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ABSTRACT: The use of intermetallic Pt—Co nanocrystals
(NCs) for the electrocatalytic oxygen reduction reaction is
quickly gaining interest thanks to the higher electrochemical Microwave
stability of the intermetallic L1, phase compared to a random
alloy Al phase. However, the thermal treatment that enables the

0 Diameter (nm)20

intermetallic phase transformation also causes considerable NC ——
aggregation, resulting in a significant loss of electrochemically [ @

active surface area. Herein, we report the use of microwave g Diameter (nm) 20 Furnace i - ‘gm.
radiation to induce the intermetallic phase transformation in o f"'f/

Cu-doped Pt—Co NCs. We demonstrate that microwave
radiation reduces NC aggregation while allowing for a complete
phase transformation in only 30 s. These microwave-treated NCs demonstrate higher mass activity for the oxygen reduction
reaction while maintaining electrochemical stability similar to the thermally annealed samples.
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ntermetallic nanocrystals (NCs) are one of the most studied Several literature reports have attempted to prevent NCs from
classes of materials for electrocatalysis' " due to their high aggregating during the thermal treatment by anchoring the NCs
electrochemical stability’~'' at lower precious metal to the substrate," ">>*! or by synthesizing the NCs directly in the

loadings.”®*'*~"* Pt—Co intermetallic face-centered-tetragonal 14,15,28—32

(fct) phase (L1,) NCs have been demonstrated as viable
. . 7,13-18

electroc?Falysts for the oxygen reductlo'n reaf:tlon (ORR). . these require a specialized technique such as Joule heating™” or

The ability to perform the ORR with high electrochemical ) hemical dealloving >

stability while decreasing the Pt loading is of key importance for electrochemical dealloylng.

proton exchange membrane fuel cells (PEMFCS),10'14'19_21 a corpplete phase tArans‘formatlon with mlmmlze.d aggregation.
Microwave heating is well-known as an efficient method to

intermetallic phase. Other methods have demonstra-

ted a monodisperse dispersion of intermetallic NCs; however,

© So far, no method has shown

with the capability of providing a source of clean energy able to

compete with fossil fuels.?? To make PEMECs economically introduce large amounts of energy into materials. At the bulk
viable, there is a need to optimize the activity of the catalyst per scale, the use of microwaves to trigger phase transformations has
unit Pt,'*** also known as the mass activity. been well studied.””~*° At the nanoscale, microwaves have been

We use near-monodisperse Cu-doped PtCo, NCs in the used as a method of NC synthesis,28’29'3l'38 or catalytic

intermetallic L1, phase as a model system. Copper-doping is excitation,”*"** but they have not yet been used to induce
known to reduce the barrier associated with the phase
transformation.””>** The L1, phase is desirable because of
simultaneously higher electrochemical stability and lower cobalt
leaching during catalysis than the random alloy (Al)
phase,' ~#07#13 1925 Typically, as-synthesized Al face-cen-
tered-cubic (fcc) phase NCs are transformed into intermetallic
L1, NCs by a thermal treatment that involves temperatures
exceeding 400 °C over several hours."”*'****” During this
process, NC aggregation, or sintering, occurs, leading to a
decrease in the electrochemically active surface area (ECSA)
and resulting in a decrease in mass activity for the ORR.””'*'*

intermetallic phase transformations. Microwave irradiation at
the nanoscale allows localized heat generation from the NCs
rather than their environment.>” >’ Localized heating allows for
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Figure 1. (A) Schematic representation of microwave- versus furnace-based transformation method including simulated S nm Al and L1, NCs.
Atomic-resolution dark field STEM micrographs are shown in panel (B) Al and (C) MW-L1, NCs; insets show simulated HAADF-STEM lattice
with corresponding unit cell. The approximate zone axis orientation is labeled in the upper right of each micrograph. A slight deviation from the
exact zone axis orientation leads to small differences between the acquired micrograph and the inset simulation. (D) X-ray Diffraction patterns
with “*” representing superlattice peaks associated with the L1, phase. (E) Magnetic hysteresis curves for A1, Therm-L1,, and MW-L1, samples
with a dotted line at magnetization equal to 0. (F) Degree of ordering and magnetic coercivity for the samples previously mentioned.

a temperature difference between the NCs and their local
support environment of nearly 100 °C.*>**

In this work, we use localized microwave-induced NC heating
to efficiently trigger a phase transformation from the Al phase to
the L1, phase of Cu-doped PtCo, NCs, 7.0 + 1.0 nm in
diameter. Using microwave heating minimizes aggregation and
decreases the treatment time to just a few seconds, compared to
several hours for thermally annealed samples. The shorter
treatment beats material diffusion, decreasing NC aggregation
and increasing their mass activity compared to thermally
annealed NCs.

The methods used in this paper are described in detail in the
Experimental Methods section.'**>*® Cu-doped Pt—Co NCs
are synthesized in the Al phase, as shown in Figure S1, by
modifying previously reported recipes.'”* The NCs were
deposited at 20 wt % onto Vulcan carbon and treated to remove
any surface ligands. To induce a phase transformation from the
Al to the L1, phase, the Al sample is divided equally into two
aliquots subjected to either microwave radiation or conventional
tube furnace thermal annealing. For the microwave treatment,
we found that a commercial microwave represents a good option
over laboratory-grade microwaves as they allow for tunable
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Figure 2. (A—C) STEM micrographs of Al (green), Therm-L1, (red) Movie S1, and MW-L1, (blue) Movie S2 NCs, respectively. All scale bars
in panels A—C are 100 nm. (D) Size distribution and the aggregation percentage for each sample. The error bars for the average represent the
standard deviation, while the error bars for aggregation represent the error based on multiple sample transformations.

output power for a limited cost (comparison in section S2).
However, an accurate determination of the microwave hotspot is
crucial to ensure that the phase transformation occurs. We
determine the microwave hotspot using a thermally sensitive
grid as shown in Figures S2 and S3 and place the sample in the
hotspot in a sealed quartz holder. The holder is then filled with
5% H, and 95% N,, and the sample is treated for the desired time
at an initial pressure of 1 atm (MW-L1,). Instead, the thermally
annealed samples are treated for 4 h at 650 °C in a tube furnace
under 5% H, and 95% N, to drive the phase transformation
(Therm-L1,)."”> A schematic comparison of the processing of
the NCs after both microwave and thermal treatments is shown
in Figure 1A. Evidence of an intermetallic phase transformation
is shown in Figure 1B—G.

Figure 1B—C shows atomic-resolution high-angle annular
dark field-scanning transmission electron microscopy (HAADF-
STEM) micrographs of A1 and MW-L1, NCs, respectively. The
NC shown in Figure 1B shows no elemental contrast and is
characterized by lattice spacings of 3.0 by 3.0 A, identifying the
Al crystal phase. Instead, the NC shown in Figure 1C shows
intermetallic patterning of Pt and Co atoms, resulting in a shift in
lattice spacing to 4.0 by 3.6 A that confirms a transformation into
the L1, phase. We use X-ray diffraction (XRD) to show this
transformation on an ensemble scale, as shown in Figure 1D. We
compare the XRD spectra in Figure 1D to a simulated
spectrum”” of the same system, shown in Figure S7, to calculate
the degree of ordering (S*) of the NCs."> As described in detail
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in section S4, the expected value of the degree of ordering of fully
transformed L1, NCs is S? = 0.24. Both thermal annealing and
microwave heating result in values of S* = 0.28 + 0.07 and 0.22 +
0.06, respectively, confirming that both treatments successfully
transformed the NCs from the Al phase to the L1, phase. This
phase transformation affects the magnetic properties of the NCs,
which we monitor by using AC magnetic hysteresis testing with
a superconducting quantum interference design (SQUID), as
shown in Figure 1E. Because the Pt—Co system is expected to
transition from a superparamagnetic state in the Al phase to a
ferromagnetic state in the L1, phase,”"” we use the magnetic
coercivity (H.) as an indicator of phase transformation. We find
that the Al phase has a H_ of 0.025 + 0.011 T, while the Therm-
L1, and MW-L1, show increased H_ values of 0.433 + 0.020 T
and 0263 =+ 0.017 T, respectively. Interestingly, a close
inspection of the magnetic hysteresis curve for Therm-L1,
shown in Figure 1F reveals two kinks, narrowing the curve
near the origin. We propose that this is due to the leaching and
nucleation of Co during the thermal annealing, resulting in
phase separation. Other reports have also shown that the
thermal annealing of Pt—Co NCs can induce phase-
separation.” Importantly, these kinks are not observed for the
MW-L1, samples, likely due to the lower reaction time that
characterizes the microwave treatment, suppressing the
nucleation of Co. The XRD and SQUID characterization for
all samples is summarized in Figure 1F.
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Figure 3. (A—C) Electrochemical stability data at the beginning of life, after 5000 and 25 000 catalytic cycles for PtCo,Cuy o in the Al phase,
Therm-L1,, and MW-L1,, respectively. (D) Summary of the electrochemical stability data. (E) ORR activity data with a drop-down line at 0.9 V
vs RHE (F) Summary of the mass and specific activities for these samples and commercial Pt (Comm-Pt) as described in section S6.

To highlight the uniformity allowed through our microwave-
based intermetallic transformation, a comparison of the NCs
using scanning transmission electron microscopy (STEM) after
both microwave and thermal treatments is shown in Figure 2A—
C.

Figure 2A—C shows PtCo,Cu, ;9 NCs after ligand removal,
after thermal treatment, and after microwave treatment,
respectively. As apparent from the TEM micrographs, the
thermal treatment causes significant NC aggregation, while the
microwave treatment does not. To quantify NC sintering, we
define the degree of aggregation as the increase in the standard
deviation of diameter of the NCs with respect to the diamter of

the NCs before deposition on carbon:

826

(%)

\/ variance (dsample) — variance (dbefore deposition)

aggregatlonsmPle

= 100-

mean( dbefore deposition)

By analyzing the TEM micrographs, we conclude that the
aggregation in the A1 and MW-L1, samples amounts to 11.5 +
1.6% and 12.5 + 1.8%, respectively. This indicates that the
microwave heating-induced phase transformation leads to no
statistically significant increase in aggregation. HAADF-STEM
tomography shown in the Supporting Information further
confirms the lack of aggregation in the MW-L1, NCs. The
thermally annealed NCs, however, show a significant increase in
aggregation to 41.6 + 7.2%. Overall, thermal and microwave
treatments result in NC diameters of 9.4 + 3.9 nm and 7.0 + 1.0
nm, respectively. As shown in Figures S4—S6, the aggregation of
the MW-L1, NCs will be affected by power level, treatment
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time, and copper doping level, and therefore it is imperative to
optimize these three amounts. As described in detail in section
S3, we find that the minimum parameters needed to induce a
phase transformation in the PtCo, MW-L1, NCs are 1200 W
and 30 s; these parameters are used for the demonstrations
reported here. Using lower power levels or treatment times does
not result in phase transformations, as shown by S* = 0. We note
that, while harmful to the ORR activity,”* copper doping plays a
key role in lowering the energy barrier for phase transformation
due to melting point depression:”*>**** in the absence of
doping, no intermetallic conversion was observed (S = 0).

We now evaluate the electrocatalytic performance of both the
Al and L1, phases. The electrochemical stability data and ORR
activity is shown in Figure 3A—F. The electrochemical testing
methods used here follow standard practices.'”**~>* To test for
stability, the samples were cycled between 0.6 and 1.0 V vs RHE
in N, saturated 0.1 M HCIO,, with Cyclic Voltammetry (CV)
curves taken after 50 cycles at the beginning-of-life (BOL), S000,
and 25 000 cycles, shown in Figure 3A—C for the Al, Therm-
L1, and MW-L1, samples, respectively. The ECSA was
determined from the CV curves shown in Figure 3A—C using
hydrogen underpotential deposition measurements.”> The
decrease in ECSA corresponds to a decrease in peak area as
quantified in Table S2. Figure 3D shows that the BOL values of
ECSA for the Al phase and MW-L1, phase samples are
statistically consistent at 100.9 + 5.2 mz/g and 106.2 +4.3 mz/g,
respectively, as expected from the absence of sintering during
phase transformation for MW-L1, samples. In contrast, a
decrease in BOL ECSA is observed for the Therm-L1, sample, at
87.0 £ 7.5 m*/g. We attribute this decrease in ECSA of ~14% to
NC aggregation caused by thermal-annealing, consistent with
the aggregation data presented in Figure 2D. This confirms that
the thermal annealing method of phase transformation causes
undesirable sintering while the MW-L1, sample shows no
sintering. After electrochemical cycling, the ECSA of the Al
sample decreases to 70.8 + 11.2 m*/g, while the Therm-L1, and
MW-L1, samples decrease to 79.2 + 2.7 m>/g and 92.0 + 8.3
m?*/g, respectively, further confirming the superiority of
microwave-annealing over thermal-annealing. This demon-
strates ECSA retention of 70.1 &+ 5.8%, 90.0 &+ 3.6%, and 86.6
+ 4.1% for Al, Therm-L1;, and MW-L1, NCs, respectively.
Figure 3E shows representative ORR polarization curves
illustrating a similar observed current density for all samples at
0.9 V vs RHE."”> We note that the current density at potentials
below 0.9 V vs RHE for the MW-L1, samples increases
compared to the other samples, likely because of a decreased
overpotential for ORR. As seen in Figure 3F, the mass activity
per unit platinum is 163.7 + 5.8 mA/mg, 260.1 + 6.4 mA/mg,
and 336.0 + 4.6 mA/mg for Al, Therm-L1, and MW-L1, NCs,
respectively. The microwave treated samples show an increased
activity per unit mass Pt over the thermally transformed NCs of
22.6% and over the Al samples of 51.3%. Instead, the activity per
Pt active site, or specific activity, is approximately the same for
the three samples. This indicates that the choice of NC
treatment does not affect the activity per Pt active site; instead,
the monodispersity of the NCs obtained through the micro-
wave-based heating method allows for a greater mass activity for
ORR. Importantly, the MW-L1, samples outperform the
commercial standard for ORR, Pt/C NCs, in mass activity by
68.5%, as seen in section S6.

In conclusion, we demonstrate a rapid, 30 s microwave
treatment to drive the phase transformation of Cu-doped Pt—
Co alloy NCs into the intermetallic L1, phase while minimizing
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colloidal aggregation and sintering. We confirm the complete-
ness of the phase transformation from the random alloy Al
phase into the intermetallic L1, phase by using HAADF-STEM
imaging, XRD, and SQUID magnetometry. To ensure a
quantitative comparison, we monitored morphological changes
in NCs undergoing either microwave or thermal treatment. We
show that while the aggregation for thermally annealed NCs
increases by nearly 30%, the microwave-treated NCs do not
show any statistically significant evidence of aggregation.
Importantly, while both microwave-treated and thermally
annealed NC samples display electrochemical stability of
approximately 90% after 25 000 cycles, the microwave-treated
NCs show a mass activity ~30% higher than the thermally
annealed samples. We anticipate this rapid and efficient method
to trigger intermetallic phase transformations to be readily
applicable to other NC systems and particularly beneficial to
systems where maintaining the NC monodispersity is crucial to
catalytic performance,”! "2%%°

B EXPERIMENTAL METHODS

Platinum(II) acetylacetonate (Pt(acac),, 98%), dicobalt octa-
carbonyl (Co,(CO)g, 95%), 1,2-dichlorobenzene (DCB, 99%),
1-octadecene (ODE, 90%), and 1-adamantane carboxylic acid
(ADCA, 99%) were purchased from Acros Organics. Oleyl-
amine (OLAM, 70%), Nafion (5% in a mixture of 2-propanol
and water), and copper(Il) acetylacetonate (Cu(acac),, 97%),
were purchased from Sigma-Aldrich.

NCs were synthesized via a modified solvothermal method
previously reported by Lee et al,'* and Luo et al.* For the
synthesis of the NCs used in this report, Pt(acac), (0.67 mmol),
ADCA (3.7 mmol), and the desired amount of Cu(acac),
dopant (here 5% the Pt amount) were dissolved in OLAM
(41 mL) and ODE (16 mL). The reaction was purged at 80 °C
for 30 min under a 0.100 Torr vacuum. The reaction was then
heated to 300 °C in an N, atmosphere at 10 °C/min. During the
temperature rise, Co,(CO)g (0.3 mmol in 3.2 mL DCB) was
rapidly injected at 170 °C. After 30 min at a high temperature,
the reaction was cooled to room temperature, and the resulting
NCs were purified by precipitation with ethanol and
centrifugation at 6000 rpm for 6 min and resuspended in
hexanes. Note: the use of ultrahigh purity (200 proof) ethanol is
needed to precipitate the NCs without colloidal phase
segregation. The stoichiometry of the NCs can be adjusted
following the same procedure with modification of the precursor
ratios.

After purification, the hexane dispersed NCs were mixed with
Vulvan XC-72 carbon powder at 20.0 wt % metal loading. The
solution was sonicated for 1 h and centrifuged at 8000 rpm for 3
min or until precipitated. The supernatant was discarded, and
the precipitate was washed twice with acetone and subsequently
centrifuged. The samples were dried overnight under vacuum at
50 °C. To remove the organic ligands, the samples were treated
in a precleaned Harrick Plasma O, plasma cleaner for 15 min and
then were transferred for 1 min in a preheated 500 °C muffle
furnace.

For thermally transformed NCs, the carbon-supported
samples were placed in a tube furnace under a 5% H,
environment, balanced with N,. These NCs were treated for 4
h at 650 °C, as described in previous reports,'” to obtain
intermetallic L1, phase NCs. For microwave transformed NCs,
1S mg of carbon-supported samples was placed in the
microwave hot-spot, in a sealed quartz vessel under 5% H,
balanced with N,. The samples were treated at 1200 W for 30 s
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to obtain intermetallic NCs. More information on the
microwave-based conversion is in section S2.

TEM micrographs were collected on either a JEOL JEM-1400
microscope operating at 120 keV or a JEOL JEM-F200
multipurpose electron microscope operating at 200 keV. High-
resolution HAADF-STEM and EDS were collected on a JEOL
NEOARM operating at 200 kV. The probe current was 150 pA,
and the camera length was 4 cm. STEM simulations were
performed using ReciPro.”” EDS maps were obtained with
Digital Micrograph, software provided by Gatan Inc. Elemental
composition was determined using inductively coupled plasma-
optical emission spectrometry (ICP-OES) performed on a
Spectro Genesis spectrometer with a concentric nebulizer. XRD
patterns were collected in the 20 range of 20°—90°, with data
points collected every 0.02°26, and a scan rate of 0.15°/s on a
Rigaku Smartlab high-resolution diffractometer with Cu Ka
radiation (1 = 0.15416 nm, 44 mA, and 30 kV). DC
magnetometry was performed on a SQUID magnetometer
from quantum design. Hysteresis was measured at 300 K from
—3.0to +3.0 T.

Electrochemical measurements were performed using stand-
ard protocols.”” ™" Data were collected on a potentiostat
(Epsilon, Bioanalytical Systems Inc.) with a three-electrode
system consisting of a glassy carbon working electrode (6 mm
diameter), an Ag/AgCl reference electrode in 3 M KCl, and a Pt
Coil auxiliary electrode. All potentials collected during the
testing were converted in reference to a reversible hydrogen
electrode (RHE). The catalyst ink was formed through
sonication of water, isopropyl alcohol, and Nafion at a volume
ratio of 4 to 1 to 0.01 and an NC on carbon concentration of 2.0
mg/mL. Then 10.0 uL of ink was deposited onto the working
electrode and dried under rotation. CV was taken in a range of
0.000 to 1.000 V vs RHE at a scan rate of 50.000 mV/s in N,
saturated 0.1 M HCIO,. Linear sweep voltammetry was
conducted in an O, saturated 0.1 M HCIO, solution to
determine the ORR activity between 0.100 and 1.100 V vs RHE
at 10.0 mV/s and a rotation rate of 1600 rpm.
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