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Ordered intermetallic nanoparticles are promising electrocatalysts
with enhanced activity and durability for the oxygen-reduction
reaction (ORR) in proton-exchange membrane fuel cells (PEMFCs).
The ordered phase is generally identified based on the existence of
superlattice ordering peaks in powder X-ray diffraction (PXRD).
However, after employing a widely used postsynthesis annealing
treatment, we have found that claims of “ordered” catalysts were
possibly/likely mixed phases of ordered intermetallics and disor-
dered solid solutions. Here, we employed in situ heating,
synchrotron-based, X-ray diffraction to quantitatively investigate
the impact of a variety of annealing conditions on the degree of
ordering of large ensembles of Pt3Co nanoparticles. Monte Carlo
simulations suggest that Pt;Co nanoparticles have a lower order-
disorder phase transition (ODPT) temperature relative to the bulk
counterpart. Furthermore, we employed microscopic-level in situ
heating electron microscopy to directly visualize the morphologi-
cal changes and the formation of both fully and partially ordered
nanoparticles at the atomic scale. In general, a higher degree of
ordering leads to more active and durable electrocatalysts. The
annealed Pt3Co/C with an optimal degree of ordering exhibited
significantly enhanced durability, relative to the disordered coun-
terpart, in practical membrane electrode assembly (MEA) measure-
ments. The results highlight the importance of understanding the
annealing process to maximize the degree of ordering in interme-
tallics to optimize electrocatalytic activity.
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t-based intermetallics display superior electrocatalytic activity

for the normally sluggish oxygen-reduction reaction (ORR),
as well as enable a decrease in Pt loading, compared with Pt/C, in
proton exchange membrane (PEM) fuel cells (1-6). As-
synthesized, Pt-based alloy (Pt-M; M = Mn, Fe, Co, Ni, etc.)
nanoparticles (NPs) generally form as a disordered solid solution
in which the occupancy of a given site by Pt or M atoms is
random and without local preference. The probability of occu-
pancy by Pt or M is determined only by the stoichiometric ratio
of Pt and M in a particular particle. These alloys generally suffer
from a rapid loss of activity during electrochemical cycling due to
the oxidation and dissolution of the M element and subsequent
changes in both the particle morphology and the crystal struc-
ture (7). In some systems, such as the Pt-Sn system, partially
ordered intermetallic particles can be obtained at room tem-
perature and further improved to fully ordered phase by low
temperature annealing (200 °C) (8). However, in most other
cases, postsynthesis annealing at high temperatures is required to
transform the disordered solid solution phase into the ordered
intermetallic phase. These intermetallic NPs show significantly
better durability and improved electrocatalytic activity (9-29).
The enhanced durability of ordered intermetallics can be at-
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tributed to a more stable structure, which arises from the
stronger heteroatomic Pt-M bond and a greater enthalpy of
formation relative to its disordered counterpart. Ordered Pt;M
intermetallics normally have a primitive cubic crystal structure
(AuCus-type, Pm-3m), while ordered PtM intermetallics typi-
cally have a tetragonal crystal structure of the AuCu-type, P4/
mmm. Because ordered intermetallics of PtsM and PtM have
different crystal symmetry and additional atomic ordering,
compared with their disordered counterparts, they show extra
peaks in X-ray diffraction (XRD), which are usually referred to
as superlattice ordering peaks.

In studies of ordered intermetallic catalysts, there are two
related questions that are of particular interest: Is the ordered
intermetallic phase present, and what is the phase fraction of the
intermetallic? The first question can be quantitatively de-
termined by the existence of superlattice ordering peaks in
powder XRD (11-29). By measuring the relative intensity of the
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superstructure peaks, information that is important but often
neglected, the degree of ordering can be quantified. Having a
measure of the degree of ordering is important to understand the
intermetallic phase’s contribution to catalyst performance and is
necessary for understanding and optimizing the synthesis and
annealing conditions.

After performing a systematic literature survey on ordered
intermetallic NPs, which included the most common Pt-M and
Pd-M intermetallics, we realized that most of these studies only
qualitatively described the formation of ordered intermetallics,
and further quantitative understanding of the degree of ordering
was required (SI Appendix, Table S1) (11-29). For example, in
our previous studies on Pt;Co (2) and PdFe (6), intermetallic
NPs were found to be only partially ordered, despite our at-
tempts to optimize the postsynthesis annealing conditions. In our
other studies on PtSn (8) and PdZn (20), intermetallic NPs were
measured to be fully in the ordered phase. This suggests that it is
likely that some claims of “ordered” intermetallic electrocatalysts
may, in fact, be mixed phases of ordered intermetallic and disor-
dered solid solution particles. It is possible that, due to high strain
and surface energy, for some NP systems, and from a thermody-
namic standpoint, only partial order can be achieved, even if a
pure phase can be obtained at equilibrium in the bulk. In either
case, the synthesized, disordered alloy needs to overcome ener-
getic barriers and kinetics to nucleate and grow the more stable,
ordered intermetallic phase through the annealing treatment.
However, the annealing process must be carefully designed/con-
trolled. The newly formed ordered intermetallic phase can revert
back to the disordered phase if the temperature surpasses a crit-
ical, order—disorder phase transition (ODPT) temperature (7, =
750 °C for bulk Pt;Co) (30). The ODPT represents an intriguing
process, coupling both kinetic and thermodynamic aspects. Fur-
ther, nucleation and growth may also be (and likely are) influ-
enced by the composition, morphology and size of each NP.

It is critical to understand the ODPT behavior of NPs, which
will, in turn, enable us to develop better annealing processes to
increase the degree of ordering of NP electrocatalysts and, by
extension, enhance fuel cell performance. However, mechanistic
studies of such processes have been challenging due to the lack of
suitable in situ techniques capable of tracking the dynamic phase
transition and structural changes of metastable intermediates
under real-time annealing conditions. Previous studies have only
involved in situ heating, during XRD, to study the lattice strain of
Pt-Cu intermetallics (31), or have employed microscopic-level, in
situ heating transmission EM (TEM), to investigate morphological
changes of Pt (32) and Pt-based alloys (33-37). However, to the
best of our knowledge, none of them has attempted to quantita-
tively study the degree of ordering using XRD and correlate it
with the evolution of particle morphology and the formation of
ordered intermetallics, at the atomic scale, using EM.

In this study, we have investigated the ODPT of Pt;Co NPs
during a temperature annealing treatment, using both in situ
heating synchrotron-based XRD and in situ heating TEM. We
have studied, quantitatively, the effects of annealing and cooling
conditions (temperature and time) on the degree of ordering.
We further employed in situ heating TEM to directly visualize
the morphological and structural transition at the atomic-scale,
during the thermal annealing treatment. Finally, we have sys-
tematically correlated catalyst durability to the degree of or-
dering, where a higher degree of ordering led to enhanced
durability. This mechanistic study, involving both in situ heating
XRD and in situ heating TEM, provides a microscopically de-
tailed picture of postsynthesis processing.

Method

The Pt3Co/C catalysts were prepared by an impregnation method in which Pt
and Co metal precursors were reduced at 300 °C under forming gas to form
disordered alloy. Postannealing treatment was applied at a series of tem-
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peratures to transform Pt3Co/C into partially ordered intermetallics. Elec-
trochemical ORR measurements were carried out using a rotating disk
electrode (RDE) (Pine Instruments) in an oxygen-saturated 0.1 M HCIO4 so-
lution at a rotation rate of 1,600 rpom and a sweep rate of 5 mV/s. MEA tests
were performed at 94 °C (H/air) using the synthesized Pt3Co/C and Pt/C as
the cathode and anode, respectively, and perfluorosulfonic acid as the
membrane. The in situ XRD measurements were performed at the A1 station
of the Cornell High Energy Synchrotron Source (CHESS) using a customized
setup. The in situ heating TEM experiments were conducted in a FEl Tecnai
F20 electron microscope at 200 keV with Protochips Aduro heating holder
and E-AHA21 E-chip. Monte Carlo (MC) simulations were performed using N-
body potentials, provide an efficient means to quickly simulate the equi-
librium and kinetic properties of large atomic systems (~10,000 particles).
More experimental details can be found in S/ Appendix.

Results and Discussions

In Situ Heating Synchrotron-Based XRD. Pt;Co/C disordered alloys
were synthesized using an impregnation method (2) in which
precursors were reduced under forming gas at 300 °C and the as-
synthesized Pt;Co/C catalysts were subsequently annealed fur-
ther at high temperatures under forming gas. The XRD patterns
of the as-synthesized Pt;Co/C and Pt;Co/C annealed at 700 °C in
a conventional tube furnace were first measured in the in situ
heating XRD stage to verify the reliability of the set-up (Fig. 14).
After annealing, the sample exhibited multiple superlattice or-
dering peaks: (100) at 23°, (110) at 32.5°, (210) at 53.5° (211) at
59°, (300) at 74.3°, and (310) at 79°, which match well with the
XRD reference of ordered intermetallic Pt;Co [powder diffrac-
tion file (PDF) # 01-071-7410], confirming the formation of
ordered phase.(Fig. 1B) In this experiment, the orientation of
the crystallites should be random both at the NP level and within
the NP/C mixture. Beyond this assumption, the data themselves
provide assurance that the orientations of the crystallites are
sufficiently random. First, data were collected using a 2D de-
tector and integrated to generate the 1D data sets. The detector
image of the as-prepared Pt;Co intermetallic NPs collects a
portion of the ring, as shown in SI Appendix, Fig. S1. It can be
seen, particularly in the smallest ring, that there is no change in
intensity as a function of position along the ring, indicating a
random orientation of grains. After subtracting the background,
by selecting three points to form the baseline (Fig. 1C, Inset), the
XRD pattern was analyzed further to quantify the relative
content of the ordered phase. We employed the intermetallic
peak (110) at 32.5° for analysis. It is the second strongest in-
termetallic peak, yielding a sufficient signal-to-noise ratio for
further analysis. While the strongest intermetallic peak is
the (100), it is located within the diffuse scattering ring from the
carbon support, making it difficult to accurately extract the
integrated intensity of this peak, precluding an accurate in-
tensity analysis. Because there is some overlap between the (111)
and (200) peaks, due to the broadening of the peaks by the
relatively small domain/crystallite size, the ratio of the integrated
area under the (110) peak (red) to that of the sum of the areas
under the (111) and (200) peaks (blue), I110y/(I¢111) + I200), Was
used so as to yield a more accurate quantitative evaluation. The
theoretical value of I(110)/(I(111) + I(200y), based on the structure
factor, for Pt;Co is 0.078, as calculated using the XRD database
of ordered Pt;Co. This corresponds to a 100% of fully ordered
intermetallic Pt3Co particles (Fig. 1D). The relative fraction of
the ordered phase exhibits a linear relationship with I110)/(I111y +
I(200y)- This approach is valid since the intensity of the (111) and
(200) peaks, the fundamental reflections, are constant for both
ordered and disordered phases since the average electron density
for these planes is fixed, assuming a fixed composition. For ex-
ample, we found that Pt;Co/C annealed at 715 °C had a peak ratio
of 0.020, and therefore we calculated that the phase fraction of
NPs adopting the ordered phase was ~26%.

To better understand the changes in XRD patterns as a
function of the annealing temperature, the as-synthesized
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(A) Schematic illustration of the homemade device for the in situ synchrotron-based (XRD study). (B) XRD patterns of the as-synthesized Pt3Co/C alloy and

Pt3Co/C after further annealing at 700 °C in the in-situ heating cell. (C) Quantitative analysis of the peak integral of the (110) ordering peak and the (111) and
(200) major peaks. (C, Inset) lllustration of background subtraction. (D) Quantitative calculations of the relative content of ordered intermetallic based on the
assumption of a linear relationship between the ratio of the integrated areas of the ordered intermetallic peak at (110) to the sum of the (111) and (200) peaks.

Pt;Co/C alloy catalysts were annealed at different temperatures,
for 2 h each, in flowing forming gas (Fig. 24). After the 2-h an-
neal, the intensity of the (110) superstructure peak at ~33° was
compared with the fundamental (111) reflections. We found that
the ratio, L110)/(I111) + I200), increased with annealing tempera-
ture over the 600 °C to 750 °C range. The increased ordering is
likely due to the enhanced ability to overcome the nucleation and
diffusion barriers with increasing temperature. The maximum rel-
ative superstructure peak intensity at 750 °C was 0.023, corre-
sponding to an ordered intermetallic phase fraction of about 30%.
‘When annealed at 825 °C for 2 h, the relative fraction of the or-
dered phase went to zero, within the signal to noise level, consistent
with the presence of only the disordered phase which is stable when
T > T, (750 °C) in the bulk Pt-Co phase diagram. Similar changes
at different temperatures were also observed in the powder XRD
under the same conditions during the postsynthesis annealing
treatment in a traditional tube furnace (S Appendix, Fig. S2).
There are several factors that may influence the behavior of an
ensemble of particles during annealing. The first is the diffusion
rate, both intra- and interparticle, which increases with in-
creasing temperature. Overall, diffusion will drive the composi-

Xiong et al.

tion to be spatially uniform. After sufficient time, all particles
will be alike. Concomitantly, the average particle size will grow.
Further, higher diffusion rates will allow the NP’s to reach their
equilibrium state faster. During the cooling process, the driving
force for nucleation increases and the diffusion rate decreases as
the temperature falls below the phase transition temperature.
The next consideration is the stoichiometric ratio of the com-
ponents (Pt to M). The stoichiometric ratio may vary from
particle to particle due to the randomness of aggregation of Pt
and M to a growing particle. The average ratio, of course, will be
determined by the ratio of reagents used in a particular synthesis
procedure. Particle size and morphology may also play a factor in
the overall behavior. Finally, even at thermodynamic equilib-
rium, the degree of ordering will likely be less than 100% due to
strain and finite size effects. Since thermal equilibrium is reached
by diffusion, low temperature anneals may not result in nucle-
ation nor subsequent growth.

We observed a sharper (111) peak at the higher annealing
temperatures (Fig. 24). The average domain size of each en-
semble of particles was estimated by the Scherrer equation using
the full width at half-maximum of the (111) peak, which is fairly
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(A) In situ heating XRD patterns of Pt3Co/C annealed at various temperatures. The dashed line represents the as-synthesized Pt3Co/C alloy. (B) Cal-
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patterns of Pt3Co/C at 750 °C, the optimal temperature, as a function of annealing time. (D) Calculated relative content of ordered Pt3Co/C formed and

particle size.

consistent with the particle size determined from our TEM
analysis (vide infra). After a 2-h annealing process, the average
domain size of Pt3Co/C increased from 3.5 nm to 6 nm with
increasing annealing temperature from 600 °C to 750 °C, and it
became as large as 8 nm when the temperature was 825 °C. The
(111) diffraction peak also shifted gradually to higher angles,
indicating that the corresponding lattice d-spacing decreased
from 2.29 A, before annealing, and reached a value as low as
2.24 A after a 2 h anneal at 825 °C. The d-spacing approached
the theoretical value of ordered bulk Pt;Co, 2.21 A (SI Appendix,
Fig. S34). The relative content of the ordered phase and the
particle size, both increased with increasing temperatures when
the temperature was 600~750 °C (Fig. 2B). The above behavior
is similar to that of bulk AuCu; and PtCo NPs (38-42).

At 750 °C, which was the optimal annealing temperature for the
highest degree of ordering achieved in this experiment, the XRD
patterns were tracked dynamically as a function of annealing time
(Fig. 2C). The (110) ordering peak became more pronounced, and
the (111) peak became sharper and shifted to higher angles with
longer annealing times. The calculated phase content of ordered
Pt;Co/C and domain sizes exhibited a similar trend: they both
increased rapidly during the first half hour, and gradually
approached a relatively stable plateau (Fig. 2D). This suggested
that 2 h was sufficient time to achieve a steady state (or possibly
equilibrium) and optimal contents of the ordered phase at such
temperatures. After 2 h of annealing at 750 °C, Pt;Co/C had an
average domain size of 6 nm and a (110) ordered peak intensity of
30% relative to the maximum possible, if ordering was complete.
In addition, the d-spacing decreased during the first 30 min and
approached a plateau (SI Appendix, Fig. S3B), indicating that the
lattice contracted during annealing as the average order increased.

To investigate quantitatively the influence of Pt;Co particle
size (3~8 nm) on the onset of disorder, we used MC simulations
to calculate the degree of substitutional ordering at thermody-
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namic equilibrium at various temperatures from the average
atomic occupation of the lattice sites (38—42). The order—disor-
der transition (ODT) was characterized by both the long-range
order parameter (LROP) and the short-range order parameter
(SROP) and plotted as a function of temperature in Fig. 3 for
two NP sizes (2.9 and 5.2 nm) and the bulk system (see calcu-
lation details in SI Appendix). For each system, the temperature
at which the LROP and SROP curves exhibit inflection points is
roughly the same and marks the ODT temperature, Topr. At
Toprt, the system undergoes a transition from the L1, phase (Fig.
3B) to a disordered phase via an intermediate, transient D0y,
phase (Fig. 3C and Movie S1). The DO0,, phase also possesses
global long-range order with lower crystal symmetry, but is not
captured by the LROP used (Fig. 3 B and C). The Topr of the
NPs is significantly lower than that of the bulk system (750 °C),
and there is a clear trend of a decrease in Topr With a decrease
in NP size. This indicates that for a certain range of temperatures
(below the bulk Topt) one could observe (EEEEENRSINSINTRINND
, which is
consistent with our experimental observations in Fig. 2B.

To dynamically track the evolution of the superlattice ordering
peaks during the annealing process, the XRD patterns of Pt;Co/C
were obtained by increasing the temperature at a very slow rate
of 0.5 °C/min from 620 °C to 830 °C (Fig. 44). Because each
diffraction scan took less than 2 min, the temperature resolution
was within 1 °C. With higher annealing temperatures, the (110)
peak became more pronounced and attained a maximum at 720—
750 °C, while the absolute intensity of the (111) peak decreased,
due to additional disordering in the lattice above the transition
temperature as well as to Debye-Waller effects (43, 44). The rel-
ative magnitude of the peak intensity ratio of (110) to (111), with
the maximum ratio normalized to 100%, was employed as a
simple (and reliable) metric to represent the relative amount of
the ordered phase (Fig. 4B).

Xiong et al.
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(A) Simulation results for the SROP (red, dashed line) and LROP (blue, solid line) as a function of temperature for bulk (n = 864; no marker) and

spherical NPs with diameter (d) = 2.9 nm (n = 800; circles) and d = 5.2 nm (n = 4,800; squares), with snapshots shown at temperatures just before the ODT on
the left and just after the ODT on the right. The temperatures are rigidly shifted so as to match the simulation results to the experimental bulk ODT tem-
perature. As the size of the NP is reduced, the ODT temperature for the NPs also decreases. (B-D) Snapshots of the bulk trajectory taken at increasing
temperatures showing ordered intermetallic phase, L1, (B), D0,; state with global long-range order and lower crystal symmetry (C), and disordered solid
solution phase (D). The green and red atoms represent Pt and Co, respectively.

Because the annealing treatment of binary intermetallics
during synthesis must be accompanied by cooling of the catalysts
down to room temperature, the cooling procedure, after the in
situ annealing process, was also investigated. Pt;Co/C powders,
annealed at 715 °C for 2 h were used as a baseline to measure the
effect of different cooling rates (SI Appendix, Fig. S44). After
annealing at 715 °C for 2 h, and cooling to room temperature,
the (111) peak shifted to higher angle, indicating that the lattice
had contracted further. Cooling experiments were conducted at
two different cooling rates after 2 h of annealing (SI Appendir,
Fig. S4B). The first was a slow rate of 6 °C/min, and in the
second, the sample was cooled by turning off the electric heater
and allowing the gas in the device to cool naturally at a rate of
~30 °C/min. At the slower cooling rate, the relative contents of
the ordered Pt;Co/C phase increased, which was ascribed to the
extended period for the atomic rearrangement to the thermo-
dynamically favored state. The sample cooled at a higher rate
showed only a slight increase in ordered phase content.

In summary, the effects of the annealing and cooling processes
at different annealing temperatures and times on the ordered
intermetallic content, were investigated. We conclude that the

A (111) peak

Fig. 4.

optimal annealing conditions were to anneal Pt;Co/C at 750 °C
for 2 h and then to cool to room temperature at a slow rate (e.g.,
6 °C/min). Other cooling procedures may lead to an even larger
fraction of ordered particles. Such processing parameters are
used to manufacture heat-resistant CorningWare glass and in
toughening metals by age precipitation hardening, for example.

In Situ Heating Scanning TEM. In addition to enabling structured
ordering, the thermal annealing process can also alter the mor-
phology of the Pt;Co NPs. The most important morphological
change was coarsening of the Pt;Co particles, which increased
their size and decreased the catalysts’ active surface area. To
observe these morphological changes, we conducted in situ
annealing experiments in a scanning TEM (STEM).

A Pt3Co/C alloy specimen was annealed at 750 °C for 2 h in an
in situ STEM specimen holder in vacuum to approximate the
conditions of a typical annealing protocol. Images were acquired
alternately in three separate regions of the specimen to provide a
more robust and representative measurement of changes in the
specimen (Fig. 5 and Movies S2-S4). Fig. 5 A-C shows a broad
area of the sample before the annealing procedure and after
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(A) In situ heating XRD patterns of Pt3Co/C annealed from 620 °C to 830 °C at a slow temperature ramping rate of 0.5 °C/min. (B) Relative peak

integral ratio of the (110) to (111) peaks (with the maximum ratio normalized to 100%) at a series of temperatures.
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Fig. 5. Insitu heating STEM enabling tracking of the morphological changes of Pt3Co/C annealed at 750 °C. (A-C) Pt3Co/C before annealing (A), annealed for

22 min (B), and annealed for 2 h (C), respectively. (D-/) A specific region was magnified to illustrate particle migration and coalescence during a continuous
2-h annealing process. (J) Measured distribution of particle sizes of thousands of particles from Fig. 4A at different annealing times at 750 °C. Cross marks on
the x axis represent the corresponding average particle sizes. (K) Volume-weighted, particle size distribution, which reflects the relative contribution of larger
particles more clearly, as shown by the more pronounced tails for particle sizes above 8 nm. Cross marks on the x axis represent the corresponding volume-
weighted, average particle sizes. (L) SSA (mZ/gpt) estimated from STEM images of three different regions at different annealing times. (L, Inset) ECSA for Pt;Co/
C before and after annealing at 750 °C for 2 h, measured from the coulometric charge associate with hydrogen adsorption (H,qs) regions in the cyclic vol-
tammograms. Details of statistical analysis of particle sizes and SSA calculations can be found in the experimental section. (Scale bars: A-C, 50 nm; D-/, 5 nm.)

Dynamic changes can be found in Movie S2.

22 min and 2 h of heating at 750 °C, respectively. An overall
coarsening of the particles was evident throughout the region,
especially during the first 22 min. Fig. 5 D-I shows a smaller
subregion, in detail, to highlight the observed particlecoalescence,
which appeared to be the primary coarsening mechanism. Signif-
icant particle mobility on the carbon support was also observed,
with some particles moving more than 10 nm and growing sig-
nificantly in size from collisions and coalescence with other par-
ticles. Note that several ~2-nm particles remained fixed near their
initial positions throughout the experiment with no noticeable
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change in size. This observation argues against Ostwald ripening
as being a significant contributor to the particle coarsening. Dy-
namic movements of particles can be seen in the Movie S2.
Additional insights can be gained by calculating the statistical
distribution of particle sizes and considering their change during
the experiment (Fig. 5J). The particle size distribution approxi-
mately followed a lognormal form, with smaller 2- to 3-nm
particles being the most common with a substantial tail of
larger particles. After annealing, the count of smaller particles
decreased, while the distribution tail of larger particles grew
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more pronounced. This change in the shape of the distribution is
also consistent with coarsening by particle coalescence, when a
subset of smaller particles merge to form larger particles (45, 46).
By contrast, an Ostwald ripening mechanism would have resulted
in a more uniform shift in the distribution. The most significant
change in the distribution occurred before the end of the 19-to-
24-min frame, although more subtle changes in the distribution
occurred during the remainder of the annealing process. The
growth in the number of large particles is more readily observed
in the volume-weighted size distribution (Fig. 5K), which shows
that larger particles, formed by coalescence, accounted for a
significant fraction of the Pt3;Co volume, even though large
particles were relatively few in number.

The consequences of coarsening that occurred during the
annealing process, on the electrochemical surface area (ECSA)
of the Pt;Co particles were examined by estimating the specific
surface area (SSA) of the particles from the images in each re-
gion of the specimen (Fig. 5L). The overall estimated SSA loss
was ~20-30% and it varied among the three different locations
in the specimen. This was similar in magnitude to the 33% loss in
ECSA that we calculated from the cyclic voltammograms of
Pt;Co/C annealed for 2 h at 750 °C in forming gas as discussed
below (Fig. 5L, Inset). In each specimen region, the SSA tended to
decrease in approximately an exponential manner, and decayed
toward a lower (but nonzero) value with a time constant that varied
from 7 to 25 min among the three different regions. This confirmed
previous observations that the most significant changes in the dis-
tribution of particle sizes occurred very early in the annealing pro-
cess. The variation between the total SSA loss and the decay rate
likely reflect differences in the strength of the bonding between
Pt;Co particles and the carbon support, suggesting that the structure
of the carbon support can be quite heterogeneous.

Atomic-Scale ex Situ High-Angle Annular Dark-Field STEM Imaging.
To directly observe the crystal structure of ordered intermetallics
at the atomic scale, we employed aberration-corrected STEM to
study the Pt3;Co/C after the annealing and cooling processes. We
used the high-angle annular dark-field (HAADF) STEM imag-
ing mode, which provides intensities that scale with the
atomic number (I « Z'7) so that Pt atoms appear much brighter
than Co atoms. L1, intermetallic ordering in Pt3Co NPs can be
recognized by the presence of unique, superlattice-ordered unit
cells. The atomic-scale STEM image of a Pt;Co particle along
the [100] zone axis exhibits a periodic square array of dimmer Co

atom columns at the center, surrounded by brighter Pt columns at
the corners (Fig. 64). The square symmetry is consistent with the
projected crystal model along the same [100] zone axis in ordered
Pt;Co intermetallics, where four pure Pt atom columns (red), at
the corners, surround the pure Co atom columns (green) at the
center (Fig. 6C). However, another single-crystal Pt;Co NP (Fig.
6B), which was viewed along the [100] zone axis, exhibited only a
partially ordered intermetallic phase, as only parts of the NP
showed a similar variation in the intensity as the crystal model
suggested (Fig. 6C). Other parts of the NP showed atoms at the
center that were as bright as atoms at the corners, indicating that
only a short-range, atom ordering existed in such Pt;Co NPs. Fig.
5 A and B indicate that both fully and partially ordered interme-
tallics exist in the Pt3Co NPs after the annealing process.

Correlation of the Degree of Ordering to the Catalyst’s Durability.
The above mechanistic studies involving both in situ heating
XRD and in situ heating TEM yield a fuller picture of the ODPT
and provide further practical guidance for the design of ORR
catalysts with enhanced durability. The electrochemical proper-
ties of the electrocatalysts annealed at different temperatures in
a tube furnace were studied systematically to correlate the de-
gree of ordering to the catalyst’s durability (Fig. 7). The powder
XRD patterns of annealed Pt;Co/C (SI Appendix, Fig. S2)
exhibited a similar trend as the in situ heating XRD patterns in
Fig. 2. The mass-specific activity (MA), the surface area-specific
activity (SA), and the ECSA of the Pt;Co/C alloy electrocatalysts
that were annealed at different temperatures were measured and
calculated initially and after stability cycling, which involved
potential cycling at 50 mV/s in 0.1 M HCIO, over the potential
range of 0.6-1.0 V vs. the reversible hydrogen electrode (RHE).
(SI Appendix, Figs. S5-S6) Fig. 64 presents the ECSA, MA, and
SA of Pt;Co/C annealed at various temperatures. The ECSA
exhibited a minimal decrease from 650 to 750 °C while both of
MA and SA improved with the degree of ordering and reached a
maximum at 750 °C. After stability tests, similar trends in MA and
SA were evident However, in all cases, the activity decreased
dramatically when the annealing temperature exceeded 750 °C, as
would be anticipated. Furthermore, their relative retentions were
calculated from the ratio between the initial activity/surface areas
to that after the durability tests (Fig. 74 and SI Appendix, Table
S2). With increasing annealing temperature, the retention of the
SA and MA improved continuously until reaching the highest
values of 94% and 95%, respectively, at 750 °C. However, they

Fig. 6. Atomic-scale ex situ HAADF-STEM images of Pt3Co/C after annealing. (A) An ordered intermetallic Pt;Co particle on the [100] zone axis. Brighter
atoms at corners of squares are Pt, and dimmer atoms at the center are Co. (B) A partially ordered intermetallic particle on the [100] zone axis. Both brighter
and dimmer atoms exist at the center of the squares. (C) Corresponding projected crystal model along [100]. Red and green atoms are Pt and Co, respectively.
Crystal models were built based on the ordered intermetallic PtsCo (PDF #01-071-7410).
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Fig. 7. (A) Calculated ECSA, MA, SA at 0.9 V vs. RHE of Pt3Co/C before and after stability tests, after a series of annealing temperatures for 2 h. (B) Normalized
retention of MA, SA, and ECSA on the left axis and half-wave potential shift on the right axis of Pt3Co/C after annealing at different temperatures. Nor-
malized retention was calculated based on the ratio of the initial activity/surface areas to that after durability tests (2,000 cycles in cyclic voltammetry at
100 mV/sec in 0.1 M HCIO,4 over the potential at the range from 0.6 to 1.0 V vs. RHE). The best durability was achieved at around 750 °C, corresponding to the
optimal degree of ordering.

dramatically decreased when the annealing temperature was The shift in the half-wave potential (E;,,), which is considered
increased to 825 °C. The trends in retention of SA and MA  as an indicator of the intrinsic electrocatalytic activity in a more
were quite consistent with the degree of ordering of the inter-  straightforward way, was also evaluated for its stability. The E; ),
metallics, which indicated that the more ordered atomic exhibited a trend similar to the SA and MA, with the least
structure improved the durability of the Pt;Co/C NPs. ECSA  negative shift (<5 mV) observed at the optimal annealing tem-
retention reached a maximum plateau at 725-750 °C with  perature of 750 °C. The improvement in the stability of the Pt;Co
nearly no decay, with respect to its initial value, suggesting that ~ with the highest ordered degree comes from the stable in-
a higher degree of ordering suppressed the loss of Pt surface termetallic Pt, Co arrangement in the core and the Pt rich shell. In
area. It should be noted that the as-synthesized Pt;Co/C (re- the stability test of Pt;Co alloy or intermetallics, the degradation
duced at 300 °C) had a slightly higher ECSA than Pt;Co/C that  of the electrocatalyst comes mainly from the loss of Co and the
was annealed at 600 °C, likely because the as-synthesized leached Co ions in the electrolyte, in turn contaminating the Pt
Pt3Co/C contained particles that were smaller than those surface. The intermetallic NP with the highest ordered degree had
annealed at 600 °C. This may have counteracted, or even sur- the most uniform and regular atomic structure, so the Co was
passed, the benefit of the higher degree of ordering at 600 °C. mostly bonded and surrounded by Pt. Also, the stable and ordered
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Fig. 8. Fuel cell performance comparison of disordered and annealed Pt3Co/C before and after stability testing. BOL and EOL represent beginning-of-life
(initial performance) and end-of-life (after 30,000 cycles), respectively. (A) MEA performance at Pt loadings of 0.025 and 0.10 mgpt/cm2 on anode and cathode,
respectively. Cell operation conditions are in the order of anode/cathode: H/air, 94 °C, 65/65%RH, 250/250 kPa,ps outiet, Stoichiometries of 1.5/2. (B) MA
measured at 0.9 V vs. RHE (Upper), ECSA of Pt measured by CO stripping in MEA (Middle), and voltage measured at a high current density of 2 A/cm? (Lower).
(C) Power density at 0.67 V under the same condition as A.
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structure maintained the robust atomic structure, retaining the
highest ECSA after the cycling process. As a result, it yielded a
large improvement in the E,, during the stability test. This en-
hancement is not only observed from the RDE experiments but
also demonstrated in the membrane-electrode assembly (MEA)
results (see below). This study represents a successful attempt to
systematically correlate the degree of ordering of binary alloy
catalysts to the durability of electrocatalysts toward the ORR in
fuel cells, which will provide valuable insights and strategies in the
future design of novel, ordered intermetallic electrocatalysts.

Real-World Stability Evaluation. For practical applications in proton-
exchange membrane fuel cells (PEMFCs), it is important to con-
firm that the findings in the laboratory can be translated to real-
world (practical) improvement. The annealed, ordered, Pt;Co/C
electrocatalysts prepared in this work were evaluated in a fuel cell
MEA and compared with one of the most active and durable state-
of-the-art PtCo/C catalysts (Fig. 8) (7, 47). The disordered Pt;Co/C
used for comparison was made by chemically dealloying a PtCo/C
precursor. The disordered Pt;Co/C had already exhibited excellent
activity and stability in MEA results and had surpassed the US
Department of Energy (DOE) targets (initial ORR mass
activity >0.44 A/mgp, and <40% loss after stability test) (Fig. 8B).
In this study, the disordered Pt;Co was further processed through
the aforementioned optimal annealing conditions to achieve a
maximum degree of ordering. The annealed Pt;Co/C showed
comparable initial ORR activity and Pt ECSA to the disordered
catalyst; however, it had about a 40% lower loss after the stability
test (Fig. 8B, Middle). This is an impressive achievement over an
already-very-stable, high performing electrocatalyst. These results
support the findings of the above-described in situ experiments on
Pt;Co, that ordered intermetallic phases represent a promising
path to develop stable, high-performance fuel cell electrocatalysts.
The initial high-current-density (HCD) performance (Fig. 8B,
Lower and Fig. 8C) of the ordered catalyst, although quite re-
spectable by industry standards, is still slightly lower than our well-
optimized baseline disordered Pt;Co/C catalyst. The development
of MEA electrodes for HCD for new catalysts generally takes
several months and large amount of materials to optimize the
ionomer, catalyst, and pore distribution within the electrode.
Taking the mass activity and ECSA of the ordered catalyst into
account, we predict that once optimized, the initial performance of
the ordered phase Pt;Co electrocatalyst will surpass that of the
disordered Pt;Co/C catalyst (48).

The greatest value of the stability improvement of this catalyst
is especially evident at HCD, as the durability under HCD per-
formance is the leading factor determining the cost of a fuel cell
stack (48). The annealed Pt3Co/C catalyst showed significantly
smaller losses compared with the disordered catalyst after
30,000 cycles; only 20 mV vs. 66 mV (Fig. 8B, Lower). This is due
to the better retention of ORR activity and ECSA of the ordered
catalysts as discussed above. To practically meet the US De-
partment of Energy (DOE) heat rejection target (Q/AT
of <1.45), the voltage must be higher than the 0.67 V under the
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3. Stamenkovic VR, et al. (2007) Trends in electrocatalysis on extended and nanoscale Pt-
bimetallic alloy surfaces. Nat Mater 6:241-247.
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. Shao M, Chang Q, Dodelet JP, Chenitz R (2016) Recent advances in electrocatalysts for
oxygen reduction reaction. Chem Rev 116:3594-3657.
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operating conditions used in this work (94 °C) (47). As shown in
Fig. 8C, the annealed Pt;Co/C exhibited only a 5% loss in power
density at 0.67 V after 30,000 cycles, relative to a 14% loss for the
disordered Pt;Co/C electrocatalyst. To the best of our knowledge,
these results represent a cathode catalyst in PEMFCs with the
highest performance and stability published to date. While we
employed an accelerated stability test and yet require performing a
long-term durability validation in this study, the advancement pro-
jects progress toward meeting the US DOE durability target of less
than 10% performance loss after 8,000 h of automotive drive cycle.

Conclusions

In summary, this work represents that both in situ heating
synchrotron-based XRD for large ensembles of NPs and in situ
heating TEM at the microscopic level have been used to quan-
titatively study the dynamics of the ODPT and morphological
and structural changes of binary intermetallics during a thermal
annealing treatment. We have studied the impact of the
annealing temperature and cooling conditions (temperature and
time) comprehensively, on the degree of ordering, particle size,
and lattice strain of Pt;Co intermetallics. Through MC simula-
tions, we have also found that Pt;Co NPs have a lower ODPT
temperature than their bulk counterpart (by up to ~100 °C for 3—
5 nm NPs). At the optimal annealing temperature (750 °C), the
total content of ordered intermetallic phase peaks at about 30%,
reflecting the presence of both fully and partially ordered NPs
and a correlation between intermetallic order and particle size.
To directly visualize the morphological and structural transitions
during the annealing treatment, we further employed in situ
heating STEM to study the mechanism of NP migration and
growth, and we quantitatively investigated the evolution of par-
ticle size distribution and the SSA during the annealing process.
We achieved a direct visualization of both fully ordered and
partially ordered individual Pt;Co NPs at the atomic scale. Fi-
nally, we have built a structure—activity correlation in which the
Pt;Co/C catalysts, with a higher degree of ordering, exhibited
significantly enhanced durability. We further demonstrated that
the annealed Pt;Co/C with optimal degree of ordering exhibited
remarkable long-term durability in practical MEA measure-
ments in PEMFCs. This systematic and in-depth study, which
involved both in situ heating XRD and in situ heating TEM, will
have a broad impact on the further development of ordered
intermetallic electrocatalysts for fuel cell applications.
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