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We have synthesized ternary nanoalloys (NAs) of Pt with transition metals (Co, Cu, Ni, Ti, Ru, Mn) as oxygen
reduction reaction (ORR) electrocatalysts using our recently developed laser ablation synthesis in solution-
galvanic replacement reaction (LASIS-GRR) technique as a facile and surfactant-free nanomanufacturing
route. The specific choice of the elemental compositions is driven by the respective target metal/metal salt
redox potential gaps as well as the target metal and/or metal oxide solubility in desired acids. The high-
energy thermodynamics of the LASIS-GRR process enables control of the sizes, elemental compositions
and distributions of the ternary NAs through systematic tuning of the initial metal salt concentration, pH, la-
ser fluence and ablation time. Specifically, the PtCuCo NAs synthesized with an elemental composition of
72:12:16 (Pt: Co: Cu) exhibit the best ORR catalytic activity. The NAs largely possess a shell-core structure
with the shell composed mostly of Pt and a minor amount of Cu, along with a uniformly alloyed PtCuCo
core. Mass and specific activities for ORR performance of the NAs indicate a 4- and 6.5-fold improvement,
respectively, over the corresponding activities of commercial Pt/C. We attribute the enhanced activity to 1)
our surfactant/ligand-free synthesis technique that prevents catalytic site degradation and 2) minor alloying
of the second transition metal Cu that shifts back the Pt d-band center to an optimal position between
those of Pt and the PtCo binary NAs, thereby tuning their binding affinities for both oxygen and oxygenated
species. Finally, this work establishes the versatility of the LASIS-GRR technique through the synthesis of
other ternary NAs (PtRuNi, PtCoMn, PtNiTi) that also exhibit reasonably good ORR activities.
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(ORRs) at the cathode.”® To this end, PtM (where M stands
for transition metals such as Co, Cu, Ni, Ru, Pd, Au, etc.)

1. Introduction

Proton exchange membrane fuel cells (PEMFCs) have gained
tremendous research interest in recent years'™ owing to the
quest for sustainable carbon-neutral energy sources to ad-
dress the surge in global energy consumption. However, the
critical bottleneck in the commercialization of PEMFCs lies in
the facile and cost-effective synthesis of electrocatalysts to fa-
cilitate the rate-determining oxygen reduction reactions
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nanoalloys (NAs) have found a prominent place in the PEMFC
community as well-known ORR electrocatalysts that exhibit
comparable and, in some cases, even better catalytic perfor-
mances while lowering the precious metal contents.">* ">
This enhanced catalytic activity is attributed to the synergistic
geometric and electronic effects arising inherently from the
alloying process. The former effect refers to the shrinkage of
lattice parameters that increases the number of active surface
sites for catalysis, while the latter is attributed to the shift in
the atomic d-band centers that results in proper tuning of the
binding affinities for both oxygen and intermediate oxygen-
ated species such as O*, OH*, OOH*, etc.*'” Moreover,
alloying is aimed at promoting the oxygen adsorption process
by enhancing the Pt-O affinity while simultaneously facilitat-
ing the dissociation of intermediate oxygenated species from
the Pt surface.>'®° It has been reported that alloying Pt with
transition metals on the left-hand side of the Pt column
(group 10) will generally downshift the d-band center and
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weaken the Pt-O binding affinity. On the other hand, alloying
Pt with transition elements to the right of group 10 mostly
shifts up the Pt d-band center and lowers the energy barrier
for binding oxygen.'*'>?' However, in either case, the com-
mon challenge is the optimization of the binding affinities
for both oxygen/intermediate oxygenated species by simply
alloying Pt with a single transition metal.>'*>>

In light of the aforementioned challenges, recent efforts
have been directed towards the use of multiple transition
metals for fine-tuning the two competing binding processes
and hence the molecular affinities.'**”*%237*> To this end,
the proposed effective alloying has involved the combinations
of noble metals with a series of 3-d to 5-d transition metals
such as PtAu(Co, Pd),"****® PtNi(Cu, Co, Fe, Cr),>'®>"?®
PtPd(Co, Ni, Cu),>***> PtFe(Cu, V, Ni, Co),’** PtCo(Cr, Ir,
Ni),>>® PtMn(Fe, Co, Ni, Cu, Mo, Sn),** PtCu(Te, Co),'**°
etc. However, the synthesis routes for most of these interme-
tallic compounds are chemically based which inevitably in-
volve unwanted surfactants and stabilizing/reducing agents
during the complex processing steps that can potentially
block the active interfacial sites and hence impede catalytic
activities.*"**> Furthermore, post-processing steps for the re-
moval of these unwanted chemicals require even harsher
conditions such as high-temperature treatment that might in-
duce severe agglomeration of the NAs.

To this end, previously we have reported the successful
use of pulsed laser ablation synthesis in solution (LASiS)/la-
ser ablation in liquid (LAL) for the synthesis of metal/metal
oxide nanostructures®® and, more specifically, our newly de-
veloped LASIS in tandem with galvanic replacement reaction
(LASiS-GRR) technique as a clean (surfactant/ligand-free), fac-
ile method with low startup cost for the synthesis of Pt-Co-
based nanocomposites (NCs) and pure NAs.**** Specifically,
the pure NAs were synthesized by modifying this technique
to include real-time moderate acid treatments right after
LASiS-GRR to wash away the superfluous cobalt oxides with
minimal leaching of the alloyed Co.** During LASiS-GRR, a
pulsed laser beam aimed at a metal target vaporizes the tar-
get surface through photoionization and creates a liquid-
confined plasma plume with extreme temperatures (~5000
K) and pressures (~10 MPa). This in turn creates a cavitation
bubble containing seeding target NPs that nucleate, expand
and propagate at an ultrafast speed (>10° m s7")."7° 1t
needs to be mentioned here that the exact reaction pathways
emerging out of laser-matter interactions inside the plasma
plume and cavitation bubble are still an area of active re-
search. However, a few recent in situ spatio-temporal analyses
of laser-induced plasma emissions and/or scattering tech-
niques during laser ablation synthesis have indicated that
solutes/ions can also be present in the cavitation bubble,
thereby initiating the GRR processes during the target plasma
quenching and nucleation.”*>® Besides, Ayumu Matsumoto
et al. also proposed that it is the phase explosion of water
due to the strong interaction with the high-temperature
plasma that leads to the incorporation of ions in the initial
bubbles.”® On the other hand, in a recent review article,
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Dongshi Zhang et al. suggested the presence of ionic species
in the supercritical vapor surrounding the plasma plume in
the early stages of cavitation bubbles, which can take part in
GRR and other chemical reactions.’® Thereafter, the reduced
precursor metal atoms/nuclei quickly alloy with the
remaining and newly quenched target metal atoms to form
intermetallic NAs.***> Once the internal pressure decreases
to that of the surrounding liquid, the bubble collapses at a
time scale of hundreds of microseconds,” ®' thereby en-
abling the seeding intermetallic NAs to further grow and ag-
glomerate at the bubble-liquid interface.®”"** The unique ad-
vantages of the LASiS-GRR technique stem from the extreme
out-of-equilibrium conditions inside the laser-induced
plasma plume and cavitation bubbles wherein GRR occurs si-
multaneously with NA nucleation, with conceivable laser irra-
diation to assist the whole process.*>*>**7" This consequently
provides the produced NPs with uniform elemental distribu-
tions as well as plasma-induced surface charges that poten-
tially prevent their severe agglomeration without the need for
any surfactant.*>”® Additionally, the rational tuning of the pro-
duced NA compositions in terms of elemental ratio and degree
of alloying becomes achievable by adjusting the laser (laser
fluence, wavelength, ablation time) as well as environmental
parameters (salt concentrations, temperature, pH).**

The work presented in this article aims at developing
LASiS-GRR into a more versatile technique for the synthesis
of complex higher-order ternary nano-alloyed structures with
varied compositions and alloying as ORR electrocatalysts. In
light of their application as low precious metal loading
PEMFC catalysts, the surfactant-free LASiS-GRR technique in-
volving extreme plasma-confined physicochemical conditions
provides tremendous potential for carrying out the fine-
tuning of the respective elemental ratios via simple experi-
mental parameters. Specifically, we report the synthesis of Pt-
based ternary NAs. In turn, the facile yet surfactant-free syn-
thesis technique presented here is used to achieve the afore-
mentioned optimization of the binding affinities between Pt
and oxygen/oxygenated species in order to achieve the best
ORR catalytic activity.

2. Experimental details

Materials and methods: Co, Ni, Mn and Ti pellets were
bought from Kurt J. Lesker (99.95% purity, 1/4” diameter x
1/4" height) and all the metal precursor salts (i.e., K,PtCly,
CuCl, CoCl,, NiCl,), HCI and KOH were bought from Sigma-
Aldrich. LASiS-GRR experiments were carried out in an in-
house built laser ablation cell equipped with facilities for si-
multaneous injection of metal salt solutions, temperature
control as well as ultrasonication, as depicted in detail in our
earlier work.”> For the synthesis of Pt-based ternary NAs, a
freshly prepared K,PtCl, solution along with the second pre-
cursor salt solution was transferred into the LASiS cell
through the injection unit. The target metal, while being ro-
tated by a stepper motor at a uniform speed of 0.3 rpm, was
ablated using an unfocused 1064 nm pulsed Nd-YAG laser
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(330 mJ per pulse, 10 Hz) for various times. Right after abla-
tion, the pH of the produced colloidal solution was adjusted
by adding HCI followed by aging in darkness for 24 hours. Fi-
nally, the ternary NAs were collected by centrifugation at
4700 rpm for 15 min and decanted after washing with DI-
water two times. For LASiS-GRR at pH 11 (PtCuCo-4), KOH
was used for preparing the alkaline solution, with the synthe-
sis and post-treatment procedures being the same as those
under the neutral conditions. Besides, all the LASiS-GRR ex-
periments mentioned above were carried out at room temper-
ature with simultaneous probe ultrasonication.

2.1 Synthesis of ternary NAs

The detailed synthesis parameters are summarized in
Tables 1 (for PtCo and various PtCuCo NAs) and S37 (for dif-
ferent categories of Pt-based ternary alloys). Two specified
LASiS-GRR methods are proposed and compared for synthe-
sizing PtCuCo ternary NAs in the current work, namely, 1)
using two metal precursor salts (K,PtCl, and CuCl in this
case) for ablation on Co simultaneously (a one-step technique)
and 2) using two metal targets (Co and Cu) for ablation in
K,PtCl, solution alternately (two or multi-step technique). The
latter route was found to produce NAs with less uniform ele-
mental distribution and ORR catalytic activity and has been
discussed in detail in the ESL{ The former one-step tech-
nique is made possible by the rational choice of metal tar-
gets/metal salts with optimal redox potential differences. Spe-
cifically, the redox potential for Co/Co** (-0.28 V vs. SHE) is
much lower than those for both PtCL,**/Pt (0.76 V vs. SHE)
and Cu'/Cu (0.52 V vs. SHE) and therefore the seeding Co
from the ablated target is anticipated to go through GRR with
both the metal precursor salts (K,PtCl, and CuCl) during the
process. By changing the initial K,PtCl, and CuCl salt concen-
trations, solution phase pH, and ablation time, PtCuCo ter-
nary NAs with various elemental ratios were synthesized via
LASiS-GRR. Beyond the PtCuCo NAs, the design of three
other ternary NAs is reported here, namely, PtRu(Ni),
PtCo(Mn) and PtNi(Ti) where the bracketed elements indicate
the target metals being ablated that have the desired redox
potential gaps from the two respective precursor salts in each
case. To this end, the relative redox potential gaps between
the various transition metals and the metal salts are summa-
rized in Table S4 in the ESL{ In addition to this, Table S37
also provides the detailed protocols for the HCI wash used to
dissolve the superfluous target metal oxides from each of the
aforesaid samples. It was observed from our experiments that
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cobalt oxides (CoO/Co;0,) exhibit the highest solubility in
HCI, followed by CuO/Cu,0, MnO and NiO, while TiO,
remained almost insoluble.

2.2 Characterization

A Zeiss Libra 200MC monochromated transmission electron
microscope (TEM) was used with an accelerating voltage of
200 kV for regular TEM characterization along with selected
area electron diffraction (SAED) and energy-dispersive X-ray
spectroscopy (EDX). A Zetasizer (Malvern, Nano ZS) was used
for measuring the zeta potentials of the colloidal solutions.
Inductively coupled plasma optical emission spectroscopy
(ICP-OES) (Perkin Elmer, Optima 4300 DV) was performed to
measure the % atomic concentrations/ratios for all the ele-
ments (Pt, Cu, Co, Ni, Mn) under study, where standard
CoCl,, NiCl,, MnCl,, CuCl and K,PtCl, solutions (all >99.9%)
were used for the calibrations. X-ray diffraction (XRD) was
carried out on a Philips X'Pert-Pro diffractometer equipped
with a Cu Ko source at 45 kV and 40 mA. The mean crystal
sizes of the NAs were determined from XRD measurements
based on the Scherrer equation:

_ 094
Pcosl

where d is the mean crystal size, 1 is the wavelength of the X-
ray, S is the line broadening at half the maximum intensity
(FWHM), and 0 is the Bragg angle.

X-ray photoelectron spectroscopy (XPS) data was collected
using a PHI 3056 spectrometer with an Al anode source oper-
ated at 15 kV and an applied power of 350 W. The lowest-
energy carbon peak was used to calibrate the binding energy
shifts of the samples (C 1s = 284.8 eV) which were typically
0.1 eV. High-resolution data was collected at a pass energy of
23.5 eV with 0.05 eV step sizes and a minimum of 60 scans
was acquired to improve the signal-to-noise ratio.

2.3 Electrochemical tests

The rotating disk electrode (RDE) setup (maker: Pine Instru-
ment Company, LLC) includes a conventional, three-
compartment electrochemical cell composed of a saturated
double junction Ag/AgCl electrode as the reference electrode,
a glassy carbon RDE with a diameter of 5 mm as the working
electrode, and a platinum coil as the counter electrode. All
electrochemical (EC) tests were carried out at room tempera-
ture in 0.1 M HCIO, solution with the reference electrode

Table 1 Summary of the synthesis parameters as well as the resultant mean crystal size (from XRD), zeta potential (ZP, from DLS) and elemental ratios

(from ICP-OES) for the ternary NAs under study

PH K,PtCl, (mM) CuCl (mM) Ablation time/min Pt% Co% Cu% Mean size/nm ZP/mV
PtCo pPH7 0.3 0 6 80 20 0 6.17 -43.40
PtCuCo-1 0.08 74 16 10 6.04 —44.50
PtCuCo-2 0.16 72 12 16 6.09 -42.10
PtCuCo-3 0.48 71 11 18 6.31 -41.50
PtCuCo-4 pH 11 0.3 10 62 17 21 5.80 —47.20
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calibrated with respect to the reversible hydrogen electrode
(RHE). 20% Pt/C from BASF was used as the standard catalyst
for all comparisons. For the ORR tests, synthesized nanoalloys
(NAs) were probe-sonicated in ethanol first then mixed with
Vulcan XC-72R carbon black (CB) powder (fluffy form, pro-
cured from Cabot Company) in ethanol with a weight ratio of
1:3 (NA:CB). After 30 min of mild ultrasonication, the slurry
was stirred for 24 hours and then completely dried under vac-
uum at 80 °C for 10 hours. Thereafter, the catalyst ink was
prepared by suspending 1 mg of the dried mixture in 0.5 mL
of ethanol and 5 pL of 5 wt% Nafion solution (Sigma-Aldrich,
density = 0.874 g mL™") via 10 min of ultrasonication. For pre-
paring the working electrode, the rotational drying method
was applied. Specifically, 10 pL of the prepared catalyst ink
was drop casted onto the surface of the glassy carbon electrode
(GCE) that was loaded upside down in the RDE setup and ro-
tated at 600 rpm for 5 min. The total NP loading density was
calculated to be 25 ug cm ™. Cyclic voltammetry was conducted
over a potential range from +0.05 V to +1.00 V at a scan rate of
100 mV s after pre-scanning with the same potential range
for 40 cycles. The ORR polarization curves were obtained at a
scan rate of 5 mV s™' and a rotation rate of 1600 rpm. The sta-
bility tests were carried out by recording the RDE curves after
cycling at 400 mV s™* for 2000 and 4000 cycles.

3. Results and discussion
3.1 PtCuCo ternary NAs

The NA samples of primary interest, as listed in Table 1, are
denoted as PtCo and PtCuCo-1, 2, 3 or 4, with the detailed
synthesis parameters, percentage (atomic ratio) compositions

Map data 272
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(measured via ICP-OES), crystal sizes (calculated from XRD
patterns) and zeta potentials. The TEM image in Fig. 1a re-
veals one of the products (PtCuCo-2) to have spherical
shaped particles with no severe agglomeration, which can be
attributed to the plasma-induced Stern layer negative surface
charges (~-43 to -47 mvV) indicated by the zeta potential
measurements (see Table 1 where the onset zeta potential for
agglomeration is typically reported to be around -35 mv).”>”*
The enlarged TEM image along with the corresponding parti-
cle size distribution (as averaged over three different areas) is
provided in the ESIt (Fig. S3). The mean particle size from
these images is roughly calculated to be around 10 nm,
which could be larger than the real value due to the lack of
visual resolution to accurately count extremely small NPs (<3
nm). As a consequence, the following paper used crystal sizes
measured from XRD as the reference frame for size compari-
sons. A typical face-centered cubic (FCC) crystalline structure
is demonstrated by the selected area electron diffraction
(SAED) pattern in Fig. 1d, which can be assigned to the Pt-
based alloy by comparing the diffraction ring diameters that
indicate 2/d-spacing similar to the standard values of the Pt
lattice planes. EDX mappings of the three elements, ie. Pt,
Cu and Co in Fig. 1c, e and f respectively corresponding to
the high-angle annular dark-field (HAADF) image in Fig. 1b,
indicate a uniform distribution of all the three elements on
most of the particles. These results corroborate that the NPs
produced are mainly composed of PtCuCo ternary NAs with
no residual metal oxides that are successfully washed away
by suitable acid treatments as indicated in the synthesis
steps earlier. The elemental ratios and crystal sizes for the
five as-synthesized NAs can be seen in Table 1, while Fig. 2

Map data 272

Map data 272

Fig. 1 Detailed structural characterization of PtCuCo-2 NAs indicating: a. TEM image; b. high-angle annular dark-field (HAADF) scanning TEM image;
d. the corresponding SAED pattern for the NA samples shown in (a); ¢, €, f. the corresponding Pt, Cu and Co mappings from EDX analysis for (b).

This journal is © The Royal Society of Chemistry 2017
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ICP-OES measurements to study the variations of the elemental ratios (molar ratio (%) for Pt, Co and Cu) in PtCuCo ternary NAs

synthesized via LASiS-GRR: a. with different initial [CuCl] (initial [K,PtCly] = 0.3 mM, ablation for 6 min); b. with different ablation times (initial

[KoPtCly] = 0.3 mM, [CuCl] = 0.16 mM).

provides a more systematic comparison of the component
atomic elemental ratios versus the initial [CuCl] (Fig. 2a) and
ablation times (Fig. 2b). Under the pH 7 conditions, increasing
the initial [CuCl] while keeping [K,PtCl,] at a constant value
(0.3 mM) results in dramatic reductions of the resultant Pt%
and Co% at first, which are compensated by the upsurge of
Cu%. However, when the initial [CuCl] rises up to over 0.16
mM, the elemental substitution rates go down gradually, in-
dicating a point where the GRR between the reduced Cu and
the remaining K,PtCl,, ie., PtCl,>* + Cu(reduced) — Pt +
Cu**, is also facilitated and in turn retards the rate of in-
crease in Cu%. In fact, this phenomenon can be regarded as
a de-alloying process, and is further corroborated by Fig. 2b,
where the Co% remains almost constant, while the Cu atoms
are gradually replaced by Pt in the NAs during ablation as a
result of the aforementioned GRR process. It needs to be
pointed out that the PtCuCo-4 NAs were synthesized under al-
kaline conditions (pH 11) in which case the atomic Pt% is
further reduced to 62% while both Co and Cu atomic ratios
are higher than those for the NAs synthesized under the pH 7
conditions (see Fig. S4t for the detailed EDX mapping). The
abovementioned results from our synthesis processes can be
easily rationalized by the fact that seeding Co NPs go through
the following series of competing reactions during the ultra-
sonic quenching of the LASiS-GRR process:
1. GRR with either Pt or Cu precursor salts,

PtCl,>" + Co — Pt + Co**

2Cu’ + Co — 2Cu + Co®"
2. Oxidation by water (solution phase H') driven by pH,
Co + 2H,0 = Co*" + 20H + H,
3. Alloying with reduced Pt and Cu,
Pt + Cu + Co = PtCuCo(alloy)

With respect to the aforementioned reaction pathways,
one can easily observe that the alkaline conditions will largely

2078 | Catal Sci. Technol.,, 2017, 7, 2074-2086

slow down the second reaction, ie., direct oxidation of
seeding Co NPs in water which, in turn, makes more Co
available for alloying with reduced Pt and Cu.

The alloying between Pt, Cu, and Co is further character-
ized by XRD as shown in Fig. 3. All samples exhibit clear
peak shifts to higher angles in regard to pure Pt, as shown
by the dashed lines. This according to Bragg's law indicates
reduction of the Pt lattice constant which is ascribed to the
atomic overlaps against Cu and Co atoms that have smaller
lattice constants. It can be seen from Fig. 3 that all four pH
7 NA samples exhibit comparable positive Pt (111) peak
shifts of around 0.45° (see Table S1 in the ESIT). One needs
to bear in mind that the lattice constant for Cu is 3.61 A,
which is relatively closer to that for Pt (3.92 A) and slightly
larger than that for the FCC structures of Co (3.55 A). Thus,
although the Pt% declines with increasing initial [CuCl], the
higher Cu% in the NAs results in similar lattice shrinkage
for PtCuCo-1, 2 and 3. On the other hand, the XRD data for
the PtCuCo-4 sample demonstrate a more distinct Pt (111)
peak shift to 40.5° (in comparison with the pure Pt (111)

Pt (111) , Pt (200)
CB (002)

Pt (220) Pt (311)

Intensity (a.u.)

20 30 40 50 60 70 80 90
20

Fig. 3 XRD patterns of the PtCo NA and the four PtCuCo ternary NA
(PtCuCo-1, 2, 3, 4) samples investigated in this study. The dashed lines
represent the standard peak positions for Pt (111), Pt (200), Pt (220)
and Pt (311) facets.

This journal is © The Royal Society of Chemistry 2017
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peak at 39.8°), which corroborates the ICP results for a larger
degree of alloying under alkaline conditions. Besides, the
mean crystal size for each sample is also calculated from the
FWHM of the Pt (111) peak (as described in the Experimental
details) and is found to be largely influenced by the K,PtCl,
concentration and the ablation time. In fact, the increase in
both [K,PtCl,] and ablation time favor NA nucleation and
growth, therefore improving the crystal size, as shown in
Table $21 and demonstrated by our earlier studies.** In con-
trast, the impact of the variations in [CuCl] on the NA sizes
is found to be minor due to the lower redox potential of Cu/
Cu’ (0.52 V vs. SHE) resulting in a smaller atomic ratio in
the NAs. As revealed by Table 1, all the PtCo and PtCuCo
samples with the same [K,PtCl,] and ablation time but differ-
ent initial CuCl concentrations exhibit similar crystal sizes
(~6 nm). However, with longer ablation time, the NA sam-
ples made under pH 11 conditions (PtCuCo-4) show a
slightly smaller mean size (~5.80 nm) than those made un-
der pH 7 conditions. This is largely attributed to the initial
formation of Pt(OH), and CuOH that in fact reduces the pre-
cursor salt concentrations.

In order to further investigate the detailed elemental dis-
tributions inside the synthesized NAs, a line scan across the
center of the EDX mapping on an enlarged isolated particle
of PtCuCo-2 was conducted. As shown in Fig. 4, the elemental
ratio profiles clearly indicate the particle to be composed of a
Pt and Cu-enriched (more Pt and medium Cu) shell ~1-2
nanometers in size along with a relatively uniform PtCuCo
alloyed core. The detection of such a shell-core structure is
consistent with our earlier work on the PtCo binary NA,
where a Pt-rich shell was also found using electron energy
loss spectroscopy (EELS) mapping.** The uneven elemental
distribution on the shell is driven by both the de-alloying pro-

20 nm
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cess that is controlled by the respective redox potentials and
the acid leaching process driven by the reactivity/solubility of
each metal and/or the corresponding oxide in HCI acid (see
Tables S4 and S5t for the detailed redox potential and solu-
bility values). Such relative gradients/gaps in redox poten-
tials/solubility act as the driving force for the component ele-
ments to segregate out of the NAs in varying rates, thereby
leading to the formation of a shell with mostly Pt (most inert
and least soluble), minor Cu (medium active and soluble)
and little Co (most active and soluble). It needs to be pointed
out that this Pt-rich shell nanostructure is well known to ben-
efit the ORR catalysis.

Finally, XPS was performed to investigate the shifts of
electron binding energy (Ep.) for the PtCo, PtCuCo-2, and
PtCuCo-4 samples. As shown in Fig. 5a-c, the Pt 4f peaks in-
dicate a positive binding energy shift compared to those of
pure Pt (depicted by the dashed lines). However, with the in-
crease of Cu%, the Pt 4f;, binding energy gradually shifts
back from 71.81 eV for PtCo NA to 71.66 eV for PtCuCo-2 and
71.62 eV for PtCuCo-4 NAs. Similar reductions in binding en-
ergies are also seen for other Pt peaks, i.e., the Pt 4f5,, bind-
ing energy drops from 75.13 to 74.98 and 74.93 eV, while the
Pt 5ds, binding energy peak downshifts from 315.71 to
315.58 and 315.50 eV for the PtCo, PtCuCo-2 and PtCuCo-4
samples, respectively (refer to Fig. S6 in the ESIf). As men-
tioned earlier in the introduction, Cu is located to the right
of Pt in the periodic table and has a slightly higher d-band
center than Pt, in contrast to the lower d-band center of Co.
As a consequence, alloying Pt with Cu is expected to shift the
d-band center up and lower the Ey., while alloying with Co
will downshift the Pt d-band and improve the Ep.. This will
be further discussed later when correlating these shifts to the
affinity of oxygen/oxygenated species on catalyst surfaces to

g ——Cu%

Y —
20 30 40 50 60 70
Distance (nm)

0 20 40 60 80 100
Distance (nm)

20 30 40 50 60 70
Distance (nm)

20 30 40 50 60 70
Distance (nm)

Fig. 4 EDX elemental mappings and line scans for an enlarged image of an isolated PtCuCo-2 particle indicating: a. HAADF image, where the yel-
low arrow represents the line scan position and direction; b-d. the corresponding EDX mappings; e. the corresponding line scans for Pt, Cu and
Co from (a); f-h. the calculated elemental ratios across the line scan for Pt (f), Cu (g) and Co (h).
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rationalize their catalytic activities. Besides, the XPS results
also qualitatively reveal the surface elemental compositions of
a few atomic layers. Weak Co 2p;, peaks are found for all
three samples, while Cu 2p;/, peaks exhibiting higher intensi-
ties are found for the two PtCuCo NAs, with PtCuCo-4 showing
a slightly higher surface Cu ratio after normalizing by the Pt
peak area at the same signal-to-noise ratio. This corroborates
our earlier elemental ratio results as well as the proposed
core-shell structure with a Pt and Cu-enriched shell.

The ORR catalytic activities of the synthesized PtCuCo NAs
(PtCuCo-1, 2, 3, 4) were investigated and compared with
those of both commercial Pt/C and the binary PtCo NA cata-
lysts. As shown in Fig. 6, the electrochemical surface area
(ECSA) of the NA catalysts is determined from the broad
peaks located between 0.05 and ~0.3 V representing H, ad-
sorption (forward scan) and desorption (back scan) in the cy-
clic voltammetry (CV) plots. The CV scans clearly indicate
that with the increase of Cu%, the ECSA slightly improves for
PtCuCo-1, whereas it is gradually reduced for the PtCuCo-2
and PtCuCo-3 samples. It is well known that Pt atoms are the
most active for H, evolution, therefore the addition of surface
Cu presumably lowers the ECSA for PtCuCo-3 and 4. The ini-
tial minor increase in ECSA for the PtCuCo-1 case is probably
due to the further lattice shrinkage, while the minimal
amount of atomic Cu (10% at. as seen in Table 1) renders the

2080 | Catal. Sci. Technol., 2017, 7, 2074-2086

surface Cu% even lower and hence barely affects the active
surface area. The ORR polarization curves shown in Fig. 6b
indicate that all four aforementioned NAs exhibit earlier
half-wave potentials and therefore lower overpotentials than
the commercial Pt/C (details seen from the inset in Fig. 6b).
It is also clearly observed that the PtCuCo-2 sample shows
the best performance in terms of half-wave potential and
overpotential, with values of ~0.905 V and 0.325 V, respec-
tively. Fig. 6¢ indicates the Tafel slopes for all the synthesized
samples to be between 60-65 mV dec ' as compared to the
corresponding value of ~71 mV dec™* for commercial Pt/C.
This, in turn, implies better charge carrier mobility for the
synthesized catalysts. Mass (MA) and specific (SA) ORR activi-
ties (obtained by normalizing the kinetic current densities at
0.9 V vs. RHE by Pt loading and ECSA, respectively), as
extracted from the Tafel plots, are also summarized in
Table 2. Clearly, the PtCuCo-2 NA sample exhibits the best
catalytic activities with a 4- and 6.5-fold increase in MA (0.32
A mg ') and SA (1.4 mA cm ), respectively, as compared to
the values for commercial Pt/C (0.08 A mg™' and 0.22 mA
em™?). It should be noted that detailed calculations and re-
sults from Koutecky-Levich analysis on rotating disk
voltammetry data at different rotation speeds indicate an
ideal complete four-electron transfer process for the ORR ac-
tivities (shown in Fig. S8 in the ESIY).

This journal is © The Royal Society of Chemistry 2017
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The overall superior ORR activities of all the synthesized
NA catalysts are largely attributed to the surfactant-free syn-
thesis technique (LASiS-GRR) that produces core-shell nano-
structures with a Pt-rich shell and meanwhile does not war-
rant the use of unwanted surfactant/ligands that are known
to impede the interfacial catalytic sites. Specifically, the best
ORR activity of PtCuCo-2 is ascribed to the moderate NA sizes
(~6 nm) as well as the optimized binding affinities for both
oxygen and oxygenated species, which is also corroborated by
the binding energy shifts of Pt (71.66 eV) for Pt 4f,;, from the
XPS results in Fig. 5b. As shown in Fig. 7, the electron bind-
ing energy (Ep., €V) from the XPS measurements qualitatively
refers to the energy difference between the Pt(Cu)(Co) d-band
center (Egqpe) and the nucleus. On the other hand, Pt-O/OH
binding affinities can be inferred from the energy gaps be-
tween Egp. and the Fermi energy levels Eg (located within the
antibonding orbital for the metal adsorbate i.e., Pt-O/OH in-
teractions). Clearly, a smaller energy gap translates to stron-

ger binding affinity. Thus, a larger Ey. from the XPS measure-
ments (implying a smaller energy difference between the
d-band center and the nucleus) translates into a downshift of
the Eqp. levels which, in turn, implies a weaker binding affin-
ity for the Pt-O/OH interactions owing to the larger energy
gap of (Eqpe — Er). Pt metal by itself has a relatively lower E,
(~71 eV), therefore a higher Egp. level and stronger binding
affinity towards oxygenated species. This poses an obstacle
for desorbing the species from the catalyst surface that even-
tually can block the catalytically active surface sites. To this
end, alloying Pt with Co effectively increases the Ej,. (revealed
from the XPS results in Fig. 5a), thereby lowering the Egp.
and, in turn, facilitating the easier desorption of oxygenated
species from catalyst surfaces through weakened binding af-
finities. However, in such case, the concurrently reduced
oxygen affinity might also relatively slow down the oxygen ad-
sorption process, thereby hindering the catalytic perfor-
mance. We address this by optimal tuning of the surface

Table 2 Summary of the electrochemical test results for the PtCo NAs and PtCuCo ternary NAs under study as compared to the results for standard Pt

NPs
Charge (mC) Pt wt% Pt loading (ug cm™?) ECSA (m® g™) I at 0.9 V (mA cm %) MA (A mg ) SA (mA cm™)

Pt 0.396 100.0 25.00 38.42 2.11 0.08 0.22
PtCo 0.259 93.0 23.24 25.13 5.55 0.24 0.95
PtCuCo-1 0.260 90.1 22.53 25.22 5.77 0.26 1.02
PtCuCo-2 0.237 89.0 22.25 22.99 7.15 0.32 1.40
PtCuCo-3 0.186 88.5 22.13 18.04 3.43 0.16 0.86
PtCuCo-4 0.202 83.7 20.93 19.60 4.64 0.22 1.13

This journal is © The Royal Society of Chemistry 2017
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electronic structures of our -catalysts through directed
alloying of Pt and Co with a third transition metal Cu in a
fashion that results in balancing both the aforementioned af-
finities. The rationale behind our catalyst design here is that
the slight decrease in Pt electron binding energy (~71.66 eV)
in the PtCuCo NAs compared to that of the PtCo NA (~71.81
eV), as confirmed by the XPS results in Fig. 5a-c, implies an
upshifting of its d-band from that of the PtCo NA. In turn,
this does not impair the interfacial oxygen adsorption pro-
cess while promoting the easy removal of oxygenated species
from the catalyst surface. In line with this rationale, the
PtCuCo-3 and 4 samples clearly show a decline in their ORR
activities which can be attributed to the large binding energy
back shifts for Pt that binds the oxygen too strongly and se-
verely hinders its desorption processes. We conclude our cat-
alytic measurements with the stability test conducted for
PtCuCo-2. As seen from Fig. 6d, after 2000 and 4000 CV scans,
the catalytic activity does exhibit a gradual but not severe de-
cline which is a well-known phenomenon due to the dissolu-
tion of the catalysts in the electrolyte. Upon detailed analysis,
one can observe that the initial elemental ratios of Pt: Co:Cu
change from 72:12:16 to 78:8:14 (after 2000 cycles) and 81:
6:13 (after 4000 cycles). This can be readily explained from
the higher solubility/reactivity of Co in the acid as compared
to Cu and Pt. It needs to be pointed out that the reported
LASiS-GRR here does not involve any post-annealing steps,
which we propose to apply in our future research efforts to
initiate ordered NA formation. Our hypothesis is that such
ordered nano-alloyed structures can prevent the leaching of
constituent elements, thereby increasing the stability of the
aforementioned ORR catalysts during their operation.

3.2 Tuning NA structure and composition: the mechanistic
picture and impact of experimental parameters

The proposed LASiS-GRR technique has provided a facile
route for the synthesis of surfactant-free binary PtCo and ter-

2082 | Catal Sci. Technol., 2017, 7, 2074-2086
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nary PtCuCo NAs whose ORR activities can be designed with
tailored size and elemental ratios/distributions via direct
tuning of the initial metal salt concentrations, ablation time,
laser fluence (LF) and solution phase pH. To this end, we de-
scribe the mechanistic picture behind the operation of the
LASiS-GRR technique in Fig. 8 which schematically presents
the diverse sizes (represented by the size of circles) and com-
positions (represented by the colour pie-chart in the circles)
of the PtCuCo NAs synthesized under different operating con-
ditions. As discussed in the introduction and based on previ-
ous studies,”™> jons/solutes in solution can also be
contained in the early stage of cavitation bubbles to initiate
the GRR process simultaneously with plasma quenching and
nucleation. Specifically, with higher initial [PtCl,>"] and lon-
ger ablation time, NAs with larger sizes and lower alloying ra-
tios are formed, as seen in Fig. 2b and S9a and Table S2 in
the ESI} The former is due to the higher rates of particle nu-
cleation and Ostwald ripening, while the latter is ascribed to
the remaining PtCl,>” salts de-alloying the already formed
surface Co and Cu atoms (as also discussed earlier in
Fig. 2b). Similarly, a wide range of sizes and alloying can be
tailored through the combination of the use of low/medium
PtCl,*” salt concentrations and/or short/medium durations of
laser ablation. On the other hand, by changing the [Cu'], the
component elemental ratios can also be rationally tuned, in
which case a higher [Cu'] leads to more Pt and Co atoms to
be displaced by Cu in the NAs without affecting the particle
sizes (as also discussed earlier in Fig. 2a). Furthermore, our
results indicate that changing the pH to mildly alkaline (pH
11) conditions causes more Co to go through GRR instead of
being oxidized directly by water. This results in a high
alloying ratio but a relatively smaller particle size. Finally, the
impact of laser fluence (LF) on the resultant alloying ratios
and crystalline sizes was also investigated in this study with
the results summarized in Fig. S9b and Table S2 in the ESLf
It needs to be mentioned here that the first three lower LFs
were achieved using unfocused laser beams by simply
adjusting the laser Q-switch delay time, where the increase of
LF directly enhances the seeding [Co] production rate. This
results in a higher Co ratio (%) in the products, which can be
interpreted as equivalent effects of lowering the initial
[PtCl,*] and inducing a smaller [PtCl,>"]/[Co] ratio. However,
the high [Co] concentrations emerging from the LASiS, and
consequent fast PtCl,>” reduction rates, also promote the Pt
nucleation rates which results in relatively larger particle
sizes. The three higher LFs were tuned using focused lasers,
in which case the absolute [Co] production rates largely be-
come a function of the focused ablation area with weak de-
pendence on the laser fluence. As a consequence, the resul-
tant alloying ratios and particle sizes do not indicate any
drastic change. Such systematic studies on the directed con-
trol of the LASiS-GRR protocols to drive desired nanoparticle
sizes and extent of alloying allow us to investigate the inher-
ent relationships between elemental compositions and subse-
quent Pt binding energy/d-band center shifts with respect to
the catalytic activities of a wide class of ternary NAs. Our

This journal is © The Royal Society of Chemistry 2017
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ablation times, laser fluences (LF) and pH conditions.

ongoing research efforts are aimed toward carrying out mo-
lecular dynamics (MD) and kinetic Monte Carlo (KMC) simu-
lations to mimic the LASiS-GRR process. By combining them
with the current experimental results as well as in situ diag-
nostic techniques, we hope to unveil the mechanistic picture
of the LASiS-GRR technique at a molecular level. Such studies
will provide detailed fundamental understanding in regard to
the aforementioned impacts of laser/environmental parame-

30 nm

Map data 270

Map data 270

ters on the nucleation and alloying/dealloying behaviours,
and thereby the resultant particle sizes and component ratios
of the as-synthesized nanoparticles.

3.3 Other ternary NAs

In our final effort towards establishing the potential of the
LASiS-GRR technique to rapidly screen wide classes of

Map data 270

Fig. 9 HAADF images and the corresponding EDX elemental mappings indicating the formation of PtRuNi (a-d) and PtCoMn (e-h) ternary NAs

synthesized via LASiS-GRR.
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Table 3 Summary of electrochemical test results for the other Pt-based ternary NAs under study

Charge (mC) Pt wt% Pt loading (ug cm™) ECSA (m”* g™") I at 0.9 V (mA ecm™) MA (A mg™) SA (mA cm™)
pt 0.40 100.0 25.00 38.42 211 0.08 0.22
PtCoMn 0.243 81.3 20.33 23.57 3.67 0.18 0.77
PtRuNi 0.199 86.5 21.63 19.30 2.78 0.13 0.67
PtNiTi 0.053 72.1 18.03 5.14 0.61 0.03 0.66

intermetallic nanocatalysts, we have also extended the tech-
nique to the synthesis of other Pt-based ternary NAs such as
PtRu(Ni), PtCo(Mn) and PtNi(Ti). Here, two critical factors
need to be taken into consideration for choosing the suitable
elemental combinations, namely, matching of redox potential
gradients and the target metal/metal oxide solubility in the
acid used in the washing step, as discussed in detail in the
ESL} The EDX elemental mapping results based on the
HAADF images in Fig. 9 indicate uniform elemental distribu-
tions for the successfully synthesized PtRuNi and PtCoMn
ternary NAs. However, the PtNiTi ternary NAs synthesized are
mostly covered by a TiO, shell (see Fig. S10 in the ESI{) due
to the extremely low solubility of TiO, in acids. The ORR cata-
lytic activities of the above three ternary NAs are also com-
pared in Fig. 10 and Table 3. As seen from Fig. 10, both the
PtRuNi and PtCoMn NAs exhibited earlier half-wave poten-
tials and therefore lower overpotentials than the commercial
Pt/C, but the PtNiTi NAs demonstrated extremely poor
overpotentials and a large loss of ECSA. Although both
PtRuNi and PtCoMn exhibit slightly better performances than
the commercial Pt/C in terms of MA and SA (see Table 3),
their activities are still weaker compared to the PtCo and
PtCuCo-2 NAs. The highly retarded ORR catalytic perfor-
mance of the PtNiTi NAs can be readily explained by the pres-
ence of the inert TiO, shell that largely blocks the active cata-
lytic sites of Pt at the surface.

4. Conclusions

This work reports the use of our recently developed LASiS-
GRR technique as a facile and surfactant-free route for syn-
thesizing wide classes of Pt-based ternary NAs (including
PtCuCo, PtRuNi, PtCoMn and PtNiTi) as ORR electrocatalysts.

2084 | Catal. Sci. Technol., 2017, 7, 2074-2086

The rational selection of elements in the catalysts designed
by our synthesis approach is based on the respective target
metal/metal salt relative redox potential differences, as well
as the acid solubility of the target metal oxides. When com-
pared to commercial Pt/C catalysts, the synthesized PtCuCo
ternary NAs with optimally tailored crystal sizes (~6 nm) and
compositions (Pt:Co:Cu ~ 72:12:16) exhibit superior ORR
catalytic activities while allowing a ~28 at% reduction in Pt
usage. Our results indicate that the NAs reveal a shell-core
structure with the shell composed mostly of Pt and some mi-
nor amount of Cu, along with a relatively uniform PtCuCo
alloyed core. The transformative concept in our LASiS-GRR
technique is the ability of target-seeding NPs generated by
the rate-limiting step of LASIS to drive the respective redox re-
actions of the rate-controlling step of GRR under non-
equilibrium thermodynamic conditions at the LASiS-induced
cavitation bubble-liquid interface. Such a high-energy route
enables elaborate tailoring of sizes, structures and alloying/
compositions of the final intermetallic nanostructures by
tuning simple experimental parameters such as solution-
phase salt concentration, pH, laser fluence and ablation time
without using any unwanted surfactants/ligands. Moreover,
the aforementioned studies have enabled us to establish the
relationship between ORR electrocatalytic activities and the
various structural and compositional variations in the
designed nanoalloys.
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