuel cells via a fast
four-electron path usually uses at least two Pt atoms, which
cannot be realized in highly isolated single Pt atoms. The
synthesis of a densely dispersed single atom catalyst with
adjacent atoms accessible at the same time on a matrix with a
high surface area provides a feasible way and, however, is challenging. Here, we synthesize ultrathin FePt nanosheets (NSs) with
6.7 wt % neighboring dispersed Pt atoms. Different from the reported isolated Pt single atom catalysts, these ultrathin wrinkled
FePt NSs with neighboring Pt sites adopt a four-electron reduction pathway, a high electrochemical active surface area (ECSA)
of 545.54 m2 gPt

−1, and an improved mass activity 7 times as high as Pt/C in the ORR. The improved performance results from
the optimal use of neighboring Pt atoms dispersed in a more packed spacing and exposed on the surface of ultrathin sheets. The
Pt atoms can interact synergistically to catalyze a fast ORR process. Furthermore, both the experiment and density functional
theory (DFT) calculation indicated an outstanding CO-tolerance performance of this catalyst in the ORR.

KEYWORDS: Oxygen reduction reaction, FePt nanosheets, CO tolerance, atomically dispersed catalyst, electrochemistry,
neighboring platinum atoms

The morphology and shape anisotropy of a nanoparticle
catalyst can largely affect its selectivity and activity.1 For

the catalyst in ORR, whose slow kinetics is one of the most
crucial limiting factors for commercialization of proton
exchange membrane fuel cells (PEMFCs),2,3 tailoring the
geometries of metallic nanostructures is thus essential to
achieve a high catalytic performance.4,5 The possibility of
synthesizing 2D metal catalysts represents a new paradigm in
optimization of the activity and selectivity because such
structure offers a larger surface area with active sites for a
catalytic reaction to occur and a faster electron transport than
their one-dimensional (1D) and three-dimensional (3D)
counterparts, such as nanospheres, faceted nanocrystals,
nanorods, and nanowires.6,7 2D structures also have additional

advantageous mechanical and electronic properties as demon-
strated in a variety of inorganic 2D compounds.8,9 These
properties are the bases for diverse potential applications of 2D
nanomaterials in catalysis,1,10,11 energy harvesting and energy
storage,12,13 biological sensing,14 and electronic devices.15

Furthermore, 2D materials of the thickness of several atomic
layers may also utilize nearly all of the atoms for catalytic
reaction due to the ultrathin thickness.
However, the synthesis of 2D metallic nanostructures is

often challenging: 2D structures usually require a weak
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interaction between layers and strong bonding within a layer at
the atomic scale,16 which is often seen in semiconductor
materials,16 such as graphene, CN,17 WS2,

13 MoS2,
18,19

Co3O4,
11 and MoSe2.

20 Generally, metal atoms favor 3D
growth due to the nature of a metallic bond. So far, 2D metal
or alloy structures have been successfully made only from
noble metals such as Rh,16,21 Pd,22,23 Ru,24 Au,25 Pt−Cu,26,27
Pd@PtM,28 and PtPb/Pt29 in the forms of either nanoplate or
nanosheet, which have been reported active in the oxidation of
ethanol, methanol, formic acid, and other catalytic reac-
tions.26,28,30 Nevertheless, a few noble metal-based 2D
nanostructures have been reported as catalysts for the ORR.
Only very recently, core−shell PtPb nanoplates have been
reported active for the ORR.29 As the thickness of the plates is
more than 5 nm, the properties are more close to 3D
structures. The activity improvement is mostly due to the
biaxial strain from the Pt shell, similar to the surface
compressive strain enhanced activity reported on 3D core−
shell nanoparticles.31−35 One obstacle for developing a 2D
ORR catalyst is that the 2D structures have a high tendency to
stack, causing the loss of surface area; however, a lower
thickness (less than 10 atomic layers) must be preserved to
make optimal use of active atoms. One possible solution is to
crumple 2D structures with wrinkles to avoid the stack of
sheets and preserve active sites.23,36,37

In the past few years, the possibility of synthesizing single
metal atom systems also enables optimization of the activity
and selectivity of catalysts.38−40 Single atom catalysts show an
improved cost efficiency because almost all atoms participate in
the reaction. However, the low loading of a single atom to limit
the aggregation also hinders the availability of enough active
sites for reactants or intermediates in some catalytic reactions,
such as the ORR, whose fast four-electron reduction needs at
least two neighboring Pt atomic sites to participate. The
isolated single Pt atoms usually resulted from the low Pt mass

loading (<2%) and, on the other hand, usually proceed with a
slower two-electron path for ORR.41 Because of the sintering
of atoms, synthesizing an atomically dispersed catalyst with a
high loading remains challenging. Only a few works have
reported the high atom loading or dimers catalysts.42,43 For
example, Choi et al. used the highly functionalized carbon to
support Pt single atoms at a high loading of 5 wt %. Because
the sulfur functionality species are strongly adsorbed on Pt, the
oxygen is still reduced into H2O2 via a two-electron path.42 On
the other hand, while lots of Pt-based catalysts have already
been shown to exhibit an improved activity, another long-
standing issue on CO tolerance for the ORR becomes a major
limitation for practical utilization of fuel cells.40,44−48 Because
of the strong adsorption of CO on noble metal, these ORR
catalysts are likely poisoned by the existence of CO during
reaction, for example, using air and H2 with even 0.001 vol %
CO impurity as the oxygen and fuel resources could lead to the
activity loss.44,49,50 Currently, there are a few reports on CO
poisoning during the ORR. Hence, it is also urgent to search
for high CO-tolerant catalysts for fuel cells.
In this work, we developed a CO-assisted method to prepare

an ultrathin 2D wrinkled FePt nanosheet (NS) catalyst with
∼6.7 wt % “neighboring Pt”; the high loading provides densely
dispersed Pt atoms neighboring each other on a large surface,
offering an excellent electrocatalytic activity and high CO-
tolerant ability. The as-synthesized FePt NSs were only 5−6
atomic layers thick (1.2 nm in thickness), with Pt atoms on the
wrinkled surfaces. The surface wrinkling can preserve the high
surface area and efficiently expose the active Pt sites,23,36,37

thus enhancing the ORR activity. The “neighboring atom
catalyst” not only reserves the advantages of the traditional
single atom catalysts but also can synergistically catalyze the
reaction, which needs two or more nearby sites, contributing to
a four-electron pathway of the ORR, which is very different
from the previous reported isolated single Pt atom catalysts

Figure 1. Representative view of (a) TEM, (b) HAADF-STEM, (c) high-magnification TEM, and (d) diffractogram images using fast Fourier
transformation from the selected red square area in panel c. The FFT pattern shows two sets of diffraction spots form the Fe (111) zone axis. The
inset in panel d shows the inverse FFT image using the selected set of spots indicated by the yellow arrows. (e) AFM image and the corresponding
height profiles of the FePt NS.
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that usually showed a two-electron path to produce H2O2. The
use of Fe as a non-Pt group metal (PGM) as a supporting alloy
matrix could suppress CO poisoning by modifying the Pt
electronic structure that weakened the Pt−CO bond and also
could facilitate the CO oxidation by more OH groups
absorbed on nearby Fe, thus accelerating the elimination of
the CO intermediates.51−53

Results and Discussion. The FePt NSs were synthesized
based on a surfactant-free solvothermal method assisted with a
Schlenk line. The sheets spread continuously more than 100
nm in lateral dimension (Figure 1a) and were flexible in
structure with wrinkles as shown by the dark strikes in the
TEM image (Figure 1a and Figure S1). The low-magnification
TEM in Figure 1a and scanning electron microscopy (SEM)

Figure 2. (a) Pt L3-edge XANES of the FePt NSs, Pt foil, and PtO2 samples. (b) Fourier transforms of k3-weighted Pt L3-edge EXAFS. (c) Typical
HAADF-STEM image and STEM-EDX elemental maps of Fe, Pt, and overlay of the FePt NSs. (d−f) Aberration-corrected HAADF-STEM images
of the neighboring atom dispersion of Pt in the FePt NSs from different regions. (g−i) Magnified HAADF images of the red rectangle regions in
parts d, e, and f, respectively. (j−l) Line-scanning intensity profile obtained from the area highlighted with yellow rectangles in parts g−i,
correspondingly.
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image in Figure S1 indicated the high yield of FePt nanosheets.
In the high-angle annular dark-field (HAADF) aberration-
corrected scanning transmission electron microscopy (Cs-
STEM) images of the nanosheet (Figure 1b), the highly
dispersed locations of brighter spots on the darker matrix
revealed the abundant neighboring and the high density of
atomically dispersed Pt in the FePt alloy sheets. Figure 1a−c
showed almost no obvious nanoparticles or big clusters,
indicating Pt is incorporated into the Fe matrix in the form of a
single atom. The typical thickness of the FePt NSs measured
by atomic force microscopy (AFM) was below 2 nm (Figure
1e). High-resolution TEM indicates the width of a side wall
around 1.2 nm, which corresponds to the thickness from 5 to 6
atomic layers (Figure S2). The atomically thin layers make it
possible to expose the active Pt sites efficiently. The diffraction
spots from the fast Fourier transformation (FFT) of the
HRTEM image (Figure 1d) indicated that the ultrathin FePt
NSs had (111) basal planes. In the image by inverse FFT using
the selected set of diffraction spots (inset in Figure 1d), the
two intersected lattices show the d spacing of 0.20 and 0.21
nm, corresponding to the Fe {111} planes. The X-ray
diffraction (XRD) (Figure S3) of the finally collected powder
sample shows mainly the Fe peaks because the noncrystalline
nature of a low percentage of Pt content does not form a peak
in XRD.40 Henceforth, based on the HAADF images and XRD,
the as-prepared FePt NSs primarily show the densely dispersed
Pt atoms in FePt 2D wrinkle nanosheets.

To further explore the detailed state of Pt in the FePt
nanosheet, we studied the X-ray absorption spectroscopy
(XAS) to investigate the electronic structure. Figure 2a shows
the X-ray absorption near-edge structure (XANES) of the FePt
NSs, at the Pt L3-edge. Pt foil and PtO2 are shown as
references. The XANES white line peaks of the FePt NSs are
located between the Pt0 from Pt foil and Pt4+ from PtO2,
indicating the Pt in FePt NSs was in an oxidation state between
Pt0 and Pt4+. The intensity of the white line peaks also followed
the sequence of PtO2 > FePt NSs > Pt foil. The extended X-ray
absorption fine structure (EXAFS) in Figure 2b showed the
difference between FePt NSs, Pt foil, and PtO2 clearly: the Pt−
Pt coordination numbers for Pt foil and PtO2 were estimated
to be ∼12 and 6, while that for FePt NSs is not obvious and
negligible. In Pt foil, the peak at ∼2.7 Å corresponds to the
Pt−Pt bond typical for the Pt foil and Pt nanoparticle
samples.54 This is different from that of FePt NSs, where Pt is
atomically dispersed without obvious peaks from the Pt−Pt
bond, indicating the absence of Pt particles in FePt NSs.43 The
first shell peak in the Fourier transform (FT) spectrum of FePt
NSs at ∼1.7 Å is similar to the peak at ∼1.9 Å of PtO2, which
can be assigned to the Pt−O bond, in correspondence with
their oxidation state. The peak in ∼2.5 Å for the FePt NSs is
from the Pt−Fe bond length, and the peak in ∼3.1 Å is the
bond length of the second nearest shell of Fe with Pt.54 In
addition, energy dispersive spectroscopy (EDS) elemental
mapping demonstrates that Fe and Pt are uniformly distributed
across large areas of the FePt NSs (Figure 2c and Figure S4).

Figure 3. (a) CV curves of FePt NSs, NPs, and Pt/C. (b) i−t curves with O2 bubbling or CO bubbling during the test of the catalysts at the
potential of 0.1 V. (c) ORR polarization curves of different catalysts before and after CO-tolerance measurements. (d) The mass activities for
comparison at 0.9 V before and after CO-tolerance measurements for the three catalysts. (e) RDE curves for the ORR of FePt NSs electrocatalyst
at various rotation rates, and (f) Koutecky−Levich plots of the rotating disk current at 0.3 V. (g) CO-poison effect on the i−t chronoamperometric
response for different electrodes in the presence of oxygen. The arrow indicates the addition of ∼10% (volume/volume vs O2) CO gas was
introduced into the O2-saturated 0.1 M KOH electrochemical cell. i0, initial current at 0.1 V. (h) CO stripping curves of the three catalysts.
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These results indicated again that the Pt in the FePt NS
catalyst does not form Pt nanoparticles but is atomically
dispersed. From the HAADF STEM image for multiple regions
of the NS (Figure 2d−i), the dispersion of Pt atom is highly
dense, and most of the atoms neighbor several other Pt atoms.
This is different from the traditional single atom catalysts
where each atom is far away from others. From the intensity
line profiles, Pt atoms are neighbored by 0.24, 0.23, and 0.20
nm in distance (Figure 2j−l), respectively, with an average of
0.22 nm, similar to the atom−atom spacing of Pt in the (111)
plane. For comparison, reported isolated single atoms are
usually separated by >1 nm.38,40,41 Henceforth, although the Pt
atoms are atomically dispersed in the nanosheets, the atoms
are neighbored densely and could still interact with the nearby
Pt efficiently. The neighboring Pt atoms can both be accessed
by the same oxygen molecule.
Based on the Brunauer−Emmett−Teller (BET) method

(Figure S5), we measured the specific surface area of FePt NSs
as 158.779 m2 g−1, a high value for surface area. The Fe/Pt
atomic ratios of the as-prepared nanosheets were 97:3 from
EDS elemental analysis (Figure S6) and 98:2 from inductively
coupled plasma mass spectrometry (ICP-AES in Table S1).
The shape evolution of FePt NSs during the synthesis, effects
of the ratio between precursors, and effect of solvent on
morphology of the alloy products were also investigated
(detailed information and further discussion in the Supporting
Information and Figure S7−S11). The detailed study indicated
that only under the proper synthetic condition including the
precursor’s ratio of 1:10 (Pt/Fe), using the solvent of EG and
the reaction time of 42 h, thin FePt NSs can be collected.
Otherwise, for example, when the solvent was changed from
EG to DMF, the FePt products turned into nanoparticles
(FePt NPs) even though its composition (Fe97Pt3) remained
almost unchanged (Figure S4 and S10). In comparison to the
BET surface area of 158.779 m2 g−1 from the FePt NSs, the
BET surface area of the nanoparticles was 70.668 m2 g−1, close
to the ECSA of Pt/C (Figure S5).
As these ultrathin FePt NSs expose atomically dispersed

neighboring Pt, which can access the same oxygen molecule
during electrochemical reaction, we expect improved perform-
ances from the ORR catalysis. The FePt NSs, FePt NPs, and
Pt/C were loaded on a glassy carbon rotating disk electrode
(RDE), and the ORR measurements were carried out in a
three-electrode system. The cyclic voltammograms in Figure
3a were used to measure the ECSA. The normalized ECSAs to
total metal mass are 36.37, 9.16, and 42.19 m2 gmetal

−1 for FePt
NSs, FePt NPs, and Pt/C, respectively. As Pt atoms sites are
the most active during catalysis, the ECSA of Pt species in FePt
NSs based on the Pt mass ratio (6.7%) achieves 545.54 m2

gPt
−1. The specific surface activity (is) is 0.104, 0.158, and

0.190 mA cmPt
−2 for FePt NSs, FePt NPs, and Pt/C at 0.9 V,

respectively (Table S2). The mass activities (im) of FePt NSs,
FePt NPs, and Pt/C are 0.566, 0.192, and 0.080 A mgPt

−1,
correspondingly. It indicates that an extremely low amount of
Pt with well atomic dispersion on FePt NSs showed almost 7
times as high ORR mass activity as that of Pt/C. Notably, the
promoted catalytic activity could be ascribed to the enhanced
2D electronic conductivity, the faster charge transfer, and the
better accessibility to the increased number of catalytically
active atomic sites on the 2D wrinkled structure.55 The
ultrathin thickness down to a few atomic layers endows the
FePt sheets with a large portion of active atoms on the surface.
The largely improved ECSA of 545.54 m2 gPt

−1 of FePt NSs is

nearly half of the real surface area (RSA) of a freestanding Pt
single atom and similar to the RSA of a supported Pt single
atom.41,56 (See the calculation details on the estimation of
surface area of a Pt single atom in Supporting Information.)
This indicates that the Pt sites are efficiently exposed at the
surface of the ultrathin few-atom-layer NSs and are accessible
in the reaction of oxygen reduction, in agreement with the
HAADF STEM in Figure 1b and Figure 2. This feature makes
it possible for the ultrahigh ECSA. In addition, the improved
conductivity of 2D structure could allow for faster electron
transport within the Fe layers, which is beneficial to the
reduction reaction process.
The electrocatalytic activity of the FePt NS catalysts was

quantitatively examined as a function of rotation speed of the
rotating disk electrode ranging from 400 to 2500 rpm to
investigate the number of electron transfer involved in the
ORR, as can be seen in Figure 3e,f. Figure 3e shows the ORR
polarization curves of the FePt NSs recorded at different
rotation speeds, and the corresponding Koutechky−Levich
plots were shown in Figure 3f. The plot shows a good linearity,
indicating first-order reaction kinetics toward dissolved oxygen
and a similar electron-transfer number (n) during the ORR
process.57 Based on the values calculated from the plot, n is
calculated to be 3.67, indicating the FePt NSs exhibit a four-
electron transfer pathway. In contrast, usually for the very low
loading and isolated Pt single atom catalysts, they catalyzed the
ORR process by a two-electron path because the fast four-
electron path needs at least two or more nearby atoms to
cooperate as active sites to cleave the O2 and catalyze the
reaction.41 These results also proved that Pt is atomically
dispersed in a high density and that the individual Pt atoms are
neighbored by other Pt atoms within a short distance. As
mentioned above, most of the Pt atoms were nearby to each
other (Figure 2), in the form of dimers, trimers, or multiatoms.
Henceforth, this unique structure makes the sufficient
utilization of active Pt atoms and, meanwhile, still provides
sites with adjacent Pt atoms, which are required to break the
O−O bond via the fast ORR path. The electrochemical
durability of the FePt NSs for long-term use was also evaluated
by accelerated durability tests (ADT) under the potential
between 0.6 and 1.0 V in Ar-saturated 0.1 M KOH solution.
Figure S12a,b showed the ORR curves of FePt NS and Pt/C
catalysts before and after 20 000 cycles, respectively. The
durability results (Table S2) showed that the FePt NSs still
held 73.9% mass activity, while that of the Pt/C was only
33.8%, indicating a high stability performance of the
neighboring Pt atom FePt NS catalyst. We further investigated
the morphology of the atomically dispersed FePt NSs using
HAADF-STEM after the stability test (Figure S13a). As a
result, the neighboring atomic dispersion of Pt was still well-
maintained (Figure S13), which agreed with its good stability
in the ORR performance.
CO poisoning occurs on most catalysts, which blocks active

sites of the catalysts.44,58,50 As the current Pt-based catalyst has
already met the criteria of commercialization based on the
achieved activity, activity degradation due to CO poisoning in
the ORR becomes a major limitation. The effect of CO on the
electrocatalytic activity of the FePt NS electrode was
investigated here. O2 and CO gas flow was bubbled alternately
into the electrolyte, with the chronoamperometric method
being applied in the whole process to track the current
dynamic change (Figure 3b).59 After the solution was saturated
with O2, all of the three catalyst curves showed steady limited
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currents. The initial limited current of FePt NSs was 5.72 mA
cm−2, the FePt NPs was 5.27 mA cm−2, and the value for Pt/C
was 5.18 mA cm−2. After the bubbling gas was switched to CO,
all of the current densities of the three electrodes went down to
near zero rapidly and kept steady because, in the presence of
the CO, the active Pt surface was blocked for oxygen
reduction. Subsequently, when the bubbled gas was switched
from CO to O2, the limited currents of all catalysts increased
immediately. However, after the resaturation of O2, the
recovery of the limited currents for the three electrodes
showed a big difference. As shown in Figure 3b, the FePt NSs
increased to 5.70 mA cm−2, which is 99.6% of the initial
currents, and the FePt NPs increased to 5.15 mA cm−2, which
is 97.7% of the initial currents while the Pt/C only recovered
85.1% of its initial value. Moreover, when the gas was switched
to O2, the current density of the FePt NSs recovered to the
limited currents more quickly than that of the FePt NPs and
Pt/C electrodes based on the slopes of their i−t curves in
Figure 3b. These results indicate better CO tolerance from the
FePt NSs than FePt NPs and the commercial Pt/C. To further
prove this result, the ORR polarization curves were also carried
out prior to and post CO-tolerance experiments (Figure 3c,d).
For the FePt NSs, the ORR curves coincided well before and
after the CO-tolerant experiment. Accordingly, the mass
activity still held 95.38% after CO-tolerance experiments
(Figure 3d). On the contrary, for the FePt NPs, the mass
activity only recovered 72.01%, and, for Pt/C, only 13.76%
activity recovered. The ORR curve of Pt/C shifted obviously
toward the negative potential, which is poor in CO-tolerant
performance. Thus, the ORR mass activity of FePt NSs
showed 49.1 times higher than that of Pt/C after CO
poisoning.
The effect of CO on the electrocatalytic activity of the

electrode was also tested with the addition of CO in the O2-
saturated electrolyte by i−t chronoamperometric response to
give more intuitive effects. The FePt NS was the most tolerant
to CO poisoning with only a 5% loss in current density even

after mixing 10% CO with O2 gas (Figure 3g), whereas the
FePt NP decreased more (about 11%) in current density and
the Pt/C electrode was rapidly poisoned under the same
condition with a sharp decrease of current density (∼34%)
(Figure 3g). These results also indicate that beyond the
significantly improved electrocatalytic activity, the FePt NS
catalysts also demonstrated outstanding consistency and
stability, which is another major improvement toward fuel
cell application with air as the oxygen resource. This high
resistance to CO poisoning can be revealed by the CO
stripping curves in Figure 3h. The peak potential of adsorbed
CO (COads) electrooxidation on the FePt NSs catalyst is 0.690
V, which negatively shifted by 43 mV compared with that of
the Pt/C catalyst at 0.733 V. Furthermore, the peak current
density of COads is much smaller than that of Pt/C, which
indicates the low coverage of CO on the surface. FePt NPs also
showed a very weak COads electrooxidation peak due to the
low coverage of COads on the surface of FePt NPs with less
than 10% containing Pt atoms and the smaller peak than NSs
maybe result from their 3D sphere structure, where lots of the
Pt atoms are located inside rather than on the surface. These
results indicate that the FePt nanostructures have a much
higher tolerance toward COads poisoning.
It is widely accepted that in Pt-based intermetallic Pt−M (M

= Ni, Fe, Co) catalysts, the promotional effect of M for the CO
oxidation reaction comes from the activation of oxygen atoms
on M sites60,61 and the decrease in the adsorption energy of
CO over the neighboring Pt surfaces.55,62 To investigate the
origination of the enhanced CO tolerance of the FePt NS
catalyst, the DFT calculations were further employed to
investigate the adsorption energy of the related CO and OH
species on the FePt and pure Pt surfaces (Figure 4). As shown
in Figure 4 and Table S3, the adsorption energy of CO (ΔECO)
on the FePt (111) surface is calculated to be −1.63 eV on fcc
site, which is smaller than that on a pure Pt(111) surface
(−1.73 eV). This difference in ΔECO indicated the weakened
CO bonding on the FePt surface compared to that on the Pt

Figure 4. DFT calculations. (a, b) The density of states of adsorbates and Fe or Pt atoms directly bonded to adsorbates at the most stable
adsorption site on the FePt NS surface and Pt surface. The d band center (vertical dashed line) of Pt atoms of FePt NSs is a negative shift than that
of Pt. (c, d) The calculated binding energies for CO on FePt (111) and Pt (111) on various adsorption sites, relative to the lowest binding energy,
and (e, f) the calculated binding energies for OH on FePt (111) and Pt (111) on various adsorption sites, relative to the lowest binding energy. The
blue ball represents a Pt atom, and the white ball represents an Fe atom. The different shapes with numbers represent different adsorption sites.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.8b02606
Nano Lett. XXXX, XXX, XXX−XXX

F

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b02606/suppl_file/nl8b02606_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.8b02606


surface.63,64 According to the calculated density of states
(DOS) (Figure 4a,b), the weakened CO bonding to FePt(111)
could be related to the downshifting of the d band center of
the Pt atom compared to Pt(111), leading to a smaller energy
separation between the Pt d band and CO p orbital, which
results in the decrease of an electron back-donation, in
agreement with the previous report.63 In addition, almost all
other sites of FePt exhibited a markedly lower adsorption
energy than the pure Pt, which further proved its weak CO
bonding (Figure 4c,d and Table S3). OH adsorption energy
(ΔEOH) on the FePt (111) surface was −4.66 eV on the most
stable hcp sites (composed by three Fe atoms, marked by
number “8” in Figure 4e), while ΔEOH on pure Pt (111) was
−2.32 eV indicating that the OH adsorption on the NSs is
considerably stronger than that on pure Pt(111), which is
consistent with our DOS plot (Figure S14). Therefore, it is
likely to collect more OH species nearby the Fe, which is
beneficial for the elimination of COads on Pt.65,66 Also, for Pt, a
stronger OH adsorption is not beneficial to the ORR specific
activity, and this is in agreement with our results that the
specific area activity (is) of FePt NSs was lower than that of Pt/
C. Even though, however, due to the highly efficient utilization
and exposure of Pt sites, the overall mass activity could still be
largely improved. On the other hand, the adsorption of OH on
the Pt top site is weakened and the stronger OH adsorption is
mainly from the surrounding Fe sites, but not Pt sites;
henceforth, due to the beneficial adsorption on the nearby Fe
atoms, the adsorption of OH on Pt sites would be suppressed
because the repelling interaction effect and competitive
relationship of Fe. Hence, this will also improve the
performance of the overall ORR of FePt NSs. On the basis
of these results, we can conclude that the high CO tolerance
on FePt NSs originated from the decreased CO adsorption
energy and the stronger interaction of CO intermediate with
OH nearby. The Fe atom is beneficial for providing more OH
groups to react with the CO at Pt sites, thus also facilitate the
elimination of COads through electrooxidation.
In summary, we report a facile, one-pot, bottom-up

approach to produce FePt NSs with a few-atom-layers thick
in a high yield (∼95%), which contains “neighboring Pt atoms”
with atomic dispersion in a high density. Different from the
traditional single atom catalysts, these neighboring Pt atoms
contained in bimetallic nanosheets showed an excellent
electrocatalytic activity, an outstanding four-electron path, as
well as an outstanding CO tolerance toward the ORR. This as-
proofed “neighboring atoms catalyst” not only preserves the
advantages of the traditional single atom catalysts but also can
synergistically interact with oxygen to catalyze the reaction
,which needs two or more nearby sites. The CO tolerance
arises from the downshifting of the Pt d band, which makes Pt
interact weakly with the CO p orbital and hence decreases the
adsorption and subsequently the coverage of CO over Pt. The
extremely high specific surface area and performance come
from the atomic dispersion and highly improved accessibility of
Pt atoms on the surface. The novel 2D FePt ultrathin structure
with a wrinkled surface also displayed the advantages of 2D
materials in catalysis. The improved activity and neighboring
atoms design in ultrathin 2D bimetallic materials pave the
promising alternative road to traditional Pt-NP or isolated
single atom-based electrocatalysts for the sustainable applica-
tion toward the ORR catalysis in fuel cells.
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