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Abstract

The synthetic control through colloidal synthesis led to remarkable increase in platinum mass activity in
octahedral nanocrystals with Pt rich surface. In this manuscript, we demonstrate that the ratio of
surfactant can tune the size of Pt surface enriched PtCu nano-octahedra from 8 to 18 nm with
homogeneous size and shapes on carbon support. For the nano-octahedra, the Pt-rich surface has been
established by high-angle annular dark field scanning transmission electron microscopy and energy-
dispersive X-ray spectroscopy. The Pt rich surface exhibits an increasing compressive strain with
increasing surface of the {111} facets. With increasing surface, the PtCu nano-octahedra display higher
oxygen reduction reaction (ORR) activity. This observed trend for a series of size selected nano-octahedra

demonstrates the benefits of extending well-defined {111} Pt surface for the ORR activity.
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Proton-exchange membrane fuel cells (PEMFCs) have been the focus of attention for many years, and the
main issue remains the quest for a performant, cost-effective and durable electrocatalyst for the complex
oxygen reduction reaction (ORR). The standard catalyst, which is used in relatively high loading in the
cathodes of fuel cells, consisting of active carbons decorated with in situ grown Pt or Pt alloys
nanoparticles (NPs). A significant limitation for commercialization of this technology is the high loading
of Pt, while another catalytic limitation arises from the high overpotential at which the ORR takes place
on Pt/C NPs.! To improve the activity of electrocatalysts for the ORR, the materials-by-design strategy
where the design relies on the results obtained on well-defined surfaces and segregation-induced thin
layers has been highly successful.? Early studies on the kinetics of Pt single-crystal planes for the ORR
are found to vary with the crystallographic orientation. Amongst the three low index faces, the activity
increases in the order of (100) < (110) = (111).® Studies conducted on Pt-based extended surfaces show
volcano-type behavior on the ORR activity, where the alloying of Pt with the 3d-transition metals or
lanthanides enhances the ORR activity.*’ These surfaces are highly active due to the formation of
segregated Pt-skin and Pt-skeleton strained surfaces with a down-shifted d-band center relative to pure Pt.
The electrocatalytic trends established for extended surfaces are useful to provide a fundamental basis to
explain the activity pattern of Pt-based nanocatalysts. Controlling the surface structure of Pt and Pt-based
NPs has been studied to maximize their catalytic efficiency by selecting the exposed crystal facets and
composition for the intended reaction.® Furthermore, dealloying processes where the less noble metal is
dissolved allow control over surface composition. Dealloying can be achieved through different means
such as annealing, electrochemical or chemical treatment.®” The Pt-enriched surface layers supported on
an alloy core with a smaller lattice parameter display a strain in the shell. Bimetallic NPs structure can
display Pt-rich surfaces and the atomic spatial distribution is highly dependent on the reaction
conditions.’®2 It is well known that the shape of the NPs influences the catalytic properties due to the
specific surface atomic arrangement and coordination.?*?? Shape-controlled synthesis of Pt-based
nanocrystals has been widely studied, leading to the development of multiple strategies to control the
shapes of Pt-based nanocrystals with diverse compositions.*2® Strategies have focused on manipulating
the exposed facets by employing specific shape-directing agents. CuPt octahedral NPs have been reported
in literature, with shape-directing agents such as CTAB,* CTAC,”® I and CO gas.* The effect of
different precursor-ligand couples has been investigated® and ternary CuPtM (M=Pd and Ni) has been
synthesized as well .33 To the best of our knowledge, this is the first synthesis of well-defined Cu@Pt/C
octahedral morphology bounded by {111} facets with a robust and selective synthesis of Cu@Pt/C
octahedral NPs with different sizes.

Here, we report a highly efficient strategy for one-pot synthesis of well-defined PtCu octahedral

nanocrystals dispersed on carbon in which both the size and number of platinum layers on the surface are



tunable. PtCu octahedral NPs with size ranging from 8 to 18 nm have been prepared by adjusting the
amount of CTAB, while the other synthesis parameters remain unchanged. The successful fabrication of
crystalline-controlled PtCu octahedral nanocrystals with identically exposed facets and same
compositions provides an ideal case for studying the size effect of the {111} facets on ORR
electrocatalysis. We found that all the PtCu octahedra exhibit higher electrocatalytic activities for the

ORR than commercial Pt/C; the ORR specific activity increasing with the particle size.

Results and discussion

CuPt octahedral nanocrystals were prepared using Pt(acac), and Cu(acac); in dimethylformamide with
benzoic acid and cetyltrimethylammonium bromide (CTAB), which act as capping agents, using a
solvothermal method as described in the experimental section. Tuning the amount of CTAB itself was a
facile and robust way to achieve control over size. TEM images (Figure S1) show the homogeneity of the
CuPt octahedral shape and their corresponding narrow particle size distribution (PSD). CuPt octahedral
NPs uniformly dispersed on high-surface area carbon supports with sizes of 8, 10, 14 and 18 nm (vertex-
to-vertex along the <100> direction) were prepared by employing 5, 10, 15 and 20 mg of CTAB
respectively, under otherwise constant conditions. In the following, the samples are labeled as PtCu-S
where S means the vertex-to-vertex particle size in nm along the (100) direction.

In Figure S3, the dependency of particle mean size on the amount of CTAB is presented, the linear fit
show a slope of 0.66 mg/nm and interception at 4.7 nm corresponding to the size of NPs synthesized
without CTAB. The formation of Cu@Pt/C crystalline octahedral is evident from high-angle annular dark
field scanning transmission electron microscopy (HAADF-STEM) images (Figure 1). All the particles
with different sizes display a bright outline, which is visible along the edges and corners of the octahedra

and may be attributed to the atomic contrast.



Figure 1. HAADF-STEM images of Cu@Pt/C octahedral NPs of 10 nm (PtCu-10) (A) and 18 nm (PtCu-
18) (B)

To further explore the intensity differences in the HAADF-STEM images, we investigated the particles
with STEM-EDS spectrum imaging. All these NPs showed a uniform morphology with composition ratio
Pt/Cu=1. The elemental maps of the PtCu-8 and PtCu-10 show platinum-rich surface and copper-rich core
(figure 2A-B), which is in agreement with the HAADF-STEM images. STEM-EDS line analysis was
applied as shown in Figure S2A-B, the platinum and copper atomic distributions were studied in
octahedral NPs oriented along the (100) zone axes. Line scans along the (110) direction started and ended
at the edges, passing through the central octahedron axis. The relative intensities showed a clear Pt
enrichment on the surface compared to Cu-rich core. From the intensity of the elemental line profiles, the
platinum and copper segregation occurs close to the nanoparticle edge (Figure S2A-B). The elemental
segregation observed with the formation of a platinum-rich surface is consistent with the observations
reported by Strasser et al on inhomogeneous bimetallic nanoparticles after dealloying.® The relative lower
standard reduction potential of copper leads to the metal etching on the surface of the NPs through
galvanic replacement by the Pt"™ species and possible oxidative etching in solution. Different nucleation
windows of the components and adsorbate induced segregation can lead to surface enrichment as well. In
the PtCu system, a positive segregation energy should drive Cu to the surface (AEcyprt = 0.41eV).®
However, as observed for most of the Pt based bimetallic particles, the system seems to be driven by the
presence of surface ligands, namely benzoic acid, which preferentially coordinate and leach out the Cu

surface atoms.



Upon increase of CTAB, the PtCu system still shows a Pt rich surface with a slightly different atomic
distribution. PtCu-14 and PtCu-18 display Pt rich edges, as observed from EDX mapping (Fig. 2C-D).
STEM-EDS line analysis was also applied as shown in Figure S2C-D, the platinum and copper atomic
distributions were studied in octahedral NPs oriented along the (100) zone axes. The relative intensities

showed a clear Pt enrichment in the edges and corners.

Figure 2. HAADF-STEM images and EDS line scan, EDS elemental mapping of Cu, EDS elemental
mapping of Pt and their overlay for PtCu-8, PtCu-10, PtCu-14, PtCu-18 (panels A-D respectively)



The XRD patterns indicate that the PtCu NPs are single crystal face-centered cubic (FCC) structure with
{111} interplane distance in between that of pure Pt (2.26 A) and Cu (2.09 A). The XRD patterns for the
NPs synthesized with different amount of CTAB also show a sharpening of the peaks, which is consistent
with the increase in particle size (Figure 3A). We observe a shoulder of the (111) peak at 20 ~ 42° (named
as peak 1). This asymmetry is due to a broader secondary peak at the lower 20, arising from the Pt-rich
surface. The asymmetry is more visible on the PtCu-8 sample (Fig. 3B) and diminishes as the particles

size increases.
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Figure 3. XRD patterns of PtCu octahedral NPs (A); deconvolution of the (111) and (200) Bragg
reflections for PtCu-8 to Pt-Cu-18 (B-E respectively)

Figure 3B-E show the fitting of typical profiles of the different particles sizes; two Gaussian functions fit
well the (111) and (200) reflections of all of the samples. For the (111) reflection, the two peaks are
identified as peak one which corresponds to the Pt-rich shell and peak two which correspond to the Cu-
rich core. For the (200) reflection, the two peaks are identified as peak three and peak four. The peaks
centers are shifted to smaller unit cells from PtCu-8 to PtCu-18, which suggests that the Pt-rich shell in
PtCu-8 displays lattice parameters close to the platinum unit cell (1.4% smaller lattice parameter than
bulk Pt). With increasing size of the nano-octahedra, the assymetry of the peaks almost disappears and the
XRD deconvolution shows two contributions with the same lattice parameter (3% smaller lattice
parameter than bulk Pt). Regarding PtCu-8 and PtCu-10 with a clear Cu core- Pt shell structure, it implies
that the Pt rich shell exhibits a compressive strain of 1.4% and 2.2% respectively. For larger samples,
where the surface is mixed with Pt edges and Cu facets, the compressive strain is higher and reaches 3%
for PtCu-14 and PtCu-18. The XRD results are in agreement with the EDX results and suggest the
interplay between particle size, and number of Pt layers on the surface in our case study. Comparable
asymmetry has been described for dealloyed PtCus films by Yang et al.*2 and for octahedral M@Pt (M =
Cu or Ni) by LaGrow et al.*

In the absence of CTAB, the PtCu octahedral NPs could not be formed, only spherical NPs with smallest
particle size of 4.6 + 0.6 nm and a pure Pt composition according to the EDX results (Figure 4). The XRD
pattern shows the presence of a Cu pure phase with much sharper Bragg reflections than that of the Pt
phase (Figure 4A), which is consistent with slow formation of large Cu nanoparticles that could not be
observed by TEM. To further explore the role of CTAB in the synthesis, we reacted Cu(acac); alone into
two vials, the first contains only DMF while the second contains DMF and CTAB. After heating the vials
to 160°C, we observe the formation of Cu nanoparticles after half an hour in the absence of CTAB and 4
hours in the presence of CTAB. The slow kinetics in the presence of CTAB explain the finding that
CTAB concentration directly correlate to the NPs sizes, since the slow reaction kinetics yield fewer
nucleation centers and therefore larger particles. Moreover, only the presence of CTAB can direct the
formation of uniform and monodisperse octahedral nanocrystals by slowing down the reaction kinetics,
while unshaped particles are formed in the absence of it (Figure 4B). These results clearly suggest a
kinetic role played by CTAB, which can change the reduction rate and nucleation window of Cu
complexes by forming micelles® and subsequently acts as a capping agent.® The octahedral shape itself
can be explained by the stabilization of the {111} facets of Pt or Pt-rich surfaces in the presence of

bromide ligand.?36:37
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Figure 4. XRD of the synthesis without CTAB (A), photographs of the vials after reaction (inset) and
HAADF-STEM images of the Pt nanoparticles obtained without CTAB (B)

For the electrocatalytic study, we recorded cyclic voltammetry (CV) at 298 K in 0.1 M HCIO; solution at
a sweep rate of 100 mV/s (Figures 5A and S4A). The electrochemical surface areas (ECSAS) was
calculated from the Hupo and reach the values of 26.82, 30.23, 18.69 and 20.75 m? g* for PtCu-8, CuPt-
10, PtCu-14 and PtCu-18 respectively and 116.2 m?/g for the standard catalyst (Pt/C 20% from Johnson-
Mattey, named Pt JM in the following). Figure 5B shows the ORR polarization curves of PtCu-8, PtCu-18
nm and Pt JM carried out in an oxygen-saturated 0.1 M HCIO, solution at a sweep rate of 10 mV/s and at
a rotation rate of 1600 rpm (for PtCu-10 and PtCu-14 see figure S4B). From the polarization curves, the
calculated kinetic current density at 0.9 and 0.95 V were normalized over the Pt loading weight and
ECSA to give the mass activity and specific activity, respectively (Figure 5C-D). We found that the
catalytic specific and mass activities of all PtCu octahedral are greater than those of Pt JM. At 0.9 V, the
PtCu-8 showed a specific activity of 1.38 mA c¢cm? and a mass activity of 0.34 mA mgec?, a 6.9 times
higher specific activity and 2 times mass activity enhancement compared to Pt JM (0.2 mA ¢cm? and 0.17
mA mgeit). With increasing size, the mass activity remains constant while the specific activity slightly

increases to 1.58 mA cm? for the PtCu-18 octahedra.



The main result concerns the increasing trend in ORR onset potential observed with increasing vertex-to-
vertex length of the octahedra. The activity enhancement is demonstrated by the specific activity trend at
0.95 V. The PtCu-18 showed a specific activity of 0.83 mA cm and mass activity of 0.065 mA mget.
We found that the specific activity of the PtCu-18 is two times higher than the PtCu-8 and reveals the
global trend of increasing specific activity for extended {111} facets. Compared to previously reported
specific activities, the CuPt-8 display the same activity as the PtsCu octahedral NPs with similar size
reported by Sun et al>” and Cu@Pt strained NPs.°
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Figure 5. CVs recorded at room temperature in an Ar-saturated and 0.1 M HCIO, solution with a sweep
rate of 100 mV s (A). ORR polarization curves recorded at room temperature in an Oz-saturated 0.1 M
HCIO, aqueous solution with a sweep rate of 10 mV s and a rotation rate of 1600 rpm (B). Specific and

mass activity for the ORR at 0.9 and 0.95 V for all of the catalysts (C and D respectively).

The size and shape-controlled of PtCu octahedra gave us a chance to observe the influence of the size on
the atomic distribution of Cu and Pt, and subsequently on the ORR activity. First, all the octahedra
display only {111} facets with a Pt rich surface for all the particles sizes of the study. Second, the copper



core determines the compressive strain on the Pt surface. As the particle size grows, the Pt surface
displays an increasing compressive strain up to 3 % for PtCu-18. Indeed, in the case of a few layers of Pt
surface, the compressive-strain effects has been shown to be responsible for the high activity of the NPs
and we can exclude the role of the vicinity of a second metal (so called ligand effect) due to the limited
range of this effect.

Qualitatively, the ORR activity scales with the strain of the Pt surface. The highest ORR activity was
measured on the 3% strained Pt surface (PtCu-18). For smaller size, like PtCu-10, the measured strained
is only 1.4% which could explain the lower ORR activity. The thickness of the Pt layer can be estimated
from the line scan, together with the HAADF-STEM image. The Pt surface consists of 4 atomic layers for
PtCu-10. These two values (1.4% strain for 4 atomic Pt layers) quantitatively match the DFT calculations
predicting the relationship between the layer thickness, the strain and the oxygen binding energy.°

Conclusion

The present work suggests a synthetic approach for controlling the size of the active facets and thus to
improve the electrocatalytic performance of ORR electrocatalysts. The addition of CTAB surfactant in a
single step colloidal synthesis of carbon supported copper-platinum nanocrystals promote the formation
of nano-octahedra. The addition of surfactant leads to the linear increase of the octahedra size from 8 to
18 nm with a high homogeneity in size and shape. The HAADF-STEM combined with EDS demonstrates
the Pt rich surface on a Cu core which results in compressive strain on the Pt layers. The increasing ORR
specific activity observed with size seems to origin from the high compressive stress. The ability to
control size and shape in the PtCu octahedra activity through the simple addition of a non-binding
surfactant offers an excellent model to observe the trend in structure-activity relationship. Indeed, we

could attribute the increase of the ORR activity to the optimized compressive strain of the Pt surface.

Methods

Materials. platinum(ll) acetylacetonate (Pt(acac),, 97%), nickel(ll) acetylacetonate (Ni(acac),, 95%),
benzoic  acid  (CéHsCOOH,  >99.5%), N,  N-dimethylformamide @ (DMF,  >99.9%),
Cetyltrimethylammonium bromide (CTAB, 99%) and Nafion ( Wt% 5) were all purchased from Sigma-
Aldrich. Commercial Pt/C Johnson Matthey (JM, 20 wt% Pt). Carbon black (C, Vulcan XC72R carbon)

purchased from Cabot Corporation. All the chemicals were used as received without further purification.

Synthesis of Cu@Pt/C octahedral NPs. In a typical synthesis of octahedral Cu@Pt/C catalyst, 10 mg
Pt(acac),, 6.6 mg Cu(acac)., 60 mg benzoic acid, 10 mL carbon black dispersed in DMF (2 mg/mL) and



CTAB amount corresponding to the desired particles size were added into a vial. After the vial had been
capped, the mixture was ultrasonicated for 15 minutes. The resulting homogeneous mixture was then
heated to 160 °C for 12 h, before it was allowed to cool down to room temperature. The resulting
colloidal products were collected by centrifugation and washed three times with an ethanol/acetone
mixture. Cu@Pt/C octahedral catalyst with 8, 10, 14 and 18 nm (vertex to vertex along the <100>
direction ) were synthesized by adding 5, 10, 15 and 20 mg of CTAB respectively. Synthesis of spherical
Pt/C was done in the absence of CTAB.

Characterization

Morphological, structural, and elemental characterization

The structure of the NPs is investigated using transmission electron microscopes (TEM): JEOL 1400 at
120 kV. The high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
micrographs and electron dispersive spectroscopy (EDS) maps were acquired using a monochromated and
double corrected Titan Themis G2 60-300 (FEI / Thermo Fisher) operated at 300KeV and equipped with
a DualX detector (Bruker). The quantitative analysis of the EDS maps was done using the Velox software
(FEI / Thermo Fisher). Scanning TEM (STEM) was performed at 200 kV on an FEI Titan 80-200
(“ChemiSTEM”) TEM,* equipped with a Cs -probe corrector (CEOS GmbH) and a high-angle annular
dark field (HAADF) detector operated at 200 kV. To achieve “Z-Contrast” conditions, a probe semi-angle
of 25 mrad and an inner detector collection semi-angle of the detector of 88 mrad were used. EDX
Compositional maps were obtained using four symmetric large-solid-angle silicon drift detectors. For
EDX measurement an FEI double-tilt holder was used, and the TEM specimen was untilted. EDX
analysis was performed using ESPRIT software (Bruker Company, Berlin, Germany) using the Cu and Pt
L peaks. The crystalline phases and crystallinity of the prepared powders were examined by XRD using
Cu Ka (0.1541 nm) radiation (Bruker Advance D8).

Electrochemical measurements

A typical three-electrode cell was used to perform the electrochemical measurements. The working
electrode was a glassy carbon rotating disk electrode (RDE) (0.196 cm?, Pine Instrument). A hydrogen
reference electrode (Gaskatel, HydroFlex) and Pt wire was used as counter electrode. A catalyst ink was
prepared by mixing the as-prepared catalyst Cu@Pt/C powder in ethanol, water, and Nafion (5%) (v/v/v =
8:2:0.01) and sonicated for 45 min in an ice bath. 7.5 microliters of the catalyst ink were cast on an RDE
and dried under ambient conditions. The loading amount of metal Pt for the 8, 10, 14 and 18 Cu@Pt/C
octahedral catalysts were 1.7, 2.2, 3.2 and 2.9 ngp respectively. For comparison, Commercial Pt/C

catalyst JM was used as the baseline catalysts with a Pt loading of 10.2 pged/cm?. Cyclic voltammetry



(CV) measurements were conducted in a 0.1 M HCIO, argon-saturated solution with a potential scan rate
of 100 mV/s. Oxygen reduction reaction (ORR) measurements were conducted in a 0.1 M HCIO4
solution which was purged with oxygen during the measurement. The scan rate was 10 mV/s and the
ORR polarization curves were collected at 1600 rpm. The ECSAs were determined by integrating the

hydrogen adsorption charge on the CV.
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