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ABSTRACT

We combined synchrotron small angle X-ray scattering, X-ray fluorescence and extended X-ray
absorption fine structure spectroscopy to probe the structure of chemically synthesized CoPt;
nanoparticles (NPs) after ligand removal via the commonly accepted solvent/nonsolvent approach. We
showed that improved catalytic activity of extensively purified NPs could not be explained only in terms
of a “cleaner” surface. We found that extensive surface purification results in the substantial leaching of
the Co atoms from the chemically synthesized CoPt; NPs transforming them into CoPts;/Pt core/shell
structures with unexpectantly thick (~0.5 nm) Pt shell. We indicated that the improved catalytic activity

of extensively purified NPs in octyne hydrogenation reaction can be explained by the formation of
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CoPt3/Pt core/shell structures. Also, we demonstrated that drastic compositional and structural
transformation of water transferred CoPt; NPs was rather a result of extensive removal of native ligands
via solvent/nonsolvent approach than leaching of cobalt atoms in aqueous media. We expect that these

findings can be relevant to other transition metal based multicomponent NPs.

1. INTRODUCTION

Multicomponent nanoparticles (NPs) became an important class of materials due to their abilities to
carry multiple functions of the individual constituents and to generate novel properties as a result of the

interplay between the building blocks.'"'® They were considered for a broad range of applications such as

11-17 19-24

catalysis, magnetic storage systems,'® biomedicine, and fuel cells." > In particular, the alloys of
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Pt with transition metals were recognized for their exceptional catalytic properties.”>"” It was found that
polycrystalline Pt alloyed with 3d-transition metals was 2-4 times more active than polycrystalline Pt for
the electrochemical oxygen reduction.”® However, the advanced catalytic properties of Pt-based alloy

films were often attributed to the formation of Pt-skin,”’?*

that can be obtained by dissolution of non-
platinum atoms via acidic treatment or as a result of complete segregation of Pt atoms at the surface

during high temperature annealing.”® Theoretical studies on CoPt clusters based on the Monte Carlo

29-31 132,33

simulations and genetic algorithm with a many-body potentia indeed revealed the preferential
segregation of Pt atoms at surface. However, the surface composition of bimetallic NPs under catalytic
reaction conditions can be significantly affected by the reactants.

Previous studies demonstrated that the surface of bimetallic NPs can undergo complex
transformations upon their exposure to different media.” **** For example, experimental studies on 10-12
nm Co-Pt alloy NPs showed the migration of Co atoms and formation of a strained epitaxial CoO film
upon their high temperature exposure to oxygen, while in a reducing atmosphere of hydrogen, the Co
atoms migrated back to the bulk, leaving a monolayer of platinum atoms on the surface.”” Similar
phenomenon under oxidizing or reducing conditions was observed for Rh-Pd alloy NPs.”> While in the
gaseous environment the compositional transformations were reversible, irreversible leaching of Fe was
reported for FePt in aqueous media.” Since the NP surface characteristics are critical for their

2% understanding of the compositional uniformity in such system and its

performance as catalysts,
stability is critical for further advancing of the design principles of highly efficient catalytic structures.
However, despite the significant progress in synthesis of binary metal alloy NPs, there is still no clear
understanding of the correlation between the “bulk” composition and the surface structure.

Easy to scale colloidal synthesis in organic solvents is an attractive way to synthetize highly
monodisperse NPs with precisely controlled size, shape, morphology, and overall composition. However,
it is capitalized on active use of organic molecules that control the kinetic of the nucleation and growth of
NPs. Since these molecules are often expected to passivate the surface in chemical catalysis and
negatively affect the conductivity in the NP layers in electrocatalysis, they are usually removed via
extensive washing using solvent-nonsolvent approach. As a result, the improved catalytic activity of
washed NPs is attributed to the “cleaner” surface of NPs and higher number of the available catalytic
sites. Solvent/nonsolvent purification approach is commonly considered to be rather gentle and is
expected to allow avoiding the structural transformations of NPs observed in traditional high temperature
cleaning procedures.’™*” However, recently it was shown that certain surface stabilizing ligands can, in
38-41

fact, significantly improve catalytic selectivity of multicomponent NPs in hydrogenation reactions.

Therefore the role of surface ligands and the need for “clean” surface are not that unambiguous.
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Nevertheless, surface modification with desired functional ligands also involves thorough removal of
original molecules via solvent/nonsolvent purification. While interactions of the ligands with the surface
of luminescent semiconductor NPs and the impact of their removal on the optical properties are

extensively studied,**

in the case of metal NPs the discussion on surface purification is mainly limited
to the ligand removal and subsequent formation of clean NPs surface without providing insights into the
nature of ligand-surface interactions. In the light of previously reported structural transformations of

multicomponent NPs as a result of their exposure to the reactive environment,” > >3

and change of the
overall elemental composition observed for semiconductor metal chalcogenide NPs as a result of surface
purification,” we decided to investigate the effect of NP surface purification by solvent/nonsolven
approach on composition and structure of transition metal alloy NPs and its impact on the catalytic
properties.

In this work, we focus our study on understanding the effects of the thorough surface purification on
the surface composition and structure of bimetallic Pt-based alloy NPs synthetized in organic solvent.
Using Transmission Electron Microscopy (TEM), Small Angle X-ray Scattering (SAXS), X-ray
fluorescence (XRF) and Extended X-ray Adsorption Fine Structure spectroscopy (EXAFS) we provide a
detailed analysis of the structure of chemically synthetized CoPt; NPs after ligand removal via commonly
accepted solvent/nonsolvent approach. We show that extensive solvent/nonsolvent purification applied to
5.9 nm CoPt; NPs results in the formation of unexpectantly thick (~0.5 nm) Pt shell. We explain the
improved catalytic activity of extensively purified NPs in octyne hydrogenation reaction by the formation

of CoPt;/Pt core/shell structures via leaching of cobalt atoms from the NP surface. We also demonstrate

that the phase transfer of CoPt; NPs and their prolonged exposure to the water can result in the formation
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of ~0.7 nm thick Pt shell; however, such thick film was mainly formed as a result of extensive surface
purification implemented for effective ligand exchanges and phase transfer. We conclude that purification
of the surface of transition-based metal NPs by solvent/nonsolvent can significantly affect their structure
and composition. Understanding of this effect is critical for the design of efficient catalysts and surface

modification for targeted applications.

2. EXPERIMENTAL SECTION

Chemicals: Platinum acetylacetonate (Pt(acac),, Acros Organics, 98%); dicobalt octacarbonyl,
(Co2(CO)8, stabilized with 1-5% of hexane, Strem); diphenyl ether (DPE, Aldrich, 99%); toluene
(Aldrich, 99.5%); ethanol (anhydrous, ASC grade, Pharmaco-Aaper); isopropanol (Fisher Scientific,
99.9%); methanol (Riedel-de Haen, 99.9%); hexadecylamine (HDA, Aldrich, 90%); 1-

adamantanecarboxylic acid (ACA, Aldrich, 99%); were used as received without any further purification
3


http://dx.doi.org/10.1039/c8nr00060c

Published on 19 February 2018. Downloaded by University of New England on 20/02/2018 22:14:23.

Nanoscale

View Article Online
DOI: 10.1039/C8NR00060C

Synthesis: The CoPt; NPs of two different sizes were synthesized according to previously reported
protocol.*’ Briefly, Pt(acac), (0.033 g) and ACA (0.25 g) were dissolved at 55 °C under nitrogen flow in a
mixture of HDA (4 g) and DPE (2 mL). Then 0.043 g of Co,(CO)g dissolved in 0.7 mL of DCB were
injected into the reaction solution heated up to 170 °C or 145 °C to synthetize ~6 nm or ~9 nm CoPt; NPs,
respectively. The reaction mixture was kept at the temperature of the injection for 1 h. After that NPs
were annealed at ~ 246 °C for 15—-20 min and the reaction solution was cooled down to 70 °C and 5 mL
of chloroform were injected. The NPs were isolated from the unreacted species by precipitation with
ethanol (25 mL) followed by centrifugation. The precipitates were re-dispersed in 2-3 mL of toluene or
chloroform and filtered through a 0.2 pum PTFE filter. Additional solvent/nonsolvent rounds were applied
to remove the excess of stabilizers and byproducts by precipitation with 2-propanol and centrifugation,
followed by their dissolution in chloroform. The synthesis of 3.5 nm Pt NPs was conducted according to
Ref.*®

Phase Transfer of NPs: 9.3 nm CoPt; NPs were transferred into water according to the protocol
described in ref.** The solutions of NPs were washed by multiple washing rounds with alcohols. A
mixture of methanol and ethanol was used for the first round while other purification rounds were
performed with 2-propanol. The volume ratio of the NPs solution to the nonsolvent was about 1 to 10.
Final precipitate was re-dissolved in 1 mL of chloroform, and PEGylated phospholipid (PEG-PE, 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (ammonium salt),
Avanti Polar Lipids) dissolved in chloroform (10 mg/ mL) solution was added. The flask was attached to
the Schlenk-line and chloroform was allowed to evaporate under the flow of nitrogen. Next, 10 mL of
water were added in which dry precipitate readily re-dispersed upon several seconds of gentle sonication.
After that, aqueous solution of NPs (1.5 mL) was placed into the 0.5-3 mL Slide-A-Lyser dialysis cassette
with molecular weight 3500 MWCO and dialyzed versus 300 mL of DI water under stirring for 11 days.
Catalytic Studies: The hydrogenation of reaction of 4-octyne was carried out in a stainless steel reactor at
room temperature for 15 min under H, atmosphere (200 psig). In a standard condition, the reaction
solution was prepared by dispersing corresponding NPs in 1.0 mL of dodecane containing 3.75 wt % (255
mM) of 4-octyne.

Characterization:
Transmission electron microscopy (TEM) measurements were performed using a FEI Tecnai F30
microscope operated at 300 kV. TEM samples were prepared by dropping and drying of 1-2 pL of

corresponding NP toluene solutions on a carbon-coated copper grid (Ted Pella). Energy Dispersive X-ray

Page 4 of 21


http://dx.doi.org/10.1039/c8nr00060c

Page 5 of 21 Nanoscale

View Article Online
DOI: 10.1039/C8NR00060C

Spectroscopy (EDX) data and dark field STEM and EDX elemental mapping images were obtained using
FEI Tecnai F20ST TEM/STEM.

X-ray Absorption Fine Structure (XAFS) experiments were performed at the XAFS-2 beamline at the
LNLS (Laboratorio Nacional de Luz Sincrotron), Campinas, Brazil. Extended X-ray Absorption Fine
structure (EXAFS) spectra at the Pt L;-edge (11564 e¢V) and EXAFS and X-ray Absorption Near Edge
Structure (XANES) at the Co K-edge (7709 eV) were recorded at room temperature using a Si (111)
crystal monochromator in transmission mode with three ion chambers as detectors. The absorption of the
sample was determined between the first two chambers and the third one was used to measure the
corresponding metallic reference, placed between the last two chambers, simultaneously with the sample.
The EXAFS data were extracted from the measured absorption spectra by standard methods using
ATHENA software which was part of the IFFEFIT package.”® Fourier transformation was calculated
using Hanning filtering function and EXAFS modeling was carried out using the ARTEMIS program
(IFFEFIT package). Structural parameters (coordination numbers, bond lengths, and their mean squared
disorders) were obtained by a nonlinear least-squares fit of the theoretical EXAFS signal to the data in R
space by Fourier transforming both the theory and the data. Theoretical scattering path amplitudes and
phase shifts for all paths used in the fits were calculated using the FEFF6 code.” The k-range was set
from 2 to 14 A", The passive reduction factor So* values were restrained between 0.92 and 0.76 for Pt-L;
and Co-K edges analysis respectively. These values were obtained from the fitting of metallic Pt and Co
foils standards by constraining the coordination number in these compounds of known crystal structure.
Simultaneously, x-ray fluorescence spectra were taken using a 15-element germanium solid state detector
connected to a multichannel analyzer.

Small Angle X-ray Scattering (SAXS) Reciprocal space information was obtained from SAXS

Published on 19 February 2018. Downloaded by University of New England on 20/02/2018 22:14:23.

experiments performed at the SAXS-2 beamline of the Laboratdrio Nacional de Luz Sincrotron (LNLS),
in Campinas, Brazil. The isotropic SAXS intensity was measured as a function of the scattering vector

q =47/ A)sin@, A being the wavelength (A = 0.161 nm), and 26 the scattering angle. SAXS curves

were normalized to equivalent intensity of the direct x-ray beam and the parasitic scattering from slits was
subtracted. Because of the small cross-section of the direct X-ray beam at the detector plane, it was not
necessary to correct the SAXS curve for smearing effects. Samples were measured in toluene suspension
in a liquid cell with mica disk as windows. SAXS analysis were performed using SASFit software
(https://kur.web.psi.ch/sans1/SANSSoft/sasfit.html), using a core/shell form function with a LogNormal
size distribution function for the core radii. Details of the form factor function could be found in the

software manual. The scattering contrast relative to the matrix (toluene) of the core (CoPt; alloy) and that
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of the shell (Pt) were calculated from the bulk material parameters and were fixed during the fitting

procedures.

RESULTS and DISCUSSION.

Phase transfer and chemical stability of CoPt; NPs: As-synthetized 9.3+0.7 nm CoPt; NPs (Figure 1)
were additionally purified 3 times using solvent/nonsolvent method. This procedure decreased the
concentration of organic ligands down to about 4 wt. %.* Elemental distribution data shows a rather
uniform distribution of Co and Pt atoms across 9.3 nm CoPt; NP (Figure 1). The Energy Dispersive X-ray
Spectroscopy (EDX) results revealed the ratio of Pt to Co as 78 to 22 at. %, that correlates well with the
stoichiometric CoPt; NPs.

In our earlier study,” we reported a leaching of Co atoms after a phase transfer of CoPt; NPs into
water. The amount of leached Co (+2) was comparable with the estimated amount of Co atoms at the
surface of CoPt; NPs. Also, a continuous release of Fe atoms in aqueous media was reported for FePt
NPs.”® In order to estimate the impact of ion leaching on the elemental distribution within NPs, we

conducted a detailed study on 9.3 nm CoPt; NP transferred into water using phospholipid block-

copolymer micelles *** by applying combined experimental approach that included synchrotron SAXS,

XRF, and EXAFS techniques.
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Figure 1. TEM overview of 9.3 nm CoPt; NPs (a); dark field STEM image (b) EDX mapping images
obtained by acquiring EDX spectra including the Co L series (c¢) and Pt L series (d); the line-scans

derived from elemental maps across 9.3 nm CoPt; NPs (e); size histograms calculated based on analysis
of 220 NPs (f).

To determine the chemical composition of water transferred 9.3 nm CoPt; NPs, we performed XRF

experiments. Figure 2a shows the experimental XRF spectra obtained using an excitation energy of 11850
6
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eV and corresponding fit performed using PyMca software.’> Analysis of these fitting data, that took into
account the cross section correction for the used excitation energy, allowed to estimate the atomic ratio of
Pt to Co as 5.4, value that is significantly higher than the stoichiometric 1 to 3 ratio of CoPt; alloy.

The elemental distribution in water transferred NPs was analyzed by probing the local structure
around Co and Pt atoms by EXAFS that can provide structural information of nanomaterials with both
homogeneous and non-homogeneous distribution of elements by the analysis of the fitted averaged
coordination numbers.” Figure 2b shows the Fourier transforms of the EXAFS oscillations obtained at
the Co-K and Pt-L; edges as well as the corresponding fitting curves. A model with two coordination
shells with Co and Pt atoms as scatters in each shell was used to fit Pt-L; EXAFS data, while only one
coordination shell of Pt atoms was necessary to fit Co-K edge EXAFS data. The Pt, CoPt™ and CoPt;”
bulk alloys were used as references in EXAFS analysis. Table 1 summarizes the structural parameters
derived from the EXAFS fits and compares them with the values obtained for corresponding reference

samples.
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Figure 2. Summary of the structural characterization for water transferred 9.3 nm CoPt; NPs. The XRF
spectrum (open circles) and its fit (red curve) (a). The Zn and Cu signals belong to the substrate. Fourier
transforms of the EXAFS oscillations at the Co-K and Pt- L; edges and corresponding fits (red curves)
(b). Calculated average coordination numbers, Np;p, (red line) and Np.c, (blue line) as a function of
CoPt; core radius. The green horizontal bars represent the average coordination numbers derived from
the EXAFS fits. The vertical red bar indicates range of the CoPt; core radius that allow obtaining the
coordination numbers matching the experimental data. (c). Depiction of the possible core/shell structure
(d) reconstructed based on the data shown in (c). SAXS (open symbols) and the fitting curve obtained
based on a spherical core/shell model. The size distributions reconstructed from fitting curve was
overlapped with the size distribution data obtained based on the TEM data (e, insert).
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The EXAFS results at the Co K-edge revealed the Co-Pt interatomic distance of ~2.72(3) A that is
similar to 2.71, characteristic of the CoPt; alloy reference. Only a Pt shell was found around Co atoms,
that is indicative to CoPt; structure (Table 1). Fitting of the EXAFS data obtained at Pt L;-edge also
indicated that the Co-Pt interatomic distances are similar to those of CoPt; alloy. Although we should
expect a contraction of Pt-Pt distances™®™® due to the enhancement of surface tension in NP,” the
interatomic Pt-Pt distances derived from Pt-L; EXAFS fitting curve are greater than those in both CoPt;
and CoPt alloys. Also, the EXAFS fitting data indicated a higher number of the Pt atoms coordinated to
other Pt atoms (8.7(4) vs. 8, characteristic to CoPt; alloy) and lower number of Pt atoms coordinated to
Co atoms (1.9(3) vs. 4, characteristic to CoPt; alloy). However, these results can be explained by the co-

existence of bimetallic and metallic phases.

Table 1. Structural parameters obtained from the EXAFS fits at the Co-K and Pt-L; edges for water
transferred 9.3 nm and extensively purified 5.9 nm CoPt; NPs and reference values for bulk Pt and bulk
CoPt, and CoPt; alloys.

Co-K Pt-L;

NCoPt RCo-Pt O'ZCO.Pt NCoCo RCo-Co N RPt—Pt 0'2P¢-P¢ NPtCo RPt-Co Gz Pt-Co

A | A A) | el @A) | (@AY A | &y

Water 11.419 | 2.725 | 0.009, - - 8.7, | 274, 1 0.007, | 1.9 | 2.70, | 0.009,
transferred
9.3 nm
CoPt; NPs

Extensively | 10.6,y | 2.70; | 0.008, - - 834 | 273, 1 0.006, | 1.7 | 2.69, | 0.007,
washed 5.9
nm CoPt;
NPs

Pt - - - - - 12 2.77 - - - -

CoPt 8 2.65 - 4 2.69 4 2.69 - 8 2.65 -

CoPt; 12 2.71 - 0 - 8 2.71 - 4 2.71 -

First of all, since the Pt-Pt distances in the bulk Pt and in the CoPt; alloy are 2.77 and 2.71 A,
respectively, the average value for Pt-Pt distance in the structure with two coexisting metallic phases is
consistent with our fitted value of 2.74 A (Table 1). Note, that the EXAFS results excluded the possibility
of the presence of CoPt alloy phase in our samples. The obtained Pt-Co distances and the absence of a
Co-Co shell as first neighbors constituted a strong evidence of the CoPt; alloy as the bimetallic phase.
Second, the ratio of coordination numbers for Pt atoms, Npp/Npco, for water transferred sample was
about 4.6, though these ratios for stoichiometric CoPt and CoPt; alloys are 0.5 and 2, respectively. Such

high Npp/Npc, ratio strongly suggests that a fraction of the Pt atoms in NPs, indeed, segregated and
8
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formed rather extended domain of Pt.°° Third, the coordination number of Pt derived from the data
obtained at the Co K-edge was around 11, that is consistent with the coordination number for Pt atoms in
CoPt;. This means that Co atoms belong to the phase that also contains Pt atoms supporting the presence
of bimetallic alloy phase.

In summary, both the interatomic distance and the average coordination numbers obtained from the
EXAFS fittings (see Table 1) are consistent with the presence of two Pt-containing phases: metallic Pt
and Pt-Co alloy, most likely CoPt;. Since NPs had spherical shape (Figure 1), it was reasonable to assume
CoPt;/Pt core/shell structure.

In order to estimate the radius of the alloy core in the water transferred NPs, we calculated the
theoretical average coordination numbers Npp, (Figure 2c¢, red curve) and Npc, (Figure 2c¢, blue curve) for
CoPt;/Pt core/shells NPs with different CoPt; core radii keeping the external radius of NPs fixed to 4.65
nm as it follows from the TEM data (Figure 1). Horizontal green bars represent the average coordination
numbers Npp, and Np, determined by the EXAFS experiments. The area of the interception of the green
bars and the calculated curves (Figure 2c, red bar) shows that the radius of the CoPt; core was in the
range between 3.8 nm and 4 nm. Hence, the thickness of the Pt shell was around 0.75 nm, that was
significantly larger as compared to previous estimation based on the analysis of the concentration of the
leached ions.*’ Figure 2d shows the depiction of the possible structure for 9.3 nm water transferred NPs.
Based on the core/shell model with ~0.75 nm shell, the ratio of Pt to Co atoms was estimated to be 5.7(6)
that is in a good agreement with the ratio of 5.4 calculated based on XRF data (Table 2). It is worth
mentioning that the inverse configuration such as Pt/CoPt; and a random distribution of Pt and Co atoms
were also simulated. However, no matching region between the experimental values and the modeled data

was found (Figures S1, S2).

Published on 19 February 2018. Downloaded by University of New England on 20/02/2018 22:14:23.

Table 2. Pt to Co atomic ratio obtained based on the analysis of EXAFS and XRF data.

Samples EXAFS simulation XRF

Pt/Co Pt/Co

Water transferred 9.3 nm 5.7¢ 54
CoPt; NPs

Extensively washed 5.9 nm 5.14 4.8
CoPt; NPs

To validate the proposed CoPt;/Pt core/shell model, we performed SAXS experiments on the same
water transferred NPs that allowed direct determining of the core and shell dimensions. Figure 2¢ shows

the SAXS results and the corresponding fitting data obtained using the spherical form factor and
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assuming that the core was CoPt; alloy and the shell consists of only Pt atoms. As it can be seen in Table
3, the mean core radius and the shell thickness, obtained by SAXS and EXAFS model, are in good
agreement. The minor difference of the values obtained from SAXS and EXAFS can be associated with
the using of the TEM data in the EXAFS models. While SAXS provide information averaged over the
large volume of NPs, TEM was area specific and was limited to the analysis of hundreds of NPs.

The presence of CoPt; phase in extensively washed CoPt; NPs was also supported by XANES data
(Figure S3). The Co K-edge XANES spectrum revealed the pre-edge feature at 7709 eV and a hump at
7725 eV that correspond to transitions from 1s to 3d and 1s to 4d orbitals in Co atoms, respectively. The
positions of the characteristic features and the intensity of the white line of the Co K-edge XANES
spectrum extensively washed CoPt; NPs are nearly the same as those of CoPt; bulk alloy reference
(Figure S3a). In turn, the XANES spectrum of the as—synthesized 9.3 nm CoPt; NPs was noticeably
different, suggesting some differences in the local coordination of the Co atoms in as-synthetized and
extensively purified CoPt; NPs. The Co K-edge EXAFS study on as-synthetized CoPt; NP indicated the
presence of additional coordination shells for Co with Co-Co and Co-O contributions (Figure S3b, Table
S1) that is consistent with the presence of oxidized Co atoms at the surface of the as-synthetized NPs.

Combination of the EXAFS and SAXS data strongly supports the core/shell structure of water
transferred NPs. Previously, we suggested that cobalt atoms leached only from the surface of CoPt; NPs
based on the analysis of the concentrations of the leached Co (+2) ions to the water by zero background
chemiluminesence method.” However, chemiluminesence method detected only leached Co (+2) ions
after water transfer. In turn, the XRF study on water transferred and dialyzed CoPt; NPs indicated
significantly lower concentration of Co atoms as compared to earlier estimate. Since CoPt; NPs, that
typically underwent 1-3 purification rounds of solvent/nonsolvent treatment, were reported to have

47.49.61 and the concentration of Co and Pt in 9.3 nm CoPt;

elemental composition close to stoichiometric,
NPs after 3 solvent/nonsolvent rounds and before water transfer was estimated by EDX as 22 and 78
at.%, respectively, it was reasonable to assume that a significant Co depletion of CoPt; NPs took place as
a result of preparation of NP surface for phase transfer such as additional solvent/nonsolvent rounds. Can

the surface purification indeed alter the composition of CoPt; NPs to such extent?

Table 3. Core radius and shell thickness obtained from SAXS and EXAFS models.

SAXS model EXAFS model

Mean core radius, Shell thickness, | Mean core radius, Shell thickness,
nm nm nm nm

10
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Water 3.605 0.72, 3.9, 0.7549
transferred 9.3
nm CoPt; NPs
Extensively 2.17; 0.59, 2.405 0.555
washed 5.9 nm
CoPt; NPs

Typically, 1-2 purification rounds are applied to as-synthetized NPs that results in preserving of 12-35
wt.% of organic molecules depending on the NP size.”® ®* However, some applications, such as catalysis

63-64

or electrocatalysis require cleaner surfaces. High temperature procedures, e.g. calcination and

extensive surface purification’® **

aimed on removal of adsorbed molecules are applied to improve the
performance of NPs as catalysts. While in the case of unary NP catalysts the removal of ligands can
straightforwardly increase the number of available catalytic sites; however, there is no systematic
understanding of the effect of surface purification of the multicomponent NPs on their composition.

Previously, we found that the extensive (4-5 rounds) purification rounds of CoPt; NPs prevented the
formation of CoPty/Au dumbbells.” Since the presence of Co (+2) atoms at the surface of metallic seeds
was required for successful synthesis of bimetallic heterostructures with standard gold precursor such as
AuCl;, suppression of Au nucleation on the extensively washed CoPt; seeds pointed out to the possibility
of leaching of cobalt atoms from the surface of CoPt; NPs during solvent/nonsolvent purification rounds.

The leaching of transition metal atoms from the NPs as a result of the surface purification can have a
strong effect on the catalytic properties of platinum-transition metal alloy NPs. In order to provide the
insights into the effect of the solvent/nonsolvent purification approach on the chemical stability of CoPt;
NPs, we conducted a detailed study on the thoroughly washed catalytically active CoPt; NPs using the
same methodology as we developed for analysis of water transferred NPs.

Effect of solvent-nonsolvent purification of CoPt; NPs on their catalytic properties: In this study,
we used 5.9 nm CoPt; NPs as a model system. This NP size was selected based on two factors. First of
all, smaller sized NPs are expected to reveal a higher catalytic activity as a result of higher total surface
area and hence smaller size was more relevant for catalytic studies. Second, we wanted to study the Co
depletion in NPs those volume was below the volume corresponding to ~0.7 nm thick Pt shell revealed in
the case of 9.3 nm water transferred NPs.

Figure 3 shows the TEM image of ~5.9+0.7 nm CoPt; NPs synthetized according to the protocols
described in Ref.*” ® Similar to the case of 9.3 nm CoPt; NPs, the line-scans derived from elemental
maps across individual 5.9 nm CoPt; NPs after 3 solvent/nonsolvent rounds suggest rather uniform

distribution of Co and Pt atoms (Figure 3). According to the EDX analysis, the Pt to Co ratio was 79 to 21
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at. % and did not deviate from stoichiometric 3 to 1, characteristic to CoPt; alloy. The detailed

. . . . . . . 47,61, 65-67
characterization of as-synthetized CoPt; NPs was provided in numerous previous studies.™” "
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Figure 3. TEM overview image of 5.9 nm CoPt; NPs (a); dark field STEM image (b), EDX mapping
images obtained by acquiring EDX spectra including the Co L series (c) and Pt L series (d); the line-
scans derived from elemental maps across 5.9 nm CoPt; NPs (e); size histograms calculated based on
analysis of 340 NPs (f).

Octyne hydrogenation was chosen as a model reaction to test the effect of extensive purification of
CoPt; NPs on the catalytic properties. We observed the significant difference in the performance of CoPt;
NPs depending on the number of the purification rounds. For example, 5.9 nm CoPt; NPs that underwent
only three purifications rounds demonstrated a lower activity in hydrogenation reaction of 4-octyne as
compared to extensively (5 solvent/nonsolvent rounds) washed NPs. Two additional purification rounds
allowed increasing the conversion of 4-octyne from 65 to 86.5% (Figure 4). In principle, this result alone
can be explained in terms of the increased number of catalytically active sites at the surface of extensively
washed NPs. However, the performance of extensively washed 5.9 nm CoPt; NPs exceeded even the
performance of extensively washed chemically synthetized 3.5 nm Pt NPs that provided higher overall
number of catalytic sites. Hence, “cleaner catalytic surface” argument only cannot explain the observed
data. Nevertheless, higher catalytic activity of extensively purified 5.9 nm CoPt; NPs as compared to 3.5
nm Pt NPs can be potentially explained by formation of Pt skin since Pt-based alloys of transition metals
with 100% Pt skin were previously reported to overperform Pt.*”?® However, such structures were
previously obtained via dissolution of non-platinum atoms by an acid.*® Can it be that purification of NP
surface using organic solvent/nonsolvent approach results in a drastic compositional and structural change

of CoPt; NPs?
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Figure 4. Summary on catalytic activities of CoPt; and Pt NPs and commercially available Pt on carbon
(Pt/C sample) in octyne hydrogenation reaction. Two solvent/nonsolvent rounds were applied to 5.9 nm
CoPt; NPs. The 5.9 nm CoPt; and 3.5 nm Pt NPs underwent 5 purification rounds. Prior to catalytic
tests, all studied samples were exposed to nitrogen plasma for 1 minute. The same amounts for
catalytically active NPs were used in tests. The performance of commercial Pt/C sample is shown for a
comparison.

Similar to the 9.3 nm NPs, the fit of the XRF spectra (Figure 5a) obtained for 5.9 nm CoPt; NPs
showed a Pt to Co ratio of 4.8, that is, again, significantly higher as compared to stoichiometric ratio of
as-synthetized CoPt; NPs. This result also suggests the presence of a second Pt rich phase in this sample.
Interatomic distances and average coordination numbers calculated from EXAFS data also indicated that
CoPt;/Pt core/shell structure was formed in the case of extensively washed (5 rounds of

solvent/nonsolvent) 5.9 nm or 5.9 nm CoPt; NPs. The matching of the average coordination numbers Npp,

and Np, calculated for CoPts/Pt core/shell NPs with different CoPt; core radii with the Npp: and Npco

Published on 19 February 2018. Downloaded by University of New England on 20/02/2018 22:14:23.

obtained from EXAFS data was observed for the core sizes in the range between 2.35 nm and 2.45 nm
(Figure 5¢). These data mean that Pt shell was formed around CoPt; core in the extensively washed 5.9
nm NPs. The atomic ratio of Pt to Co calculated for CoPt;/Pt core/shell NPs with approximately 0.55 nm
thick Pt shell was found to be 5.1(4), that is in a good agreement with the ratio of 4.8 obtained from XRF
spectroscopy data.

Fitting of the SAXS data (Figure 5d) using core/shell approximation revealed the core radius and
shell thickness consistent with values obtained by modelling of the EXAFS data (Table 3). Thus we can
conclude that extensive washing indeed resulted in the Co depletion of 5.9 nm CoPt; NPs leading to the

formation of CoPts/Pt core/shell structure. The thickness of the Pt shell was estimated to be ~0.55 nm
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(Figure 5c). The formation of the Pt shell as a result of extensive surface purification also explains the

previously reported suppression of the gold overgrowth at the surface of extensively washed CoPt; seeds.’

—
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Figure 5. Summary of the structural characterization for extensively washed 5.9 nm CoPt; NPs. The XRF
spectrum (open circles) and its fit (red curve) (a). The Zn and Cu signals belong to the substrate. Fourier
transforms of the EXAFS oscillations at the Co-K and Pt- L; edges and corresponding fits (red curves)
(b). Calculated average coordination numbers, Npp, (red line) and Np,c, (blue line) as a function of
CoPt; core radius. The green horizontal bars represent the average coordination numbers derived from
the EXAFS fits. The vertical red bar indicates range of the CoPt; core radius that allow obtaining the
coordination numbers matching the experimental data (c). Depiction of the possible core/shell structure
(d) reconstructed based on the data shown in (c). SAXS (open symbols) and the fitting curve obtained
based on a spherical core/shell model. The size distributions reconstructed from fitting curve was
overlapped with the size distribution data obtained based on the TEM data (e, insert).

CONCLUSIONS

Combination of XRF, EXAFS, and SAXS techniques constitutes a powerful set of chemically
selective techniques sensitive to local order that enables investigation of nano- and sub-nanometric
structures. Combined use of these techniques reveals the substantial leaching of the Co atoms from
chemically synthetized NPs as a result of extensive solvent/nonsolvent purification. This process
transforms CoPt; NPs into CoPt;/Pt core/shell structures with ~0.5 nm thick Pt shell. Therefore Co atoms
can leach not only from the surface of NPs as we previously anticipated,’ but also from the deep inner
layers of NPs. The advanced catalytic activity of extensively washed alloy NPs in 4-octyne hydrogenation
reaction is explained by the formation of CoPt;/Pt core/shell NPs. Also, the formation of Pt shell explains

the suppression of CoPt;/Au dumbbells formation when extensively washed alloy NPs were used as
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seeds.” Understanding of modification of chemical composition during processing of NPs is critical for
our ability to design advanced highly performing heterostructures. Interestingly, the ratio of shell
thickness to the radius of the core is found to be 0.21(2) for both 5.9 and 9.3 nm alloy samples; however,
the conclusion about the correlation between the Pt shell thickness and the size of the alloy NPs seems to
be premature and further studies on differently sized alloy NPs are required.

We limited our study to the chemical stability of the inorganic part since alloy NPs are mainly used in
catalysis and electrocatalysis, applications that traditionally require “clean” surface. In turn, other studies,
conducted mainly on semiconductor NPs focus on the probing of the organic molecules at the NP surface
since proper surface passivation was required for good optical properties.*” *** 7! Nevertheless,
irreversible compositional modification of CdSe NPs was observed as a result of removal of surface-
bound ligands causing the change of the Cd/Se ratio from 1.1 to 1.0, that in turn, resulted in the decrease
of the photoluminescence quantum yield.* Also, it was shown for CdSe/ZnS core/shell NPs* that initial
2 solvent/nonsolvent purification rounds left a mixture of anionic X-type and two-electron donors L-type
ligands and the NP surfaces, while further purification allowed remaining of mainly L-type ligands.* Our
data are in qualitative agreement with the previous studies on semiconductor NPs; however, we report
more significant change in the NP stoichiometry. Thus, we demonstrated that 5.9 nm and 9.3 nm CoPt;
NPs were transformed into core/shell NPs with approximately CoPts and CoPty compositions,
respectively. The understanding of the chemical stability of multicomponent NPs requires further studies
on both their inorganic and organic constituents since the nature of capping ligands, solvent and
nonsolvent can be all contributing factors. While here we presented study on CoPt; NPs, similar effects
are very likely to be observed for other transition metal based NPs. The preferential leaching of certain

elements controlled by solvent/nonsolvent approach can potentially be a promising way to adjust the

Published on 19 February 2018. Downloaded by University of New England on 20/02/2018 22:14:23.

properties of multicomponent, transition metal based NPs for desired applications.
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Extensive surface purification of alloy NPs can significantly change their composition and transform

them into core/shell nanostructures with the improved catalytic properties.
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