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M AT E R I A L S  S C I E N C E

Highly stable and active catalyst in fuel cells through 
surface atomic ordering
Yanling Ma1, Jiaheng Peng1, Jiakang Tian1, Wenpei Gao1,2,3,4*, Jialiang Xu5, Fan Li1, Peter Tieu6, 
Hao Hu1, Yi Wu1, Wenlong Chen1, Lei Pan1, Wen Shang1, Peng Tao1, Chengyi Song1, Hong Zhu1, 
Xiaoqing Pan2,7*, Tao Deng1,8*, Jianbo Wu1,4,8,9*

Shape- controlled alloy nanoparticle catalysts have been shown to exhibit improved performance in the oxygen 
reduction reaction (ORR) in liquid half- cells. However, translating the success to catalyst layers in fuel cells faces 
challenges due to the more demanding operation conditions in membrane electrode assembly (MEA). Balancing 
durability and activity is crucial. Here, we developed a strategy that limits the atomic diffusion within surface layers, 
fostering the phase transition and shape retention during thermal treatment. This enables selective transformation 
of platinum- iron nanowire surfaces into intermetallic structures via atomic ordering at a low temperature. The 
catalysts exhibit enhanced MEA stability with 50% less Fe loss while maintaining high catalytic activity comparable 
to that in half- cells. Density functional calculations suggest that the ordered intermetallic surface stabilizes 
morphology against rapid corrosion and improves the ORR activity. The surface engineering through atomic 
ordering presents potential for practical application in fuel cells with shape- controlled Pt- based alloy catalysts.

INTRODUCTION
Proton exchange membrane fuel cells (PEMFCs) are promising energy 
conversion devices (1–5). However, the efficiency, power density, 
and practical lifetime of PEMFCs are adversely affected by the sluggish 
oxygen reduction reaction (ORR) at the cathode (5–8). This limita-
tion causes the challenges in commercial Pt/C ORR catalysts, which 
include high cost, moderate activity, and degradation in long- term 
operation. To tackle the challenges, various platinum (Pt)–based 
nanomaterials have been developed (9, 10). Shape- controlled alloy 
nanocrystals, in particular, show improved activities and stability in 
rotating disk electrode (RDE) tests; however, the harsh operation 
conditions in a fuel cell, including continuous potential fluctuations, 
elevated operating temperature, and high working current density, 
can lead to rapid leaching and degradation in membrane electrode 
assemblies (MEAs) (5, 11–19). In addition, the leached metal cations 
in the MEA would accumulate near the surface and hinder proton 
transport (20). Therefore, enhancing the stability of shape- controlled 
Pt- based alloy ORR catalysts, as tested in the RDE, is vital for their 
efficient application in the cathodic layers of PEMFCs.

Considering that the ORR occurs on the surface of electrocata-
lysts, which is a heterogeneous interface between the liquid and 
solid, to improve the catalytic activity thus requires fine- tuning of 

the surface structure and the surface electronic states. On the surface, 
undercoordinated metal atomic sites are more active but susceptible 
to oxidation or corrosion. To enhance the stability of ORR catalysts 
is therefore pivotal for the practical use of fuel cells. Because struc-
turally ordered intermetallic phases display corrosion resistance due 
to a more negative enthalpy, strong heteroatomic bonding, and at-
omistic uniformity in composition (21–27), transforming disordered 
surfaces of shape- controlled Pt- based alloy catalysts into intermetallic 
structures can promote long- term durability and maintain high ORR 
catalytic activity in MEAs (28–30).

Thermal annealing is a traditional method to create intermetallics 
in metallurgy, but mainly for spherical nanoparticles (NPs) (31–33), 
because the elevated temperatures applied to drive the disorder- to- 
order transformation often lead to surface reshaping and sintering 
(34–36), especially for shape- controlled nanocrystals, where the ex-
posed surfaces are not thermodynamically stable, therefore result-
ing in the loss of optimized activity associated with the desired shape. 
Methods using mesoporous silica or silica protection to mitigate the 
nanostructure aggregation have been developed, where additional 
etching is required to remove the silica (37, 38). For the direct syn-
thesis of nanostructured catalysts with an intermetallic phase, the 
key is to initiate the disorder- to- order transformation and limit the 
process only at the surface layers (22, 39). This requires precise con-
trol of the annealing process, enabling atomic diffusion only in the 
surface region while leaving the interior area unaffected to preserve 
the shape (fig. S1).

Here, we used in situ scanning transmission electron microscopy 
(STEM) to identify optimal conditions for preserving the shape while 
inducing disorder- to- order phase transition in one- dimensional (1D) 
PtFe nanowires (NWs), with a focus on quantifying the impact of 
annealing temperature and time on the deformation and ordering 
process. We found that surface atomic diffusion and ordering oc-
curred at a notably low temperature, ~200°C lower than the typical 
phase transition temperature of the bulk (>550°C), for nanosized 
PtFe alloy. This low temperature suppressed atomic motion within 
the interior region of the NW, preventing the morphology change and 
sintering. On the basis of the finding, we successfully synthesized 
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surface intermetallic PtFe NW catalysts (Surf- IM- PtFe NWs) from 
PtFe alloy NWs at the gram scale. The much improved activity and 
stability observed in RDE measurements were well translated to the 
MEA performance (5, 11, 12). The mass activity (MA) at 0.9 ViR- free 
exceeded twice that of the PtFe NWs, retaining 78.6% of its initial 
value after 30k cycles in a H2- O2 fuel cell, surpassing the durability 
target (<40% MA loss) (40). At 80°C under acidic conditions, the 
Surf- IM- PtFe NWs show notably reduced Fe loss of 41.3%, com-
pared with that of the randomly alloyed PtFe NWs (94.1% in loss) 
after the 30k cycle durability test. Density functional theory (DFT) 
calculations attribute the enhanced stability of Surf- IM- PtFe NWs 
to their corrosion- resistant intermetallic surface. This method to 
produce surface intermetallic nanostructures paves way to the design 
of stable shape- controlled Pt- based ORR catalysts with practical 
applications in fuel cells.

RESULTS
In situ growth of surface intermetallic PtFe NWs
The free- standing PtFe alloy NWs with a diameter of around 3 nm 
were synthesized in solid state using a generic method published 
previously (details in Materials and Methods and figs. S2 to S7) (41). 
Dangling atoms are visible on the edge of the pristine NWs and 
highlighted by yellow dashed circles (fig. S4B). The randomly alloyed 
structure was confirmed by the fast Fourier transform (FFT) pattern 
displaying only the diffraction spots from the face- centered cubic 
(fcc) A1 phase and the x- ray energy- dispersive spectroscopy (EDS) 
elemental maps showing uniform Fe and Pt distribution (fig. S5B). 
To study the disorder- to- order transition process, the free- standing 
PtFe NWs were dispersed onto a thermal E- chip of the heating holder 
for in situ STEM imaging (41–44) during annealing from room tem-
perature to high temperature, with a holding time of 30 min at every 
50°C increment. The 1D morphology was preserved up to 350°C 
without any aggregation or breakage (fig. S8). In Fig. 1, a single PtFe 
NW was imaged along its [001] zone axis at 350°C. In the high- angle 
annular dark- field (HAADF)- STEM image, the periodic squared 
lattice of Fe columns with darker intensity and the Pt columns with 
brighter intensity are visible on the surface (Fig. 1A). Both the (100) 
and (010) diffraction spots from the ordered L12 phase of Pt3Fe appear 
in the FFT pattern (Fig. 1B) from the surface region but absent in 
the as- synthesized PtFe NWs. This observation well fits the unit cell 
model of the intermetallic L12 structure, sketched in Fig. 1C, where 
Fe atoms occupy the eight corners and Pt the face centers. To further 
provide the details of the surface structure, a false- color image taken 
from the yellow box in Fig. 1A is magnified in Fig. 1D. The intensity 
profiles along two framed regions are shown in Fig. 1 (E and F), 
respectively. Within the green rectangle, atomic columns with periodic 
high and low intensity were picked from a to o, indicating the alter-
nating Pt and Fe atoms. Vertically in the blue rectangle, the missing 
intensity oscillation after the atomic layer labeled as number 5 indi-
cates that only the two exterior unit cells adopted the ordered Pt3Fe 
phase. The cropped enlarged image in Fig. 1G taken from the red box 
in Fig. 1A corresponds well with the simulated HAADF- STEM 
image (Fig. 1H), which is obtained from a 3- nm- thick columnar atomic 
model of an ordered L12- Pt3Fe NW, further confirming the forma-
tion of the intermetallic surface on PtFe NWs after low- temperature 
annealing. For a better understanding on the Surf- IM structure, fig. S9 
demonstrates a simplified atomic model of the Surf- IM- PtFe NW 
with an ordered L12- Pt3Fe shell and a randomly alloyed PtFe core.

Figure 2 (A to D) shows the sequential HAADF- STEM images 
of a selected NW during the structural evolution to determine the 
dynamics of the surface atomic ordering under low temperatures. In 
Fig. 2A, the near- surface region of the NW was in a disordered 
phase at 250°C, as indicated by the intensity of the atomic columns 
(Fig. 2E). At 350°C (Fig. 2B), the outermost unit cell along the atomic 
layer in the [010] direction (marked by a magenta rectangle) started 
to show alternating Pt (bright) and Fe (dark) atomic columns, in 
correspondence to the intensity profile in Fig. 2F. After 15 min at 
350°C (Fig. 2C), nearly the entire surface of PtFe NWs transformed 
to the L12- Pt3Fe phase with a thickness of three unit cells (Fig. 2G). 
The new ordered surface became more faceted, showing distinct ter-
races after 18 min (Fig. 2, D and H). The simulated HAADF- STEM 
images using atomic models in the boxed area in the false- color 
images validated the structure evolution. A similar transformation 
trend given by another NW was also captured as shown in fig. S10. 
Although the evolution details such as the timeline varied with the 
thickness of the NWs, the atomic ordering was also found to pro-
ceed from the surface (fig. S10, A, B, E, and F) along with the interior 
atomic migration, suggesting the softening of the atomic lattice 
during the phase transition under low- temperature thermal annealing 
(fig. S10, I, J, M, and N). As shown in Fig. 2I, when the temperature 
was below 350°C, the in situ FFT patterns only showed the diffraction 
spots from the disordered fcc phase, but then the (100) and (010) 
superlattice reflections emerged and became clearer with extended 
time at 350°C. However, with the annealing time of more than half 
an hour or at the temperature up to 500° and 600°C, the PtFe NWs 
started to break (fig. S11).

The growth mechanism of surface intermetallic PtFe NWs
Using in situ STEM observation, we determined optimal annealing 
conditions for preserving the shape while inducing surface atomic 
ordering in 1D PtFe NWs. The temperature was capped at 350°C, and 
the durations did not exceed half an hour at this temperature. This 
surface atomic ordering occurs at low temperatures in NWs because 
the thermodynamics and kinetics during the phase transition are 
different from their bulk phase. Size effects affect transition tem-
perature (45, 46) as smaller materials exhibit lower energy barriers, 
enabling atomic ordering at reduced temperatures (47). The thin 
NWs in this work with few nanometers in diameter can further 
lower the temperature required for phase transition. The atomic 
ordering is thermodynamically driven, where the phase transforma-
tion’s driving force ΔGb → a (the Gibbs free energy difference between 
phase a and b; fig. S12) depends on the annealing temperature (48, 49). 
However, initiating lattice reconstruction needs to overcome an extra 
energy barrier Δg due to the attraction between atoms (Fig. 2J). Sur-
face atoms, due to higher thermal vibration, migrate more easily. 
The undercoordinated atoms and weak interatomic interactions 
near the surface could further lower Δg (47, 50–52). Thus, for atomic 
ordering in nanomaterials, there is a distinct difference between 
the surface and the interior. A lower energy barrier on the surface 
region (Δgsurface) is expected to facilitate the surface atomic ordering 
and phase segregation (Fig. 2J).

Besides, considering the preferential nucleation at the surface, 
the time- temperature- transformation diagram of the surface region 
(surface TTT) can be located in a low- temperature zone and the 
timescale to complete the surface atomic ordering is smaller (Fig. 2K). 
Note that, although the thermodynamics under low temperatures 
allow the transformation at the surface, the migration of the phase 
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boundary between the newly formed intermetallic phase and the 
randomly alloyed phase would be impeded due to the sluggish atomic 
diffusion in the interior of the NWs. The kinetics of the phase trans-
formation then slow down greatly after stepping into the internal 
space. Accordingly, an ordered phase was only observed within the 
thickness of no more than three unit cells on the PtFe NWs after 
annealing at 350°C for 30 min. In this study, the overall atomic ratio 
between Pt and Fe is close to 1, but the ordered Pt3Fe L12 phase 
formed rather than the PtFe L10 phase. It is because the surface segrega-
tion of Pt atoms and the lattice ordering induced by atomic diffusion 

happen simultaneously (53). During this process, the Fe atoms migrate 
out from the PtFe NW in air, as seen in the EDS mapping in fig. S5. 
Note that the surface atomic ordering is not driven by the composi-
tional segregation because the disorder- to- order phase transition tem-
perature is much higher (1300° to 1350°C for bulk PtFe and >550°C for 
PtFe nanomaterials) than the temperature we used (350°C). There-
fore, this low- temperature surface atomic ordering (LT- SAO) approach 
might also be promising to transform the randomly alloyed surface 
into the ordered intermetallic structure and also retain the well- 
defined morphology of other Pt- based alloy nanocrystals.

Fig. 1. Intermetallic surface formation on PtFe NWs under in situ low- temperature annealing. (A) hAAdF- SteM image of the PtFe nW after being annealed at 350°c 
for 30 min. (B) corresponding FFt pattern of the surface region in (A) with the superlattice spots from the disordered A1- PtFe phase (labeled by white arrows) and ordered 
l12- Pt3Fe phase (labeled by yellow arrows). (C) Unit cell of the ordered l12- Pt3Fe structure. color code: Pt, blue; Fe, green. (D) cropped false- color image from the yellow 
box in (A). (E and F) the corresponding intensity profiles along the atomic layers in (d) are circled by the green (e) and blue (F) rectangles, respectively. a.u., arbitrary units. 
(G) cropped enlarged lattice from the red box in (A) and the corresponding atomic model. (H) Simulated hAAdF- SteM image of the l12- Pt3Fe model and the intensity 
profile from the atomic layer in the red rectangle.
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The electrocatalytic activity and durability evaluations 
during the ORR in MEAs
The reported PtFe- based electrocatalysts with randomly alloyed 
structures have demonstrated efficient ORR performance in liquid 
half- cells but are also prone to suffer severe degradation because Fe 
suffers more from galvanic corrosion than other non- noble transition 
metals (Cu, Co, Ni, etc.) in an acid electrolyte (31, 54–57). Mean-
while, the abundant high- index facets on the 1D nanostructures 
that promote the fast ORR may also undergo preferential surface 
corrosion. Such characteristics make PtFe NWs perfect candidates 
to verify if the intermetallic surface is effective to improve the dura-
bility and maintain the controlled shape for high activity of ORR 
electrocatalysts in MEAs. To do so, we performed thermal annealing 
for the carbon- supported PtFe alloy NWs (denoted as PtFe NWs/C) 
in a tube furnace following the in situ LT- SAO protocols. Similarly, 
as the in situ results show, the breakage and aggregation occurred to 
the carbon- supported NWs at higher temperatures of 500° and 
600°C (fig. S13), whereas the 1D morphology was well preserved both 
before and after the low- temperature treatment at 350°C (fig. S14). 
The dangling atoms were seen on the edge of the NWs before 
annealing (fig. S15A), similar to those in fig. S4B. After thermal 
annealing, the surface of NWs became smoother (fig. S15B) due to 
the surface atomic diffusion at the increased temperature (350°C). 
The clearer difference in the surface atomic structure before and after 
the low- temperature annealing could be seen from the HAADF- 
STEM images in Fig. 3A. The randomly arranged Pt and Fe atoms in 
the as- synthesized PtFe NWs became ordered in the surface region 

after the annealing, as indicated by the obvious periodic square array 
and the corresponding intensity profiles taken along the second 
near- surface atomic layer (fig. S16). In the x- ray diffraction (XRD) 
patterns (Fig. 3B), the broad peak around 25° corresponds to the 
carbon support. There were no peaks of (100) and (110) planes from 
the intermetallic L12- Pt3Fe phase that emerged in the XRD pattern 
of the Surf- IM- PtFe NWs/C, except for a slightly positive shift when 
compared with the referenced commercial Pt/C and PtFe NWs/C, 
as shown in the enlarged region of the (220) peak, indicating that 
the NWs did not transform to a fully ordered intermetallic phase.

The ORR performance of the PtFe NW catalysts was first evaluated 
in a liquid half- cell using the RDE technique. The long- term stability 
was measured by conducting an accelerated durability test (ADT) of 
30k cyclic voltammetry (CV) cycles in a 0.1 M perchloric acid (HClO4) 
electrolyte. Figure 3C exhibits the comparison of the ORR polariza-
tion curves in which the commercial Pt/C and PtFe NWs/C delivered 
a negative shift of 45 and 199 mV, respectively, for the half- wave 
potential after the ADT. For the Surf- IM- PtFe NWs/C, it only demon-
strated a loss of 3 mV, indicating the impressively enhanced stability. 
The electrochemical active surface area (ECSA) toward each cata-
lyst was calculated from the stable CV curves shown in fig. S17. 
PtFe NWs/C, Surf- IM- PtFe NWs/C, and PtFe NWs/C- 500- 30 min 
obtained similar ECSAs, which were lower than that of commercial 
Pt/C as a result of the higher specific surface area given by 0D Pt 
NPs than 1D NWs (Fig. 3D). The normalized ORR catalytic activities 
were compared in Fig. 3 (E and F). At 0.9 V versus reference hydro-
gen electrode (RHE), Surf- IM- PtFe NWs/C delivered an MA of 

Fig. 2. Disorder- to- order transformation of the PtFe NW surface structure. (A to D) Sequential hAAdF- SteM images taken along at 250°c, 350°c for 0 min, 350°c for 
15 min, and 350°c for 18 min. each enlarged false- color image corresponds to the near- surface region marked by a yellow, blue, pink, or purple dashed line box in (A) to 
(d), respectively. each simulated hAAdF- SteM image is obtained from the corresponding atomic model of the boxed area in the false- color image. (E to H) intensity 
profiles along the atomic layers in the magenta rectangle of each false- color image. the labeled layer position of the x axis is counted downwards from the top. each figure 
above is the zoom- in image of the atomic layer in the magenta rectangle in the simulated hAAdF- SteM image, which also well fits with the intensity profiles. (I) corresponding 
FFt patterns of the surface region under different temperatures or after different annealing times at 350°c. the FFt spots from the disordered fcc structure are labeled by 
white arrows, and the ones from the ordered l12- Pt3Fe phase are labeled by yellow arrows. (J) Schematic illustration of the energy barrier Δginternal and Δgsurface to 
transform from phase b to phase a. (K) ttt diagrams of surface and internal regions showing the kinetics of phase transformation from the supercooled parent phase to 
the ordered phase.
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0.49 A/mgPt and a specific activity of 1.74 mA/cm2
Pt at the beginning 

of life, which outperformed those of both PtFe NWs/C and com-
mercial Pt/C. After an ADT of 30k cycles at room temperature, the 
commercial Pt/C exhibited a 77% loss of MA at both 0.9 and 0.95 V.  
The ORR activity of PtFe NWs/C decreased even more quickly as 
indicated by the loss of ECSA and the negative shift of the linear sweep 
voltammetry curves with increasing ADT sweep cycles. A severe 
loss of 87.5% in MA and 59.8% in specific activity at 0.9 V was ob-
served, showing the poor durability of the as- synthesized PtFe alloy 
NWs during long- term operation. However, the Surf- IM- PtFe NWs/C 
catalysts displayed a marked stability with only 12.2% decrease in MA 
and 19.5% loss of specific activity at 0.9 V and 7.7% decrease in MA 
and 19.1% loss of specific activity at 0.95 V. PtFe NWs/C- 500- 30 min 
exhibited a lower MA (0.34 A/mgPt) and SA (1.11 mA/cm2

Pt) due to 
the breakage and aggregation that occurred during heat treatment at 
500°C for 30 min. Benefiting from the advantage of the intermetallic 
structure, PtFe NWs/C- 500- 30 min also exhibits superior stability 
with only 7.5% decrease in MA and 17.1% loss of SA at 0.9 V, and a 

negligible decrease in MA and 9.5% loss of SA at 0.95 V benefited 
from the intermetallic structure (fig. S17 and table S2).

We further evaluated the PtFe- based NWs and commercial Pt/C 
in a H2- O2 and H2- air single fuel cell at 80°C by incorporating the 
catalysts into the cathode of the MEA. Figure 3G and fig. S18A show 
their i- V polarization curves and power density plots recorded under 
250- kPa air with 100% relative humidity (RH) before and after the 
accelerated stress test (AST). The MEA with Surf- IM- PtFe NWs/C 
as cathodic catalysts exhibited both higher current density and peak 
power density (0.95 W/cm2) than the one with the same loading of 
PtFe NWs/C (0.74 W/cm2), PtFe NWs/C- 500- 30 min (0.83 W/cm2), 
and commercial Pt/C (0.82 W/cm2) in the entire polarization volt-
age region. The cathodic MA Tafel plots derived from the internal 
resistance–free (iR- free) i- V polarization curves recorded under 
150- kPa O2 with 100% RH are presented in Fig. 3H and fig. S18B. For 
reference, the i- V polarization curves and power density plots with-
out iR- free recorded under 150- kPa O2 with 100% RH were provided 
in figs. S18C and S19. The above peak power density values of the 

Fig. 3. Electrocatalytic activity and durability evaluations in a liquid half- cell and single fuel cell. (A) Atomic- resolution hAAdF- SteM images of PtFe nWs/c (left) 
and Surf- iM- PtFe nWs/c (right). (B) XRd patterns of Pt/c, PtFe nWs/c, and Surf- iM- PtFe nWs/c. the inset shows the enlarged region of (220) diffraction peaks. (C) ORR 
polarization curves and (D) ecSA of Pt/c, PtFe nWs/c, and Surf- iM- PtFe nWs/c measured in a liquid half- cell before and after the Adt of 30k cv cycles. (E and F) comparison 
of the MA and specific activity obtained from Rde measurements at 0.9 and 0.95 v before and after the Adt. BOl, beginning of life. (G) i- V polarization curves (symbols 
with lines) and power density plots (lines) of PtFe nWs/c and Surf- iM- PtFe nWs/c before (solid symbols with lines and solid lines) and after (hollow symbols with lines and 
dashed lines) the ASt of 30k cycles in a h2- air fuel cell with a cathode Pt loading of 0.1 mgPt/cm2 at 80°c under 250- kPa h2/air (100% Rh). (H) cathodic MA tafel plots derived 
from the h2- O2 MeA measurement at 80°c under 150- kPa h2/O2 (100% Rh) before (solid symbols with lines) and after (hollow symbols with lines) the ASt of 30k cycles. 
the inset shows the corresponding fuel cell MA at 0.9 viR- free. (I) element content of Pt and Fe in the evaluated catalysts before and after the ASt in the fuel cell. at %, 
atomic %. color code for the MeA performance in (G) and (h): red, PtFe nWs; blue, Surf- iM- PtFe nWs.
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H2- air and H2- O2 fuel cell were presented as a histogram in fig. 20 
(A and B), respectively. The higher activities and better stability of 
Surf- IM- PtFe NWs/C in a liquid half- cell well translated into a com-
parable MEA performance. The fuel cell MA measured at 0.9 ViR- free 
is 0.47 A/mgPt, which achieved the 2025 activity target of 0.44 A/mgPt. 
Besides, it only represented a loss of 21.4% after conducting the AST, 
which also exceeded the durability target of <40% MA loss (40). 
The fuel cell assembled with PtFe NWs/C- 500- 30 min exhibits a 
lower MA (0.25 A/mgPt) measured at 0.9 ViR- free (Fig. 3H and the 
corresponding inset) due to some breakage and agglomeration of 
NW structures (fig. S13A), but it only represented a loss of 20.5% 
after conducting the AST that benefited from the intermetallic 
structure. In addition, the fuel cell assembled with PtFe NWs/C and 
commercial Pt/C both exhibit the lower MA (0.20 and 0.17 A/mgPt) and 
the larger loss of 50.1 and 61.4% after the AST, respectively. The above 
values of MA are recorded in the inset of Fig. 3H. For comparison, 
the performance of state- of- the- art PtFe- based and Pt- based random 
alloy catalysts evaluated in the RDE and MEA are provided in fig. S21 
and table S4. The Surf- IM- PtFe NWs/C demonstrated a superior 
MA retention at the end of life (EOL) after 30k cycles, especially in a 
single fuel cell. Moreover, it is worth noting that the catalytic ORR 
activity obtained in MEAs is quite close to that from the RDE, which 
has never been reported in the published works.

To understand the structural and compositional stability of the 
catalysts, the samples on the glassy carbon electrodes and the cathode 
catalyst layer of the MEA were collected after the ADT or AST for 
each measurement. The quantitative TEM- EDS analysis shows that 
the rapid leaching of Fe occurred to the PtFe NWs after 30k cycles 
with a loss of 47.1% in a half- cell and an even higher loss of 94.1% in 
a fuel cell. In contrast, the Surf- IM- PtFe NWs demonstrated greatly 
suppressed corrosion toward Fe with the loss of less than half of that 
for PtFe NWs at the EOL (Fig. 3I and figs. S22 to S24). The HAADF- 
STEM image in fig. S22 further confirmed that the intermetallic 
surface of the Surf- IM- PtFe NWs still remained after the ADT in an 
acid. Therefore, the LT- SAO strategy proves to play a critical role in 
stabilizing the 1D NW morphology and greatly inhibited the leaching 

rate of the non- noble transition metal in the Pt- based alloy. The 
Surf- IM- PtFe NWs are shown to be a prominent candidate as a highly 
stable ORR electrocatalyst for PEMFCs.

Improving the catalyst stability through surface ordering
The activity degradation of PtFe ORR electrocatalysts can be as-
cribed to the inevitable dissolution of Fe under galvanic corrosion in 
an acid electrolyte. However, the corrosion potential of alloy can 
hardly be measured experimentally. To better understand the en-
hanced stability of the Surf- IM- PtFe NW catalysts, we conducted DFT 
calculations on the atomic models of two surface structures, including 
the ordered L12- Pt3Fe phase and random A1- PtFe phase as shown 
in fig. S23. The calculated Pourbiax phase diagram provided by the 
Materials Project (58), which is plotted as functions of pH and the 
equilibrium potential using standard hydrogen electrode (SHE) as 
the reference, is illustrated in fig. S24. All the possible chemical 
equilibrium of the anodic oxidation reactions participated by the 
studied PtFe alloy are described as solid lines. The chemical equilib-
rium of the cathodic reduction reactions participated by oxygen or 
hydrogen during the galvanic corrosion is shown as the two red 
dashed lines in the phase diagram (inset in the bottom right corner 
of Fig. 4). Under an oxygen enrichment condition, when the pH is 1 
and the ORR occurs with a reduction potential of 1.214 V versus 
SHE, PtO2 and Fe3+ would be the stable oxidation products after the 
anode dissolution of both the ordered L12- Pt3Fe phase and ran-
dom A1- PtFe phase. Besides, the dissolution from Fe to Fe2+ can be 
regarded as the start of catalyst degradation. According to the calcu-
lations model for anodic dissolution developed based on thermo-
dynamics and kinetics (details in Materials and Methods), the 
corresponding anode dissolution potentials of E(A1- PtFe|Pt, Fe2+) 
and E(L12- Pt3Fe|Pt, Fe2+)E(Pt3Fe∣PtO2, Fe3+) were calculated to be 
−0.70 and −0.49 V, respectively, which indicates a preferential 
leaching out of Fe from the random A1- PtFe alloy rather than the 
ordered L12- Pt3Fe. Furthermore, a considerably higher dissolution 
potential of 0.84 V for E(L12- Pt3Fe|PtO2, Fe3+) than that of 0.63 V 
for E(A1- PtFe|PtO2, Fe3+) suggested the better corrosion resistance 

Fig. 4. Anode dissolution potential during galvanic corrosion. the galvanic corrosion process and the calculated anode dissolution potentials of two surface structures 
during the electrochemical cycling in an acid: ordered l12- Pt3Fe phase (top) and random A1- PtFe phase (bottom). the inset shows a partial calculated Pourbiax phase 
diagram provided by the Materials Project. Phase regions are labeled by different color codes with the corresponding anodic dissolution products inside. heR, hydrogen 
evolution reaction.
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of the structurally ordered L12- Pt3Fe phase in the acidic environ-
ment. The poor electrochemical stability of the random A1- PtFe NW 
catalysts during the long- term operation, therefore, could be well 
explained. To further elucidate that the improved stability of the 
Surf- IM- PtFe NWs mainly originated from the effect of surface 
atomic ordering rather than the compositional change due to the 
surface segregation of Pt, we then calculated the dissolution poten-
tial of the random A1- Pt3Fe alloy. It delivered a similar value as that 
of the ordered L12- Pt3Fe phase with a formation enthalpy of 0.03 eV 
per atom, whereas the latter shows a much more negative value of 
−0.22 eV per atom. Such a difference could help greatly stabilize the 
structure, thus effectively inhibiting the corrosion (tables S5 to S7).

DFT calculations were also carried out to study the origin of the 
improved ORR activity of the Surf- IM- PtFe NW catalysts. The oxy-
gen adsorption energy (∆EO) is widely accepted as the descriptor for 
ORR activities, which follows a simple correlation of the “volcano” 
plot. The optimal ∆EO should be about 0.2 eV higher than that on 
the (111) surface of pure Pt (6, 59, 60). In this work, the most stable 
(111) surface was adopted to calculate the ∆EO for each catalyst. 
Considering that the outermost Fe atoms could be etched away along 
with electrochemical cycling, all the adsorption slabs were built with 
a pure Pt layer on the top of the (111) surface. Because the O* prefers 
to adsorb on the hollow sites, all the possible hollow sites on the 
surface of the slabs were examined, and the most stable one was 
shown in fig. S25. For the Surf- IM- PtFe NWs, the structure with a 
one–unit cell–thick L12- Pt3Fe intermetallic surface and the sub-
jacent disordered PtFe alloy core was used for the simulation. It 
displayed a ∆EO of −0.491 eV and a ∆EO- ∆EO

Pt of 0.494 eV, which 
potentially relieved the overbonding with O* species, indicating its 
favorable nature for ORR catalysis. However, for the PtFe alloy NWs, 
the calculated ∆EO of −0.401 eV with a ∆EO- ∆EO

Pt of 0.584 eV 
showed much weaker adsorption toward the O* species, which would 
not help stabilize the OOH* species on the catalyst surface before 
O2 activation (fig. S26).

DISCUSSION
For shape- controlled Pt- based alloy ORR catalysts, to bridge the gap 
between its high activity in RDE tests and the critical efficiency as 
cathodic catalyst layers in PEMFCs, it requires further improve-
ments in the catalysts’ long- term stability without loss in the cata-
lytic activity. In this work, we propose a design concept of “surface 
intermetallics” and developed an LT- SAO strategy to achieve the 
surface disorder- to- order transition of 1D PtFe NWs with excellent 
ability for shape preservation. The thermodynamically favorable 
temperatures and optimal annealing time that drive the surface 
atomic ordering and simultaneously inhibit the global atomic diffu-
sion were explored and identified using an in situ STEM study at 
atomic resolution. The high catalytic activities of the Surf- IM- PtFe 
NW catalyst evaluated by the RDE measurements were well translated 
into a comparable MEA performance, which has never been reported 
before. Compared with the completely random PtFe alloy NWs, the 
Surf- IM- PtFe NWs demonstrated a large enhancement in durability 
during the long- term operation in both the liquid half- cell and the 
H2- O2 single fuel cell. The catalyst also offers the state- of- the- art 
performance among all the PtFe- based and Pt- based alloy catalysts 
in MA retention with up to 78.6% of the pristine value after the AST 
in MEAs. DFT calculations further reveal that the formed inter-
metallic surface has a higher galvanic corrosion resistance that can 

substantially inhibit the rapid leaching out of Fe and effectively 
prevent the catalyst degradation. With these findings, the shape- 
controlled Surf- IM- Pt–based alloy nanocrystals prove to be a promising 
candidate for efficient cathodic ORR catalyst layers in PEMFCs. The 
design principle developed in this work would also pave the way for 
addressing the scientific and technological challenges at the catalyst 
level toward sustainable fuel cells.

MATERIALS AND METHODS
Chemicals and materials
Iron(II) chloride tetrahydrate (FeCl2·4H2O, 98%) and potassium 
chloroplatinite (K2PtCl4, 98%) were obtained from Aladdin. Amor-
phous carbon (Vulcan XC- 72R) from Cabot was used as support 
materials. Commercial Pt/C catalyst (HP 20 wt % Pt) was purchased 
from Alfa Aesar, and commercial Pt/C catalyst (HP 40 wt % Pt) was 
purchased from JM. Isopropanol (C3H8O, AR, ≥99.7%), anhydrous 
ethanol (EtOH, AR, ≥99.7%), and methanol (CH4O, AR, ≥99.7%) 
were purchased from Sinopharm Chemical Reagent Co. Ltd. Con-
centrated perchloric acid (HClO4, 70%) was obtained from Sigma- 
Aldrich. Argon (Ar, 99.999%) and hydrogen (H2, 99.999%) were 
supplied by Shanghai Weichuang Standard Gas Analytical Tech-
nology Co. Ltd.

Catalyst preparation
Synthesis of ultrathin free- standing PtFe alloy NWs
In the typical preparation of free- standing PtFe NWs, K2PtCl4 
(83.02 mg) and FeCl2·4H2O (39.76 mg) were dissolved into deionized 
water (5 ml) and then sonicated for 10 s [Caution: The duration for 
sonication in this step should be as short as possible in the case of 
the oxidation of Fe(II). The color of the solution ought to be trans-
parent orange red rather than reddish brown suspension]. The mix-
ture was dried at 50°C in a vacuum oven and then placed into a 
quartz boat. Deionized water (20 μl) was then dropped onto the 
well- mixed blender, and the slurry- like reactant was immediately 
transferred into a tube furnace. The system was purged for 15 min 
using Ar (200 ml/min) and then switched to H2/Ar (10/190 ml/
min). The reduction of the precursors was performed at 250°C for 
30 min (ramping rate of 10°C/min). After cooling down to room 
temperature, the system was purged using Ar before collecting 
the product. The samples were washed with deionized water and 
centrifuged twice at 6000 rpm for 5 min. The obtained free- standing 
PtFe NWs were stored in ethanol to prevent aggregation before 
any characterization.

To study the influence of iron precursors, a control experiment was 
carried out using the same synthetic method except that FeCl2·4H2O 
was replaced by FeCl3.
Preparation of carbon- supported PtFe NW catalysts
A controlled amount of acid- treated amorphous carbon (Vulcan 
XC- 72R) was dispersed in methanol and sonicated for 1 hour. The 
free- standing PtFe NWs stored in ethanol were transferred to the 
carbon black dispersion followed by additional sonication of 30 min. 
After being stirred overnight, the PtFe NWs/C catalyst was precipi-
tated by centrifugation and dried at 50°C in a vacuum oven.
Surface engineering of PtFe NW catalysts
To obtain the surface intermetallics on PtFe NW catalysts, the as- 
prepared PtFe NWs/C catalysts were further annealed at 350°C 
for 30 min in a vacuum tube furnace (the setting temperature of 
the tube furnace was calibrated by a thermocouple to the actual 
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temperature of 350°C). The samples were denoted as Surf- IM- 
PtFe NWs/C.

Structural and compositional characterization
The low- magnification TEM images of the samples were taken by 
using a JEOL JEM- 2100F microscope at an accelerating voltage of 
200 kV. High- resolution TEM, HAADF- STEM, and EDS elemental 
mappings were conducted on a JEOL JEM- ARM200F microscope at 
an accelerating voltage of 200 kV and a JEOL Grand ARM CF300 
microscope at an accelerating voltage of 300 kV. The powder XRD 
patterns were collected on a Shimadzu x- ray diffractometer (LabX 
XRD- 6100) with Cu Kα radiation resource. The accurate metal loading 
on the RDE was determined by Inductively Coupled Plasma- Atomic 
Emission Spectroscopy (ICP- AES, iCAP6300 instrument) and thermo-
gravimetric analysis using a Netzsch DSC404 instrument.

In situ STEM imaging
The in situ study was carried out on a JEOL Grand ARM CF300 micro-
scope at the University of California, Irvine, using the Protochips 
Fusion heating holder. The microscope was operated under STEM 
imaging mode. The free- standing PtFe NWs were dispersed in 
methanol and casted onto the heating E- chip. The temperature was 
increased to each specific temperature with a ramping rate of 1°C/s 
in vacuum.

Electrocatalytic performance evaluation
Preparation of the catalyst ink
The carbon- supported catalysts (5 mg) were dispersed into a mixed 
solvent of deionized water (4 ml), isopropanol (1 ml), and 5% 
Nafion (25 μl). After sonication for 15 min, the catalyst ink of PtFe 
NWs/C, Surf- IM- PtFe NWs/C, and commercial Pt/C catalysts was 
dropped onto the RDE. The accurate loading of the catalysts was 
determined to be 20.4 μgPt/cm2 for Pt/C, 29.1 μgPt/cm2 for PtFe 
NWs/C, and 52.1 μgPt/cm2 for Surf- IM- PtFe NWs/C.
Electrochemical performance measurement
The ORR performances of all the obtained catalysts were evaluated 
using a three- electrode system and the RDE technique. The system 
includes a working electrode (glassy carbon RDE with an area of 
0.196 cm2), a counter electrode (platinum filament with a diameter 
of 0.5 mm), and an RHE. The CV curves were recorded at room 
temperature in the electrolyte of an Ar- saturated HClO4 solution 
(0.1 M). The potential scan range is from 0.05 to 1.0 V with a scan 
rate of 50 mV/s. The ORR performance test was conducted in the 
electrolyte of an O2- saturated HClO4 solution (0.1 M). The linear 
scan range was set from 0 to 1.1 V versus RHE with a scan rate of 
10 mV/s. The ECSA was calculated based on the region of hydrogen 
species absorption (0.05 to 0.40 V) in the CV curves. The ADT was 
performed in the electrolyte of the Ar- saturated HClO4 solution 
(0.1 M) between 0.6 and 1.0 V for 30k cycles. The potential scan rate 
was set to 100 mV/s. The ORR polarization curves were recorded 
both before and after the ADT.
MEA preparation and fuel cell test
The H2- O2 and H2- air fuel cell performance was evaluated in a single 
cell using a commercial Scribner 850e fuel cell test system. The MEAs 
with an effective area of 6.25 cm2 were prepared by the catalyst- 
coated membrane method. The obtained catalysts were incorporated 
into MEAs by ultrasonic spraying the well- dispersed catalyst ink 
onto the Nafion HP proton exchange membrane (GORE, 15 μm 
in thickness), and the commercial gas diffusion layer (Sigracet) 

was then pressed onto the two sides of a proton exchange membrane 
for 90 s under a pressure of 1 MPa. The MEAs were prepared with a Pt 
loading of 0.1 mg/cm2 at the anode (commercial Pt/C, 40 wt % Pt, JM) 
and 0.1 mg/cm2 at the cathode (PtFe NW- based catalysts and 
40% Pt/C). The fuel cell was operated at 80°C, with 150- kPa H2/O2 
and 250- kPa H2/air (2/3 standard liter per minute (slm), 100% RH) 
for the anode and cathode, respectively. Before the performance 
testing, the single cells were activated continuously to obtain a stable 
condition.

The AST was conducted according to the US Department of 
Energy’s AST protocol. Pure H2 and N2 were fed to the anode and 
cathode, respectively. The cell voltage was driven by an external 
potentiostat in a square sweep cycle between 0.6 and 0.95 V. Each 
voltage level was kept for 3 s.

Calculations
The DFT was conducted in the Vienna ab initio simulation package 
using the method of the projector augmented wave. The generalized 
gradient approximation formulation was used to describe the ex-
change and correlation functions with an energy cutoff of 400 eV 
using the Perdew- Burke- Ernzerhof.

Supplementary Materials
This PDF file includes:
Supplementary text
Figs. S1 to S29
tables S1 to S7
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