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(Pt/C). [ 1,3–6 ]  Strong adsorption energies of 
O*, HO* and HOO* intermediates [ 2,3,7–9 ]  
and large electrochemical surface area 
(ECSA) loss in long-term operation of 
Pt/C [ 1,6–9 ]  inevitably result in a low oper-
ating effi ciency of the devices. Therefore, 
it is important to develop innovational 
materials with the ORR electrocatalytic 
activity and durability superior to that 
of Pt, [ 2,3,8–17 ]  aiming at the signifi cant 
reduction of the amount of Pt loaded in 
the cathodes, [ 2,3,8–12 ]  or even replacing 
Pt-based catalysts with non-precious 
metals or metal-free materials. [ 13–17 ]  
Alloying technique is an attractive 
strategy, [ 2,3,8,9,18–21 ]  by which ligand [ 19,22,23 ]  
and geometric effects [ 24,25 ]  are introduced 
to alter chemical properties and make 
catalytic performance substantially dif-
ferent from the constituents. [ 26 ]  Along 
Sabatier’s principle, a number of Pt-based 

alloys with extended surface area (bulk) or various nanostruc-
tures have been developed by incorporating early (such as Sc, [ 27 ]  
Ti, [ 23 ]  or Y [ 27 ] ) or late (such as Fe, [ 18,28 ]  Co, [ 18,29,30 ]  Ni, [ 18,31–35 ]  or 
Cu [ 25 ] ) transition metals (TMs). These TM solute atoms at the 
subsurface modify the  d -band structure (the center  E  d  and the 
width  W  d ) of the surface Pt atoms by virtue of the overlapping 
Pt-5 d  and TM-3 d  or −4 d  orbitals and the compressive/tensile 
strain effects, [ 2,3,8,9,22,24,26 ]  that is,  E  d  ∝ − W  d  1/2  ∝ − V  ddm  1/2  = 
−[η ddm  �  2 ( r  dPt  r  dTM ) 3/2 /( mD  Pt-TM  5 )] 1/2  within the tight-binding 
approach. [ 22,26,36 ]  Here  V  ddm  is the matrix element between Pt 
and TMs with the characteristic lengths  r  dPt  and  r  dTM  that are 
related to the spatial extent of their  d  orbitals, η ddm  is a dimen-
sionless constant,  m  denotes the mass of an electron and  D  Pt-TM  
is their interatomic distance. The periodic properties of the  d  
orbitals and the atomic radiuses of TMs downshift more or less 
the  d -band center and thus weaken the O*, HO* and HOO* 
adsorption energies. [ 2,3,23,37–39 ]  This enlists the Pt and 3 d  TM 
alloys with a Pt-skin structure, such as Pt 3 TM/Pt (TM = Sc, 
Ti, Cr, Mn, Fe, Co, Ni, or Cu) systems, to exhibit the volcano-
shaped specifi c activities as a function of atomic number. The 
highest value is obtained on Pt 3 Ni/Pt [ 37–40 ]  through adjusting 
the oxygen adsorption energies (Δ E  O ) ∼0.2 eV weaker than that 
of pure Pt (Δ E  O  Pt ). [ 8,27 ]  Although the alloying technique has 
thrown light on the design of ORR catalysts, [ 2,3,8,9,18–34 ]  the pre-
viously intense research has been mainly limited to the highly 
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  1.     Introduction 

 Proton exchange membrane (PEM) fuel cell, which produces 
electricity from electrochemical oxidation of hydrogen with 
water as its product, [ 1,2 ]  is an device alternative to environ-
mentally unfriendly fossil-fuel use. [ 1,2 ]  A major challenge to 
make PEM fuel cells commercially viable lies in the insuffi -
cient activity and durability of the materials that are employed 
at present as cathode catalysts for sluggish oxygen reduction 
reaction (ORR), [ 1–3 ]  typically carbon-supported Pt nanoparticles 
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active catalysts of Pt and TMs in the 3 d  series, typically Pt 3 Fe, 
Pt 3 Co and Pt 3 Ni. [ 18,28–42 ]  These alloys suffer from the severe 
degradation of catalysis and stability during the voltage cycling 
in acid as a consequence of the continuous dissolution of TM 
atoms. [ 8,9,41,42 ]  Even in the Pt-skin structure, [ 2,3,8,9,39,41,42 ]  the 
protection of pure Pt layer on the outermost surface does not 
evidently alleviate the TM dissolution because of the low forma-
tion energy of Pt-TM alloys, [ 43 ]  which intrinsically results in the 
instability on thermodynamic grounds [ 44 ]  and is insuffi cient to 
inhibit the inter-diffusion of Pt and TM atoms in both interior 
and shell, [ 45 ]  in particular, of nanostructures [ 46 ]  (see the details 
on theoretical demonstrations in the Supporting Information). 
In this regard, it is highly desirable to look beyond the Pt-TM 
systems and explore novel alloys that simultaneously show 
extraordinary activity and durability. 

 Here we report a new set of high-temperature intermetallic 
compounds of platinum and aluminum (Pt  x  Al,  x  = 3 or 5) with 
a bimodal mesoporous (MP) structure consisting of atomic-
layer-thick Pt skin and thermodynamically stable Pt 3 Al or Pt 5 Al 
subsurface (MP Pt 3 Al/Pt or Pt 5 Al/Pt) for the high-performance 
ORR electrocatalysis. The choice of Al in the development of 
Pt-based catalysts for PEM fuel cells is motivated by its loca-
tion in the Periodic Table on the amphoteric/metalloid line and 
the low cost. Amphoteric properties of Al and large electron-
egativity difference between Al and Pt enable both Al-3 p /Pt-5 d  
hybridization and compressive strain to alter the  d -band struc-
tures of surface Pt atoms on MP Pt 3 Al/Pt and Pt 5 Al/Pt, offering 
the specifi c activities ≈6.3- and ≈5.0-fold higher than Pt/C nano-
catalyst at 0.90 V, respectively. Meanwhile, the strong Pt–Al 
covalent bonds at Pt  x  Al/Pt-skin interface signifi cantly suppress 

the evolution of Pt skin and thus enhance the stability against 
the further dissolution of Al, enlisting MP Pt  x  Al/Pt catalysts to 
exhibit extraordinary structural stability. The enhanced ORR 
catalytic activity and durability as well as the reduced cost due 
to the incorporation of Al make such MP Pt 3 Al/Pt and Pt 5 Al/
Pt intermetallic compounds promising candidates as cathode 
nanocatalysts in next-generation PEM fuel cells.  

  2.     Results and Discussion 

 Our strategy to mass-produce mesostructured Pt  x  Al/Pt inter-
metallic compounds is realized by a facile procedure, viz. 
alloying pure Pt and Al, and then dealloying the alloy rib-
bons (see Experimental Section and Supporting Information 
Figure S1a,b). [ 47–51 ]  The precursor of Pt 12 Al 88  (at%) ribbons 
with a cross section of ≈20 µm × ≈1 mm is fi rstly produced 
by single-roller melt-spinning in vacuum from its ingot 
(Figure S1a,c,d), [ 48,49 ]  which is composed of a uniform α-Al 
metal and Pt 8 Al 21  alloy intermixture (Figure S2). Through deal-
loying in 1 M NaOH aqueous solution at room temperature 
(Figure S1b), the α-Al in the mixture is rapidly dissolved from 
the entire ribbons. In the already etched Pt 8 Al 21  alloy, the less 
noble Al component is further selectively dealloyed at a slow 
rate for the production of thermodynamically stable MP Pt 3 Al/
Pt intermetallic compound without any loss of noble metal 
(Figure S3). [ 49,51 ]   Figure    1  a shows representative top-view scan-
ning electron microscope (SEM) image of the mesostructured 
Pt 3 Al/Pt, demonstrating a bimodal MP architecture consisting 
of quasi-periodic Pt 3 Al/Pt ligaments and MP channels with 
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 Figure 1.    Microstructure characterization of MP Pt 3 Al/Pt. a) Top-view and, b) cross-sectional SEM images of as-dealloyed MP Pt 3 Al/Pt ribbons with a 
bimodal nanoporosity consisting of small pores of ≈4 nm and large channels of ≈30 nm. Inset: Distributions of small and large pore sizes. c) HAADF-
STEM image of MP Pt 3 Al/Pt intermetallic compound, showing that the interconnecting Pt 3 Al/Pt ligaments with a size of ≈4 nm comprise various 
surface structures with a small fraction of undercoordinated step, corner and edge sites. d) Magnifi ed atomic-resolution HAADF-STEM image of Pt 3 Al 
with super lattice feature, confi rming the FCC  L 1 2  structure of intermetallic Pt 3 Al compound under a Pt monolayer. e) Atomically structural model with 
a (110) surface based on (d) for computational simulation. f) XRD patterns of A) MP Pt 3 Al fabricated by chemical dealloying and B) the simulated 
structure model of (e). The line pattern shows reference card 65–3255 for Pt 3 Al intermetallic compound according to JCPDS.
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characteristic lengths of ≈4 and ≈30 nm (inset of Figure  1 a). 
The dissolution of Al reduces the thickness of the dealloyed 
ribbon to ≈4 µm (Figure  1 b). Scanning transmission electron 
microscope (STEM) energy-dispersive spectroscopy (EDS) map-
ping shows a uniform distribution of Al atoms in Pt matrix 
with a slightly low concentration at the rims of the skeletons 
(Figure S4), implying the formation of a Pt 3 Al/Pt core/shell 
structure. Top-view and cross-section atomic-resolution high-
angle annular-dark-fi eld (HAADF) STEM images illustrate the 
structural feature that the interconnected ligaments mainly 
comprise atomic-layer-thick Pt(111) skin and ≈4-nm polycrys-
talline Pt 3 Al subsurface (Figure  1 c and Figure S5). The FCC 
 L 1 2  structure of intermetallic Pt 3 Al compound can be directly 
identifi ed from HAADF-STEM image along the [001] zone axis 
(Figure  1 d), where a periodic square array of pure Al columns 
(low intensity) is surrounded by Pt columns (high intensity) at 
the edges and corners of each unit cell (Figure  1 d,e). The super 
ordered structure of MP Pt 3 Al intermetallic compound is fur-
ther verifi ed by X-ray diffraction (XRD) pattern, in which the 
obvious diffraction peaks correspond to the (100), (111), (200), 
(220) and (311) planes of FCC phase in space group Pm-3m 
(no. 221) (JCPDS 65–3255) (Figure  1 f). The broadened peaks 
are attributed to the nanoscale polycrystals.  

 To assess the electrocatalysis of Pt 3 Al/Pt/C intermetallic com-
pound, the catalyst ink is loaded onto glassy carbon electrode 

for electrochemical measurements.  Figure    2  a shows the cyclic 
voltammetry (CV) curve in a nitrogen-purged 0.1  M  HClO 4  solu-
tion at room temperature. Resembling the observation of Pt/C 
catalyst, [ 4,39,40 ]  the CV profi le of MP Pt 3 Al/Pt/C exhibits two 
Pt(111) characteristics. These include the H upd  adsorption/des-
orption processes (H +  +  e  −  = H upd ) in 0.05 <  E  < 0.4 V and the 
formation of an OH ad  layer (2H 2 O = OH ad  + H 3 O +  +  e  − ) in  E  > 
0.7 V, electrochemically confi rming the Pt 3 Al/Pt(111) core/shell 
structure. [ 4,18,39,40 ]  Here  E  is the potential versus the revers-
ible hydrogen electrode (RHE). The ECSA of MP Pt 3 Al/Pt/C 
is calculated to be ≈3.9 cm 2  from the charge taking to adsorb/
desorb monolayer of hydrogen in the H upd  region after double-
layer correction and assuming a value of ≈210 µC cm −2  for the 
adsorption of a hydrogen monolayer. [ 4,39,40 ]  Careful inspection 
of the CV profi le reveals that there are ≈50 mV positive shifts in 
the OH ad  absorption/desorption peaks for MP Pt 3 Al/Pt/C rela-
tive to Pt/C with the ECSA of ≈6.7 cm 2  (Figure  2 a). This fi nding 
indicates that the OH ad  surface sites on the Pt(111) skin of MP 
Pt 3 Al are weakened in comparison with that of Pt/C. [ 8,23,39 ]   

 The ORR experiments are performed using a rotating disk 
electrode (RDE) in O 2 -saturated 0.1 M HClO 4  solution at 295 and 
333 K with a scan rate of 10 mV s −1 . Figure  2 b shows the typical 
polarization curves in a potential window from 0.05 to 1.05 V 
versus RHE for MP Pt 3 Al/Pt/C and Pt/C at a rotation rate of 
1600 rpm. Both catalysts exhibit two distinguishable potential 
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 Figure 2.    Electrochemical characterization of MP Pt 3 Al/Pt/C. a) CV curves of MP Pt 3 Al/Pt/C and Pt/C (20% by weight of ≈3 nm Pt nanoparticles) 
electrodes recorded in N 2 -purged 0.1  M  HClO 4  aqueous electrolyte at a scan rate of 50 mV s −1 . b) Polarization curves for the ORR of MP Pt 3 Al/Pt/C 
and Pt/C in O 2 -saturated 0.1  M  HClO 4  solution at 295 and 333 K with a scan rate of 10 mV s −1  and a rotation rate of 1600 rpm. c) Tafel plots showing 
the kinetic current density of MP Pt 3 Al/Pt/C, Pt/C as a function of the potential versus RHE. d) Comparison of specifi c kinetic activity (ECSA kinetic-
current density) for MP Pt 3 Al/Pt/C relative to Pt/C at 0.85 and 0.90 V versus RHE.
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regions: a well-defi ned diffusion control region ( E  < 0.7 V), in 
which the current density reaches its diffusion-limited value 
of ≈6.0 mA cm −2 , and a mixed kinetic-diffusion region (0.7 < 
 E  < 1.0 V), where the current density increases exponentially 
as mass transport plays an increasingly important role. In the 
mixed region, there is a remarkably positive shift of ≈52 mV in 
the half-wave potential (Δ E  1/2 ) for MP Pt 3 Al/Pt/C relative to that 
of Pt/C at 3.0 mA cm −2 , which means a signifi cant enhance-
ment of the ORR activity in this super ordered structure. [ 29,34,39 ]  
To evaluate the intrinsic activity, their ECSA kinetic current 
densities are calculated according to the Koutecky-Levich (K-L) 
equation (Figure  2 c). [ 29,52,53 ]  The specifi c activities of MP Pt 3 Al/
Pt/C at 295 K reach ≈4.46 and ≈1.23 mA cm −2  Pt  at 0.85 and 
0.90 V, respectively, which are ≈6.2 and ≈6.3 times higher than 
that of Pt/C catalyst (≈0.725 and ≈0.195 mA cm −2  Pt ) (Figure  2 d). 
When increasing the temperature from 295 to 333 K, the spe-
cifi c activities increase to ≈7.53 and ≈2.10 mA cm −2  Pt  at 0.85 and 
0.90 V (Figure  2 c,d). The superior ORR activities of the MP 
Pt 3 Al/Pt/C at 295 and 333 K are also gleaned from smaller Tafel 
slopes (≈57 and ≈45 mV/decade) than that of Pt/C (≈63 mV/
decade) at low overpotentials (Figure  2 c). [ 30 ]  The mass-transport-
limited current density increases with the rotation rate, as dem-
onstrated by the rotation-rate-dependent polarization curves in 
Figure S6a (Supporting Information). In the corresponding K-L 
plot ( j  −1  versus  ω  −1/2 ) at 0.725–0.800 V (Figure S6b), [ 4,14,29,30,53 ]  
the good linearity and parallelism indicate a fi rst-order reac-
tion kinetics with respect to molecular oxygen. The electron 
transfer number ( n ) of ≈4.0 suggests the nearly complete 
reduction of O 2  to H 2 O on the surface of MP Pt 3 Al/Pt/C via a 
four-electron reaction process. [ 14,29 ]  The enhancement of elec-
trocatalytic activity implies that the Pt(111) skin on Pt 3 Al liga-
ments possesses surface electronic properties more favorable 
for the ORR. Instead of discrete particles supported by high-sur-
face-area carbon, a continuous Pt 3 Al/Pt fi lm with a MP archi-
tecture directly integrated with current collector of the cathode 
is anticipated to exhibit much higher electrocatalytic activity 
because of the mesostructure, which bridges the extended 
surfaces with superior activity and the nanoscale structures 
with high specifi c surface area (Figure  1 a,b). [ 10,39,54,55 ]  

 Although there is a thermodynamic force toward the dissolu-
tion of Al (the standard dissolution potential of –1.66 V versus 
RHE for Al to Al 3+ ) under the acidic conditions, [ 27,56,57 ]  the forma-
tion of Pt skin on the surface of Pt 3 Al intermetallic compound 
with an exceptionally negative heat of formation (≈–2.8 eV) [ 42 ]  pro-
vides the stability against the Al dissolution from the interior of 
compound, and enables more durable performance. [ 2,3,8,9,35,39,40 ]  
As shown in Figure S7 (Supporting Information), even after 
10 000 cycles, the MP Pt 3 Al/Pt/C shows a degradation of only 
≈6 mV in the half-wave potential, much smaller than that of 
Pt/C (≈10 mV). Furthermore, there is not obvious morphology 
change and only ≈3.7% Al dissolves from the Pt 3 Al/Pt/C catalyst 
(Figure S8). The infl uence of thermodynamic instability on the 
durability can be alleviated by adjusting Pt  x  Al/Pt intermetallic 
compound with less Al content in the subsurface, such as Pt 5 Al/
Pt/C, although this may result in a slight reduction in electrocata-
lytic activity (≈0.969 mA cm −2  Pt , ≈5.0-fold enhancement relative 
to that of Pt/C) in comparison with Pt 3 Al/Pt/C. 

 By consecutively chemical dealloying Pt 12 Al 88  ribbon 
precursor in 1 M NaOH aqueous solution fi rstly at room 

temperature for 20 min and then at 95 °C for 90 min, the reac-
tion-diffusion process produces a bimodal MP Pt 5 Al/Pt(111) 
core/shell structure with slightly larger characteristic lengths 
( Figure    3  a and Supporting Information Figure S9,10). Its XRD 
peaks corresponding to (111), (200), (220), (311), (222), (400), 
and (331) planes are consistent with these of Pt 5 Al intermetallic 
compound with FCC structure (JCPDS 65–8157) (Figure  3 b). 
To estimate the durability of MP Pt 5 Al/Pt, the accelerated sta-
bility tests are performed by the continuous potential cycling 
between 0.6 and 1.1 V versus RHE at a scan rate of 50 mV s −1  
in an O 2 -saturated 0.1 M HClO 4  solution. The ORR polariza-
tion curves on MP Pt 5 Al/Pt/C before and after the stability test 
of 40,000 cycles are shown in Figure  3 c, exhibiting the superior 
stability over Pt/C catalyst (Figure S11a). As demonstrated in 
the plot for Δ E  1/2  as a function of cycle number (Figure  3 d), 
MP Pt 5 Al/Pt/C shows only ≈4-, 11-, 18- and 20-mV degrada-
tions in the half-wave potential after each 10 000 th  cycle, much 
smaller than these of Pt/C (Δ E  1/2  ≈ 10, 15, 37 and 75 mV). This 
is consistent with the ECSA measurements, which are evalu-
ated according to the H upd  adsorption/desorption region in 
the CV curves (Figure  3 e and Figure S11b). The ECSA of MP 
Pt 5 Al/Pt/C remains ≈66%, in distinct contrast with a large loss 
of ≈60% for Pt/C (Figure  3 f) due to the Ostwald ripening and 
aggregation of the Pt nanoparticles driven by the high surface/
volume ratio (Figure S12). [ 1,3,35,55 ]  For comparison, the Δ E  1/2  
and ECSA of MP Pt 3 Al/Pt/C are also included in Figure  3 d,f, 
respectively. Owing to more Al content, Pt 3 Al/Pt/C represents 
a slight instability in comparison with MP Pt 5 Al/Pt/C. This is 
also validated by the chemical characterization which demon-
strates the Al dissolution from Pt 5 Al/Pt/C (≈2.2%) is lower than 
Pt 3 Al/Pt/C (≈3.7%) after 10 000 cycles (Figure S8b,13b).  

 Under the premise that the enhanced ORR performance of 
Pt x Al/Pt intermetallic alloys could be qualitatively explained by 
the catalytic knowledge established on their bulks, [ 27,39 ]  density 
functional theory (DFT) calculations are employed to theoreti-
cally elucidate the physical picture. The Pt 3 Al/Pt(111), Pt 5 Al/
Pt(111) and Pt(111) periodic supercells ( Figure    4  a) are con-
structed with the same lattice parameters (3.878, 3.896, and 
3.924 nm) and XRD patterns as these of experimental meas-
urements (Figure  1 f,  3 b). [ 27 ]  Figure  4 b illustrates the partial 
density of states (PDOS) for each electron of Al-3 s , Pt-6 s  and 
Al-3 p , Pt-5 d  in Pt 3 Al. The formation of intermetallic Pt–Al bond 
with exceptionally negative formation heat of ≈–0.74 eV/atom [ 43 ]  
gives rise to obvious electron localization function (Figure S14, 
Supporting Information) and defi nite negative shift (≈–0.51 eV) 
of Pt-4 f  X-ray photoelectron spectroscopy spectra (Figure  4 c) for 
Pt 3 Al and Pt 5 Al relative to Pt/C. The negative shift in binding 
energy roots in a net result of both ligand and compressive 
strain effects in MP Pt 3 Al and Pt 5 Al, [ 58,59 ]  which would jointly 
lead to the downshift of  d -band center, [ 19,22–26 ]  because of a 
primary role of the former. [ 60–62 ]  This is different from the 
observation in the Pt-based alloys with the negligible ligand 
effect, where a positive shift of the core level is accompanied 
by a downshift of  d -band center as a result of the compressive 
strain. [ 12,63 ]  Therefore, the strong Pt–Al covalent bonds not only 
enable the excellent kinetic stability (Figure  3  and Supporting 
Information Figure S7) [ 8,9,27,43 ]  but also produce the hybridiza-
tion between the Al-3 p  states and the Pt-5 d  states, [ 36 ]  substan-
tially altering the  d  band of surface Pt atoms on Pt x Al/Pt(111) 
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relative to that of Pt(111). [ 2,3,19 ]  The remarkable downshift of  d -
band center of Pt 3 Al/Pt(111) (≈0.16 eV) weakens the adsorption 
energies of O* and HO* by ≈0.18 and ≈0.12 eV relative to these 
of Pt(111) (Figure  4 d), [ 8,23,26,39 ]  very close to their most appro-
priate values (≈0.2 and ≈0.1 eV) required for the highest specifi c 
activity, [ 8,27 ]  respectively. The decrease of adsorption energies 
makes the adsorbed HOO* instable, and it is easy to break 
the Pt-OH bonds (Figure  2 a). [ 8,9,23,39 ]  As illustrated in the free-
energy diagram (Figure S15), the free-energy change for the for-
mation of adsorbed HOO* (Δ G  1 ) increases to 0.11 eV, while the 
one for the removal of HO* (Δ G  2 ) decreases to 0.02 eV. There-
fore, the rate-limiting step in ORR changes to the formation of 
HOO* on Pt 3 Al/Pt(111) with Δ G  max  = Δ G  1-Pt3Al/Pt(111)  = 0.11 eV 
from the removal of HO* on Pt(111) with Δ G  max  = Δ G  2-Pt(111)  = 
0.15 eV (inset of Figure S15), [ 7 ]  where the subscript  max  denotes 
the maximum. On the basis of assumption that the activation 
barrier for the rate-limiting proton-transfer step is equal to 
Δ G  max , [ 7 ]  the enhancement factor of specifi c activity is approxi-
mately accessed to be ≈4.7 relative to Pt(111). Owing to the 
dependence on the compositional profi le, the  d -band center 
of surface Pt atoms on subsurface Pt 5 Al intermetallic alloy 
(–2.49 eV) falls in between these of Pt(111) and Pt 3 Al/Pt(111) 
(Figure  4 d), [ 8,19,23 ]  and thus the activity enhancement is little 
lower than that of Pt 3 Al/Pt. Compared with the theoretical 
values for bulks, the further enhancements of catalytic activity 
experimentally observed in MP Pt 3 Al/Pt and Pt 5 Al/Pt originate 
from the advantages offered by the bimodal MP architecture. 
This unique sponge structure produces high surface area while 

achieving the intermetallic compound skeletons with both the 
desirable compositional profi le and the structure of atomic-
layer-thick Pt skin. [ 52,54 ]  In addition, the interconnective and 
bimodal channels enable the confi nement effect in the large 
pores and the electric-double-layer overlap (EDL) effect in the 
small ones. [ 54,58 ]  The former makes the trapped molecules 
remain close to the electrode surface and prevents them from 
escaping to bulk solution for the effi cient electrochemical reac-
tion, whereas the latter alters the EDL potential distribution 
and enhances the electrocatalytic performance. [ 64 ]   

 As a function of the atomic number of solute metals, the 
enhancements of specifi c activities for a number of typical Pt-
based alloys relative to Pt/C are plotted in Figure  4 e. Here the 
maximal values of nanostructured Pt 3 TM/Pt (TM = Ti, [ 38 ]  Cr, [ 37 ]  
Mn, [ 37 ]  Fe, [ 28 ]  Co, [ 29 ]  Ni, [ 33 ]  Cu, [ 25 ]  Y, [ 38 ]  and Zr [ 38 ] ) are included for 
comparison. In contrast with the general volcano shape for alloys 
of Pt and TM elements in the fourth and fi fth periods, [ 8,23,27,40 ]  the 
intermetallic compound of Pt and Al in the third period exhibits 
the activity enhancement comparable to the maxima reported in 
Pt 3 TM systems, such as Pt 3 Ni/Pt [ 33 ]  and Pt 3 Y/Pt. [ 38 ]  This evidently 
demonstrates the importance of controlling fundamental proper-
ties by alloying technique. [ 22,26,36 ]  As shown in Pt–Al systems, not 
only do the strong Pt–Al covalent bonds enhance the durability, 
but the hybridization of Al-3 p  and Pt-5 d  gives rise to the down-
shift of the  d -band center, which adjusts the adsorption energy 
to change the rate limiting step and improve the ORR reaction. 
Complementing Pt 3 Al in the Pt 3 TM systems provides a proof of 
concept that extending the exploration beyond Pt 3 TM systems 
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 Figure 3.    STEM image and electrochemical stability of MP Pt 5 Al/Pt/C. a) HAADF-STEM image of MP Pt 5 Al/Pt intermetallic compound dealloyed in 
NaOH aqueous solution, showing the microstructure with a bimodal nanoporosity. b) Measured (A) and simulated (B) XRD patterns of MP Pt 5 Al/Pt, 
corresponding to the line pattern for FCC Pt 5 Al intermetallic compound (JCPDS PDF 65–8157). c) Polarization curves for the ORR of MP Pt 5 Al/Pt/C 
catalyst before and after 40,000 potential cycles, collected in O 2 -saturated 0.1  M  HClO 4  aqueous solution at room temperature with a rotation rate of 
1600 rpm and a scan rate of 10 mV s −1 . d) Half-wave potentials for Pt 3 Al/Pt/C, Pt 5 Al/Pt/C and Pt/C catalysts as a function of number of cycles. e) CV 
curves in N 2 -purged 0.1  M  HClO 4  aqueous solution at room temperature and 50 mV s −1  for MP Pt 5 Al/Pt/C catalyst before and after 40 000 potential 
cycles in a range from 0.6 to 1.1 V. f) Comparison of ECSA retentions for Pt 3 Al/Pt/C, Pt 5 Al/Pt/C and Pt/C catalysts during the electrochemical cycling.



FU
LL

 P
A
P
ER

6 wileyonlinelibrary.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

allows the development of novel alloy catalysts with exceptionally 
high performance for the ORR.  

  3.     Conclusions 

 In summary, we have developed a new class of Pt  x  Al inter-
metallic compound catalysts with bimodal mesoporous archi-
tectures and tunable compositional profi les by a facilely and 
cost-effectively alloying/dealloying approach for the high-
performance ORR. Besides the remarkable reduction in Pt-
loading, the MP Pt 3 Al/Pt and Pt 5 Al/Pt compounds are tailored 
to exhibit signifi cantly enhanced ORR kinetics and durability 
in comparison with the present state-of-the-art Pt/C catalyst. 
The ORR kinetic activities of MP Pt 3 Al/Pt/C and Pt 5 Al/Pt/C 
are enhanced relative to Pt/C by a factor of ∼6.3 and ∼5.0 at 
0.90 V, respectively. DFT calculations have demonstrated that 
the impressive ORR performance of the new intermetallic com-
pound catalysts originates from the unique architecture and 
compositional profi les in the skeletons, viz. the atomic-layer-
thick Pt skin and intermetallic Pt 3 Al or Pt 5 Al core, wherein 
both ligand and strain effects give rise to the downshift of  d -
band center and thus weaken the adsorption of oxygenated 
species. This exploration of Pt  x  Al intermetallic compounds 
provides a new design strategy for developing novel fuel-cell 

catalysts beyond Pt-TM systems with both excellent electrocata-
lytic activity and stability.  

  4.     Experimental Section 
  Fabrication of MP Pt 3 Al/Pt and Pt 5 Al/Pt Intermetallic Compounds : The 

precursor Pt 12 Al 88  (at%) ribbons with a cross section of ≈20 µm × ≈1 mm 
were produced by a melting-spinning method in a high-purity argon 
gas atmosphere from its ingot that was made by arc melting using 
pure Pt (99.99%) and Al (99.95%) in vacuum. [ 35,48,49 ]  The free-standing 
MP Pt 3 Al/Pt intermetallic compound was synthesized by chemical 
dealloying the as-prepared Pt 12 Al 88  ribbons in N 2 -bubbled 1 M NaOH 
aqueous solution at 25 °C. The fabrication of MP Pt 5 Al/Pt was carried 
out by consecutively chemical dealloying fi rstly at room temperature for 
20 min and then at 95 °C for 90 min. The dealloyed samples were rinsed 
in pure water (18.2 MΩ cm) more than fi ve times to remove chemical 
substances in MP channels. 

  Structural Characterization : The microstructure and chemical 
composition of the specimens were investigated using a fi eld-emission 
scanning electron microscope (JSM-6700F, JEOL, 15 keV) equipped 
with an X-ray energy-dispersive spectroscopy (EDS). High-resolution 
scanning transmission electron microscopy (STEM) and STEM-EDS 
element mapping characterizations were performed on a fi eld-emission 
transition electron microscope (JEM-ARM200CF, JEOL) operated at 
200 keV and equipped with double spherical-aberration correctors for 
both condenser and objective lens. X-ray diffraction measurements were 
carried out on a D/max2500pc diffractometer using Cu  K α radiation. 
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 Figure 4.    Theoretical calculations of the dealloyed Pt  x  Al/Pt compounds. a) The atomic structures of the dealloyed Pt 3 Al/Pt (top) and Pt 5 Al/Pt (middle) 
that consist of Pt skin and show the same XRD patterns as the experimental ones. Bottom: The atomic structure of pure Pt. b) The typical partial density 
of states for each Al- 3s , Pt- 6s  and Al- 3p , Pt- 5d  electron in Pt 3 Al/Pt bulk, illustrating the formation of intermetallic Pt–Al bonds. c) High-resolution XPS 
spectra of Pt 4 f  for Pt 3 Al, Pt 5 Al and Pt/C catalysts. d) The local density of states of Pt skins on intermetallic Pt 3 Al and Pt 5 Al compounds in comparison 
with pure Pt, demonstrating their evolution of d-band centers. e) Comparison of specifi c activity enhancement ( j  k / j  k  Pt/C ) for Pt 3 Al/Pt intermetallic 
compound and the maximal values reported for Pt 3 TM (TM = Ti, [ 38 ]  Cr, [ 37 ]  Mn, [ 37 ]  Fe, [ 28 ]  Co, [ 29 ]  Ni, [ 33 ]  Cu, [ 25 ]  Y, [ 38 ]  and Zr [ 38 ]  nanostructures versus the 
state-of-the-art Pt/C catalyst at 0.90 V in 0.1  M  HClO 4 .
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X-ray photoelectron spectroscopy characterization was performed on 
Thermo ECSALAB 250 with an Al anode. 

  Electrochemical Measurements : After crushing MP ribbons by intense 
tip sonication in a solution of Nafi on (0.05% v/v, Sigma Aldrich), 
isopropanol (20.95% v/v) and water (79% v/v), the catalyst inks of 
MP Pt 3 Al/Pt/C or Pt 5 Al/Pt/C with a concentration of 0.4 mg mL −1  
were prepared by mixing with carbon black (Vulcan XC-72, Cabot) and 
sonicating for 30 min. Approximately 10-µL as-prepared MP Pt 3 Al/Pt/C 
or Pt 5 Al/Pt/C inks and commercial Pt/C (20 wt%, Johnson Matthey) 
were drop-cast onto a 5-mm-diameter glassy carbon rotating disk 
electrode (RDE, Pine Research Instrumentation) served as working 
electrode. All electrochemical experiments were carried out in a three-
electrode electrochemical cell by employing a Pt foil electrode as the 
counter electrode, and a saturated calomel electrode (Hg/Hg 2 Cl 2 , SCE) 
as the reference electrode. All potentials were calibrated with respect to 
a reversible hydrogen electrode (RHE). ECSA was characterized by cyclic 
voltammetry over a potential range from 0.05 V to 1.20 V (RHE) at a scan 
rate of 50 mV s −1  in N 2 -saturated 0.1 M HClO 4  solution. ECSA values of 
all specimens were calculated by integrating the areas of the hydrogen 
adsorption/desorption region (0.05–0.4 V) after the conventional double-
layer correction and using a conversion factor of ≈210 µC cm −2 . The ORR 
measurements were performed in O 2 -saturated 0.1 M HClO 4  solution 
at a rotation rate of 1600 rpm and a scan rate of 10 mV s −1  over the 
potential range from 0.05 to 1.05 V (RHE). The kinetic current density ( j  k ) 
was calculated according to Koutecky-Levich equation [ 29,52,53 ] 

 

A j A j A j A j

nFA D v C

1/( ) 1/( ) 1/( ) 1/( )

1/(0.62 )
geo m Pt k geo d Pt k

geo
2/3 1/6 1/2

O2
ω

= + =
+ −

   
 where  j  m  is the measured current density, and  j  d  is the diffusion limited 
current density,  n  is the number of electrons transferred,  F  is the Faraday 
constant (96 485 C mol −1 ),  A  geo  is the area of the electrode (0.196 cm 2 ), 
 D  is the diffusion coeffi cient of O 2  in 0.1 M HClO 4  solution 
(1.93 × 10 −5  cm 2  s −1 ),  v  is the viscosity of the electrolyte (1.01 × 10 −2  cm 2  s −1 ), 
 ω  = 2π f /60 is the angular frequency of rotation at a rate  f  in r.p.m. and 
 C  O2  is the concentration of molecular oxygen in 0.1 M HClO 4  solution 
(1.26 × 10 −6  mol cm −3 ). 

  Computational Methods : All the Density Functional Theory (DFT) 
calculations on Pt 3 Al and Pt 5 Al were performed on periodical ( 12 × 12)
 R  30° four-layer supercells, respectively, using DMol 3  code by a spin-
unrestricted method, except that the bonding nature was investigated 
by electron localization function in CASTEP code with ultrasoft 
pseudopetentails. [ 27 ]  A 30 Å-thick vacuum was added along the direction 
perpendicular to the surface, and the topmost layer and the adsorbates 
were allowed to relax while the other atoms were fi xed. The k points were 
set as 2 × 2 × 1 and the dipole slab correction was applied. The DFT 
Semi-core Pseudopots (DSPP) method was implemented for relativistic 
effects, in which core electrons was approximated by a single effective 
potential and introduced by some degree of relativistic correction 
into the core. The double numerical atomic orbital augmented by a 
polarization function was set as the basis. Exchange and correlation 
effects were described by the generalized gradient approximation with 
the Perdew−Burke−Ernzerhof functional (PBE). The accurate electronic 
convergence was achieved with a smearing of 0.136 eV to the orbital 
occupation. A conductor-like screening model (COSMO) was used to 
simulate a H 2 O solvent environment throughout the whole process.  
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