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ABSTRACT

The development of a suitable catalyst for the oxygen reduction reaction (ORR) — the cathode
reaction of proton exchange membrane fuel cells (PEMFC) — is necessary to push this technology
towards widespread adoption. There have been substantial efforts to utilize bimetallic Pt-M alloys
that adopt the ordered face-centered tetragonal (L1,) phase in order to reduce the usage of precious
metal, enhance the ORR performance, and improve catalyst stability. In this work, monodisperse
Pt-Co nanocrystals (NCs) with well-defined size (4-5 nm) and cobalt composition (25-75 at%)
were synthesized via colloidal synthesis. The transformation from the chemically disordered A1l
(face-centered cubic, fcc) to the L1y phase was achieved via thermal annealing using both a
conventional oven and a rapid thermal annealing process. The structure of the Pt-Co catalysts was
characterized by a variety of techniques, including transmission electron microscopy (TEM),
energy dispersive X-ray spectroscopy in high-angle annular dark-field scanning transmission
electron microscopy (STEM-EDS), small-angle X-ray scattering (SAXS), X-ray diffraction
(XRD), and inductively coupled plasma-optical emission spectrometry (ICP-OES). The effects of
annealing temperature on the composition-dependent degree of ordering, and subsequent effect on
ORR activity is described. This work provides insights regarding the optimal spatial distribution

of elements at the atomic level to achieve enhanced ORR activity and stability.
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Introduction

Atomic-level understanding of catalytic performance has long been sought and may now be
accessible through the use of combined techniques for characterizing the chemical, structural, and
electronic properties via advanced microscopy and spectroscopy.'”” However, heterogeneity in
particle size, morphology, and composition often complicates efforts to identify the precise nature
of the catalytically active sites.310 It is imperative to develop improved methods, both
experimentally and theoretically, to accurately determine the factors that govern catalytic
performance. Experimentally, it is essential to prepare as well-controlled materials as possible to
help eliminate the contribution of structural heterogeneity in the interpretation of phenomena, and
to help bridge the gap between single crystal, surface science studies, and the exploration of
practical catalysts. The nanocrystals (NCs) produced via colloidal synthesis with controlled size,
shape, and composition has achieved superior catalytic performance and stability in thermal
catalysis,!!"13 electrocatalysis,'#*!7 and photocatalysis.!®!° This, in turn, could enable a much
deeper understanding of the catalytically related interface structures and the evolution of NC
structure that results in superior catalytic performance.

One of the reactions that would benefit from atomic-scale understanding is the oxygen reduction
reaction (ORR), which is the cathode reaction occurring in proton exchange membrane fuel cells
(PEMFCs). PEMFCs are a critical technology to enhance the clean, sustainable production and
usage of energy by converting hydrogen into electrical energy in automotive and portable
applications. But practical realization of this technology is impeded by the high cost and low
durability of the cathode catalysts that perform ORR.2%2> To date, extensive efforts have been
devoted to introducing first-row transition metals (M) in Pt-M bimetallic nanoparticles as ORR

catalysts to reduce the Pt loading and to modulate geometric, structural, and electronic effects in
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order to improve ORR reaction rates.?~2¢ Other strategies include the formation of a monolayer Pt
shell on the Pt-M alloy surface!®2"-2 and the shape-controlled design of Pt-M alloys.!®3%32 These
approaches have demonstrated significantly improved ORR activities. However, most Pt-M
bimetallics reported to date are in the chemically disordered A1 phase (face-centered cubic, fcc)
and are subject to instability due to uncontrolled leaching of the M component.?02433 To further
improve catalyst stability, Pt-M (M=Fe, Co) alloys with a chemically ordered intermetallic
structure, especially the L1,-PtM phase (face-centered tetragonal, fct), have been considered to be
one of the most promising materials.3437 The L1, phase — in which Pt and M atoms alternate in
layers along the c¢ direction of the tetragonal cell — is well-studied for its hard-magnet
properties®3° and has also shown good stability in ORR reaction environments, especially in
membrane electrode assembly (MEA) test conditions operated at 80 °C.3637

Among the bimetallic catalysts reported so far, Pt-Co systems have received considerable attention
because of their relatively high ORR activities. They are currently one of the improved cathode
catalysts that may replace pure Pt in commercial fuel cell vehicles.?* In the exploration of the
ordered intermetallic structure, most of the reports investigate NCs with the Pt;Co composition,
with the most active structure being a constrained Pt shell (2-3 atomic layers) with a Pt;Co L1,
ordered nanoparticle core.?840 There are only limited reports regarding the performance of
structurally ordered L1, intermetallic Pt-Co nanocatalysts for ORR reactions, and how Co
composition contributes to the structural transformation process.?64! Although correlations
between Pt-Co alloy structure and ORR activity have been reported previously,**#* due to the
heterogeneity in alloy compositions and the presence of multiple phases in as-synthesized samples,
a systematic correlation of structure-activity properties with a broad range of chemical

compositions has not been reported to date.
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Herein, we present the synthesis and characterization of a series of monodisperse Pt-Co bimetallic
NCs with a series of compositions (Pt;Co, PtCo, PtCo,, and PtCos;) that covers a large range of the
Pt-Co compositions in the binary phase diagram. These NCs are supported on carbon, and have
their ligands removed before being subjected to thermal treatment for structural conversion. The
resulting Pt-Co samples are studied by a variety of techniques to identify changes in NC overall
size and the structural ordering introduced by the conversion from the Al to the L1, phase. The
control over particle compositions achieved at the atomic scale allows us to establish a correlation
between Co composition and the prominence of L1, phase. The degree of ordering is found to be
closely related to the composition and further correlated with the ORR performance and catalyst
stability. This study delineates how changes in crystal structure affect ORR performance via
detailed quantitative analysis, which is the key to the design of bimetallic catalysts and the
optimization of their catalytic performance.

Results and Discussion

Pt-Co NCs synthesis and characterization.

Monodisperse Pt-Co alloyed NCs with various compositions were synthesized by modifying a
previously reported method!3# via simultaneous reduction of platinum acetylacetonate (Pt(acac),)
and thermal decomposition of dicobalt octacarbonyl (Co,(CO)g) in the presence of oleylamine
(OLAM) and octadecene (Figure 1a-d). By changing the molar ratio of the Co and Pt precursors
(Co,y(CO)g, Pt(acac),) and the reaction time, the composition of Pt-Co NCs was readily tuned to
be Pt;Co, PtCo, PtCo, and PtCos (Supporting Information). All the elemental compositions
referred in this report are determined by inductively coupled plasma-optical emission spectrometry

(ICP-OES) measurements.
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The as-prepared NCs are homogeneous in size, shape, and composition. The uniformity in size
was confirmed by small-angle X-ray scattering (SAXS) data fitted to the Rayleigh function (Figure
le) using Datasqueeze software.*¢ The average particle sizes (diameter) and their distributions are
summarized in Table S1. The NCs exhibit monodispersity with sizes ranging from 4.6 to 5.8 nm
and standard deviations less than 20%. The transmission electron microscopy (TEM) images of
Pt-Co alloys in Figure 1a-d indicate that the particles are uniform and spherical in shape, in good
agreement with previous studies.!®> The X-ray diffraction (XRD) patterns of Pt-Co NCs with
different compositions shown in Figure 1f indicate the presence of the chemically disordered Al
phase, with two diffraction peaks at 40.0° and 46.9° corresponding to the (111) and (200) planes
respectively.!3 The shifts of the reflections to higher angles in 20 with increasing Co concentration,
relative to monometallic Pt, indicates the incorporation of Co into the Pt fcc structure to form an
alloy phase with a lattice contraction consistent with Vegard’s law (Figure S1). X-ray scattering
simulations were utilized to calculate the scattering patterns and extract the crystalline Pt-Co
structures. The XRD data in Figure 1f were fitted with the atomistic simulation of X-ray scattering
based on the Debye equation.*” The Co atomic % (at %) that contributes to the fcc crystallographic

registry directly correlated with the Co at % obtained from ICP-OES results.
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Figure 1. TEM images of as-synthesized (a) Pt;Co, (b) PtCo, (c) PtCo, and (d) PtCo; NCs, the
corresponding (e¢) SAXS and (f) XRD patterns. The black circles in (e) and (f) represent the
observed data. The solid lines in (e) and (f) represent the simulated fits for the size and crystal

structure, respectively. Scale bars in (a)-(d) are 20 nm.

The as-synthesized NCs were dispersed onto carbon support to prepare 20 wt% of metals on carbon
(Pt-Co/C). The three-dimensional (3D) spatial distribution of NCs on carbon was visualized by
electron tomography. A bright-field image of Pt;Co/C is shown in Figure 2a and the corresponding
3D reconstructed tomogram is shown in Figure 2b (see a 3D rotation of the tomogram in
Supporting Information Movie 1). The high Z-coefficient of Pt and Co versus C allows for
contrast-based 3D elemental mapping of these structures. These data highlight that the NCs are
well-dispersed onto the carbon support after deposition, which would minimize the aggregation
caused by thermal treatment carried out later in the process. To remove the surface organic ligands
surrounding NCs, a two-step ligand removal process, which involves first exposing to oxygen
plasma followed by thermal annealing at 500 °C, was carried out (Supporting Information), which

has shown efficient ligand removal with no effect on the size, morphology and crystal structure of
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NCs.®® To show the control over particle composition at the atomic scale, the composition of
Pt;Co/C was probed with energy dispersive X-ray spectroscopy (EDS) in high-angle annular dark-
field scanning transmission electron microscopy (STEM-HAADF) and compared with results
obtained from ICP-OES (Figure 2c-h). ICP-OES determines the bulk at % of Pt and Co but does
not provide sufficient information on the composition distribution within a single particle. To
probe the uniformity of Pt and Co at the single-particle level, STEM-EDS elemental mapping
allows statistical analysis of composition distributions of individual particles. From the presented
STEM-EDS maps (Figure 2c-f), the atomic percentage (at %) of Pt and Co in 15 individual
particles was analyzed with the Pt at % ranging from 71 to 90 at % (Figure 2g). The average Pt:Co
ratios over 15 particles was in good agreement with the ensemble average obtained from ICP-OES
(Figure 2h), and the results presented here are representative over the entire sample. This synthetic
method allows good control over particle composition with homogeneity achieved at the atomic
scale. This degree of control allows the direct correlation of the bimetallic NC compositions to

structure ordering and electrochemical activity.
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Figure 2. (a) Bright-field TEM image of Pt;Co/C and (b) the corresponding single image taken
46 from the 3D tomographic reconstruction (also see Supporting Information Movie 1). (c) STEM-
48 HAADF and EDS elemental mapping from a different sample area of (d) Pt, (¢) Co and (f) overlay
of Pt;Co/C NCs. (g) Composition of individual particles analyzed from (f). (h) Comparison of Pt

53 and Co at % measured by different methods. Scale bars in (c)-(f) are 10 nm. Numbering in (f)

55 corresponds to the particle numbers in (g).
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Structural analysis of thermally-treated Pt-Co/C.

A thermal annealing process is required to convert the disordered Al phase into the chemically
ordered L1, phase. The Pt-Co/C was converted by heating under a flow of 5% H, (balanced by
Ar) in a tube furnace. To identify the lowest temperature for the phase transformation to occur,
PtCo,/C was heated at different temperatures and times. Figure S2 shows the series of diffraction
patterns resulting from these treatments. In comparison with the as-synthesized PtCo,/C, thermal
annealing at 550 °C for 2 h did seem to result in an early stage of ordering in the crystal structure,
as indicated by the shifts of the reflections to higher angles in 20, however, no extra diffraction
peak was observed until the annealing temperature exceeded 650 °C. At this point, the extra peak
at 33.3° can be indexed as the 110 reflections of the L1, phase [PDF no. 97-010-2622]. The 110
reflections of the L1, phase at 24° partially overlap with the graphite 002 peak from the Vulcan
carbon supports at ~25°.4 For temperatures higher than 650 °C, the atomic diffusion inside the
NCs is fast enough to drive the transformation to the L1, phase; however, extended thermal
treatment would introduce phase segregation of pure Pt [PDF no. 04-0802] from the L1, phase in
the sample. This is evident from the splitting of peaks that correspond to the (111) and (200) planes

in the XRD pattern of PtCo,/C treated at 800 °C for 8 h.#°
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Figure 3. (a) The XRD patterns of carbon-supported Pt;Co (red), PtCo (green), PtCo, (blue) and

PtCo; (magenta) after 650 °C / 4 h of thermal treatment. The black line represents the X-ray
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scattering simulation results of L1o-PtsoCoso. (b) Dependence of the degree of ordering (S?) and
for different Co compositions. The degree of ordering is calculated from the XRD patterns in (a).

Peaks labeled with an asterisk in (a) correspond to the L1, phase.

Thus, thermal annealing at 650 °C for 4 h under 5% H, (balanced by Ar) was chosen as the
condition to convert samples with different Co compositions to the L1, phase. The advantage of
starting with smaller size particles was clear as the inevitable particle size increase during high-
temperature treatment yielded the final sizes within 6-10 nm range that is well regarded as a critical
size range for Pt-M bimetallic systems for improved ORR performance and avoiding nanoporosity.
The TEM images provided in Figure S3 indicate such change in particle size where the average
sizes changed from 4.6-5.8 nm to 6.0-9.7 nm and standard deviation changed from less than 20%
to 34%. The sizes calculated from SAXS data fitted to the Rayleigh function (Figure S4) were in
good agreement with the crystal domain sizes estimated using the line broadening of the XRD
patterns with the Debye—Scherrer equation (Table S2).50-31

The presence of the 110 superstructure peak in the XRD patterns of thermally-treated Pt-Co/C
(Figure 3a and S5) indicates all four compositions are converted into the L1, phase. X-ray
simulations were performed to provide the XRD pattern of a perfectly ordered L1, phase.*” The
simulation generated from the Debye equation was based on the construction of an atomistic model
of a 5 nm L1y-Pt;oCoso (50 at wt% Pt) nanoparticle with Space Group P4/mmm and lattice
parameters a/c = 2.682/3.675 (A/ A).** Quantitative analysis of the phase transformation from the
Al to the L1, phase is presented as a “degree of ordering”, with an order parameter S? introduced

as described below.”> From the XRD patterns, we determined the integrated intensity ratios,
Ii10/1 111, and extracted the degree of long-range chemical ordering, S?, defined in Equation (1) as

the probability of correct site occupation in the L1, lattice:
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{Illo/llll}measured

§?=
{1110/1111}5= .

(1

where {1110/1111}mea5ured and {1110/1111}5= , are the integrated intensity ratio of 001/111 peaks

for the measured sample and the simulated perfect L1, phase, respectively.’>>3 The relationship
between S? and Co composition is shown in Figure 3b. Figure 3b suggests that the increase in Co
concentration can promote the process of chemical ordering. This is especially true for the samples
with a 1:1 Pt:Co ratio, where the phase diagram for the Pt-Co binary system indicates that the L1,
phase is the equilibrium phase.>* It was found that over 50% conversion of Al to L1, phase was
achieved. Similar composition-dependency of S? was also observed when an alternative thermal
treatment was applied to the Pt-Co/C. A rapid thermal annealing (RTA) process with a heating rate
of up to 200 °C/s has been used to introduce chemical ordering in PtFe nanoparticles with a lower
annealing temperature and shorter time.>> During the course of this research, the phase
transformation of Pt-Co/C samples were investigated with both an RTA process (Figure S6) and
the use of a tube furnace (Figure 3). While both of these methods achieved reasonable S?, those

treated in the tube furnace had the highest degree of ordering (Figure 3b).
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Figure 4. (a) Hysteresis curves at 300 K of carbon-supported Pt;Co (red), PtCo (green), PtCo,
(blue) and PtCo; (magenta) after 650 °C / 4 h of thermal treatment and the corresponding (b)

degree of ordering (S?) and coercivity (H,).

Thermally-treated PtCos;/C showed the highest degree of ordering, assuming the structure is
converted to the L1, phase. However, based on the phase diagram of Pt-Co binary system,>* with
Co concentration higher than 60%, there is the possible existence of a third phase: the hexagonal
close-packed (hcp) phase. To determine if that the calculated S? of PtCos is a result of contributions
from both the L1, and hcp phase, direct current (DC) magnetic characterization with SQUID
magnetometry was applied to probe the existence of the hcp phase. The transition of magnetic
behavior from superparamagnetic to ferromagnetic is a typical indicator for the presence of the
L1, phase, because the L1, phase is strongly ferromagnetic at room temperature, while the Al
phase is superparamagnetic with no coercivity (H,).3%3® From the hysteresis curves measured at
300 K of the as-prepared PtCo/C and PtCos/C samples (Figure S7), the H, are 0.03 and 0.05 kOe,
respectively. The existence of close-to-zero values in H. is the typical feature of
superparamagnetism.3® The hysteresis loops at 300 K shown in Figure 4a for thermally-treated Pt-
Co/C samples exhibit two-phase behaviors, indicating the presence of mixed soft and hard magnet
behaviors. The presence of the L1, phase would be reflected in the increase in H,, because the
tetragonal symmetry exhibits high magnetocrystalline anisotropy (K,) with the short ¢ axis being
the easy axis of magnetization.3¢3% The H, of thermally-treated PtCo/C and PtCos/C are 4.25 and
1.45 kOe, respectively, which is in good agreement with the XRD results of the existence of L1

phase (Figure 4b). We calculate the K, values of thermally-treated Pt-Co/C samples based on H. =

2Ku/ M, using H, and M extracted from the hysteresis curves measured at 15 K.°¢ The result

(Figure S8) correlates well with the degree of ordering shown in Figure 4b. Furthermore, the
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higher H, of thermally-treated PtCo/C compared to PtCos/C indicates the presence of a relatively
lower L1, phase in PtCo;/C. Although the hcp phase also has a ferromagnetic behavior, a 2 times
smaller K, of 2.0x107 erg/cm? in hep PtCos, compared to 4.9x107 erg/cm? in L1, phase PtCo has
been reported for bulk materials.’” Based on the XRD and DC magnetic characterization data, the
L1, phase formation can be strongly influenced by varying the concentration of Co in the system
with PtCo/C showing the highest degree of ordering of the L1, phase.

Electrochemical study of thermally-treated Pt-Co/C.

To understand the relation between the degree of ordering and the ORR performance, the ORR
activity of the thermally-treated Pt-Co/C catalysts was determined. The catalysts were dispersed
in a mixture of isopropanol, water, and Nafion® using sonication. The catalyst ink was transferred
onto a 6 mm glassy carbon surface of a rotating disk electrode (RDE), forming an electrode
decorated by a thin film of catalysts. Commercial Pt/C (comm-Pt/C, Fuel Cell Store, 2.0-3.0 nm
Pt with 20% mass loading on Vulcan XC-72 carbon support) catalyst ink was prepared using the
same procedure to provide a benchmark catalyst. The cyclic voltammograms (CV) in Figure S9 of
four thermally-treated Pt-Co/C catalysts all showed the typical hydrogen underpotential
formation/stripping peaks as expected for comm-Pt/C.°® The electrodes were pre-treated by
cycling the potential for 100 cycles to remove surface contamination before further testing. The
electrochemically active surface areas (ECSAs) were estimated by the integrated areas between
0.05 and 0.4 V vs RHE (Table S3).°® The compositions with the larger average particle sizes
(PtCo/C, PtCo3/C) showed higher ECSAs compared to the compositions with the smaller average
particle sizes (Pt;Co/C, PtCo,/C). This is likely due to a combination of multiple factors, including

the degree of ordering,*! Pt segregation at the near surface region under thermal treatment,?® and
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the formation of thin Pt skin as a result of electrochemical dealloying,”® and cannot be explained

by the particle size difference alone.
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Figure S. (a) ORR polarization curves and (b) mass and specific activities at 0.9V (vs RHE) of the

commercial Pt/C, thermally-treated Pt;Co/C, PtCo/C, PtCo,/C, and PtCos/C catalysts.

The polarization curves (Figure 5a) for the ORR were obtained with thermally-treated Pt-Co/C
catalysts in an O,-saturated 0.1M HCIO, solution, at room temperature, with the rotation rate of
1600 rpm and the sweep rate of 10 mV s! and the corresponding Tafel plot is shown in Figure
S10. At high potentials (> 0.9 V vs RHE), the Tafel slope of comm-Pt is about -70 mV/decade,
which is in agreement with previous reports.!63¢ For all thermally-treated Pt-Co/C catalysts, the
Tafel slopes are between -56—65 mV/decade, indicating improved ORR kinetics compared to
comm-Pt.163¢ To better evaluate these NCs, we extracted specific activity (SA) and mass activity
(MA) values that can be used to evaluate their ORR activity. An absolute activity comparison of
thermally-treated Pt-Co/C with comm-Pt/C is shown in Figure 5b. The SA and MA were extracted
by normalizing their ORR kinetic current (/;) at 0.9V vs RHE over ECSA and the amount of Pt,
respectively. The kinetic current can be calculated using the Koutechy-Levich equation.®® The SA
and MA of comm-Pt/C reported here coincide well with previous RDE studies.?® The results

correlate well with the degree of ordering shown in Figure 3b. Because there is a lower cobalt
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composition in Pt;Co/C, the low degree of ordering suggests an unsuccessful phase transformation
and that the catalyst remained in the Al phase, which resulted in low ORR activities. With
increasing Co concentration and degree of ordering, the catalysts exhibit superior ORR activities
compared to comm-Pt/C. It has been shown that the presence of Co facilitates ORR reaction
kinetics, particularly in the reduction steps involving Pt-O bond breaking, which contributes to the
superior performance of Pt-M alloys.* Increased ORR activity has also been attributed to the
presence of fct-PtCo and fcc-PtCo phases.®! To better compare the ORR activity between
thermally-treated Pt-Co/C catalysts, improvement factors of MA and SA of PtCo/C, PtCo,/C and
PtCos/C are calculated against Pt;Co/C (Figure S11). When MA and SA improvement factors are
plotted against particle size (Figure S11a) and S? (Figure S11b), the stronger correlation between
enhanced ORR activity and degree of ordering as opposed to change in particle size is observed.
Comparing thermally-treated PtCo,/C to Pt;Co/C, which showed similar sizes of 6.3+1.5 and
6.0+1.6 nm, respectively, an activity improvement factor of 2.1 in SA is observed in PtCo,/C. A
similar phenomenon is also observed when comparing PtCo/C with PtCo;/C. This is a clear
indication that the demonstrated enhancement in intrinsic SA arises from the L1, structure. It is
also known that increasing particle size would lead to a decrease in MA due to decreased surface
area.%>% However, in our study, both PtCo/C and PtCos/C with larger particle sizes compared to
Pt;Co/C showed increased MA activity improvement factor of 4.6 and 6.3, respectively. Therefore,
the improvement trend in MA and SA correlates better with the degree of ordering (S?) and is less
affected by the particle size within the size range tested. This correlation is further established here
with a quantitative analysis of the composition-dependent degree of ordering, which was

inaccessible in previous studies due to heterogeneity in as-prepared samples.
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Figure 6. Co at % of thermally-treated PtCo/C, PtCo,/C and PtCos;/C measured by ICP-OES

before and after the ORR testing.

The thermally-treated PtCo;/C showed the highest ORR activity among the four Pt-Co
compositions, however, the Co-rich catalyst was observed to be the most vulnerable to corrosion
during the electrochemical measurements.*3-% The stability of the catalysts was evaluated by the
leaching of cobalt composition after the ORR testing. The elemental compositions were
quantitatively determined by ICP-OES measurements of catalysts before and after the
electrochemical testing (Figure 6). The results indicated that the Co at% is reduced after the
electrochemical testing and a reduction of 8%, 25%, and 16% is observed for PtCo/C, PtCo,/C,
and PtCos/C, respectively. Taking into account both ORR activity and catalyst stability, PtCo/C
resulted in the best performance: it not only outperforms the comm-Pt/C but also Pt;Co/C, which
is the most widely reported bimetallic composition.*>»%* The PtCo/C also showed the highest
stability, with only 8% of Co leaching after the ORR testing. We also investigated the PtCo/C
stability by cycling in the potential range of 0.6 to 1.0 V vs RHE in O,-saturated 0.1 M HCIO,.
After 5000 cycles, we observe no change in Co at% and only 21% of Co leaching after 25,000
cycles (Figure S12). The stability of PtCo/C is also confirmed with TEM images and CV curves
collected at the beginning of life (BOL) and after 5000 and 25,000 potential scans (Figure S13). A

32% drop in ECSA after 5000 cycles was observed and maintained at a stable level after 25,000
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cycles with no obvious change observed in TEM images. The comm-Pt/C shows a 61% drop in
ECSA after 25,000 cycles with TEM images showing the obvious size growth and aggregation of
NPs during stability test. This result suggests that higher ORR performance can be achieved by
reducing the amount of Pt up to 50%.

A systematic set of Pt-Co with compositions covering a wide range of the phase diagram of Pt-Co
binary system were synthesized with homogeneity in size, shape, and composition. This is
confirmed by the quantitative analyses of TEM, SAXS, STEM-EDS, and ICP-OES results. This
degree of control allows us to establish an atomic understanding of the correlation between Co
compositions and the structural ordering introduced by the thermal transformation from the Al to
the L1, phase. The structural ordering (S?) was quantified by XRD analysis and showed a strong
dependency on the annealing temperatures and Co compositions. The increase in Co concentration
promotes the process of chemical ordering and over 50% conversion was shown with thermally-
treated PtCo/C. Further correlations were observed between XRD analysis and magnetic properties
to characterize the structural ordering. The combination of techniques helps to clarify the
contribution from multiple phases in thermally-treated PtCo;/C. The detailed understanding in Pt-
Co compositions and crystal structures helps to establish structure-property relations in crystal
structures and ORR performance with the best ORR catalyst identified as the thermally-treated
PtCo/C catalysts with consideration of both activity and stability in acidic condition.

Conclusion

In summary, this work presents a detailed understanding of the contribution of Co composition to
structural changes and ORR activities of Pt-Co alloys. Monodisperse Pt-Co nanocrystals (NCs)
were synthesized with atomic-scale homogeneity in size (4-5 nm) and cobalt composition (25-75

at%) and characterized with various techniques, including TEM, STEM-EDS, SAXS, XRD, and
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ICP-OES. The successful thermal transformation from the A1 to the L1, phase was demonstrated
with quantification of the degree of ordering based on XRD and DC magnetic data. The
composition-dependent degree of ordering was found to correlate with the ORR activity and
thermally-treated PtCo/C showed the best performance in terms of ORR activity and stability in
an acidic environment. This work provides fundamental insights into the intrinsic correlation
between the relevant ORR activity enhancement, the chemical compositions of Pt-Co alloy
catalysts and the ordering structures, and thus aids research efforts towards developing the best

possible catalytic materials for fuel cell applications.
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