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g r a p h i c a l a b s t r a c t
� Tandem LASiS-GRR is used to syn-
thesize PtCo nanoalloys (NAs) as
electrocatalysts.

� Size and degrees of alloying are
tuned by Pt salt concentrations and
pH conditions.

� EELS mapping reveals Pt-rich shell on
PtCo alloyed core.

� NAs with Co molar ratio~22.1% indi-
cate superior ORR activities in acid
electrolytes.

� A mechanistic picture for LASiS-GRR
controlling PtCo alloying process is
proposed.
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a b s t r a c t

We have developed tandem laser ablation synthesis in solution-galvanic replacement reaction (LASiS-
GRR) technique as a facile, green yet, efficient route to synthesize spherical PtCo NAs with varied sizes,
compositions and degrees of alloying. The transformative concept here is the ability to design these
nanostructured alloys by tuning the high-energy physico-chemical conditions emerging from liquid-
confined, laser-induced plasma, and the solution-phase reaction pathways dictated by pH conditions
and precursor salt concentrations. The resultant NAs exhibit uniformly alloyed cores with a Pt-rich shell
of a few nanometers, as demonstrated by the electron energy loss spectroscopy (EELS) mapping. Such
coreeshell structure along with high degrees of alloying in these PtCo NAs promote their outstanding
electrocatalytic ORR activities in acid electrolytes. Specifically, compared to commercial Pt/C catalysts,
the PtCo NAs with Co molar ratio of 22.1% indicate a c.a. 3 and 6-fold increase in mass and specific ac-
tivities respectively. Such enhanced ORR activities are attributed to the efficacy of tandem LASiS-GRR
route to rationally tune size distributions/compositional ratios and alloying degrees of the NAs
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without the use of any surfactants or reducing agents that are otherwise indispensable in chemical
synthesis methods, but harmful for catalytic performances.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The energetically expensive oxygen reduction reactions (ORR) at
the cathode have been the rate determining step and hence, a se-
vere hindrance to efficient and clean electrochemical energy con-
versions in low-temperature proton exchange membrane fuel cells
(PEMFCs) [1e7]. To promote the ORR activities, Pt based nano-
catalysts have largely been used for most commercial applications
[6,8e10]. Yet, the cost of precious metal based catalysts added to
the lack of stability and durability of Pt under the highly corrosive
and acidic conditions of fuel cell operations have prompted a large
volume of research in recent years geared towards the develop-
ment of transition metal based alloys and/or, intermetallic mate-
rials with low Pt-loading [11e16]. Specifically, recent U.S. DRIVE
fuel cell technical roadmap has established the 2020 target for the
total loading of Pt group metals (PGM) to be ~0.125 mg/cm2 elec-
trode area for PEMFC electrocatalysts [17]. To this end, alloyed
nanocatalysts have gained tremendous research interest in the past
decade due to their unique geometric and/or electronic character-
istics that dramatically enhance their catalytic activities, while
reducing the net PGM content [18e24]. Alloying Pt with 3-
d transition metals such as Co, Ni, Fe, etc have been found to
effectively shrink the lattice constant (geometric effect) and
downshift the d-band center (electronic effect), resulting in a
moderate oxygen binding energy (eV) and consequently improved
specific and mass activities for electrocatalytic ORR processes
[3,19,20,25e28].

Among the aforementioned Pt based nanoalloys, PtCo system
has attracted the most attention due to its relatively higher activity
and stability for the ORR process [5,29e36]. The nominal Pt:Co ratio
as well as the degree of alloying in these nanocatalysts play a
critical role in tuning the nanoscale crystalline structures and band
structures which in turn dictate the aforementioned geometric and
electronic effects responsible for tailoring their ORR catalytic ac-
tivities [4,37,38,30]. Conventional PtCo alloys were usually pre-
pared by simultaneous reduction of cobalt salts (e.g., Co(NO3)2,
CoCl2) and platinum precursors (Pt(acac)2, K2PtCl4, H2PtCl4) in
either organic or aqueous conditions, and almost always involve
the use of external and indispensible stabilizing agents (CTAB, PVP,
oleylamine etc.) [1,37,34]. Recently, a wide range of synthesis
techniques have been developed that include impregnation [30],
solvothermal method [39], tandem decomposition and chemical
reduction [22], polyol method [40], reverse micelle method [41],
replacement reaction [42], etc. Yet, most of those synthesis tech-
niques involve wet chemical routes that require intricate steps and
even these techniques inevitably use harsh unwanted chemicals in
the form of surfactants and/or, stabilizing agents. These organic
residues on the NP surface are detrimental to their interfacial cat-
alytic properties and eventually, systematic removal of those
organic encapsulations from these alloyed/intermetallic NPs be-
comes a challenging and critical step in itself for large-scale pro-
duction of nanocatalysts. Besides, a fine control of the Pt:Co atomic
ratios and alloying degrees for systematic synthesis of a wide range
of nanocatalysts still remains elusive in most of these techniques,
thereby restricting the application of these ORR catalysts to only
limited environmental conditions [5,41,38,40,43]. As a conse-
quence, clean synthesis of PtM alloyed NPs that allows precise
construction of inter-atomic structure and extent of alloying in a
facile, cheap, and reproducible manner is imperative.

To this end, we previously reported laser ablation synthesis in
solution-galvanic replacement reaction (LASiS-GRR) as a green
synthesis technique for manufacturing PtCo/CoOx nanocomposites
(NCs) as excellent bifunctional catalysts for both ORR and oxygen
evolution reaction (OER) in alkaline media [61]. The current work
builds on a modified LASiS-GRR technique to synthesize pure PtCo
alloys (no CoOx NPs) that exhibit excellent ORR activities in acid
electrolyte solutions. Specifically, LASiS has attracted great interests
in the past decade as a clean, yet efficient synthesis technique for
manufacturing metal/metal oxide nanomaterials of various sizes
and shapes [44e49], indicating our recent work on CoOx/Co(OH)2
synthesis. In principle, LASiS involves a liquid-confined plasma
plume expanding with extremely high temperatures and pressures
(c.a. 103 K and 109 Pa respectively) [50] that thermally vaporizes a
metal target and initiates ultrafast propagation of cavitation bub-
bles. Typically, these cavitation bubbles contain the nucleated
seeding NPs that finally undergo rapid collisional quenching at the
bubbleeliquid interface [45,50e54], while initiating simultaneous
chemical reduction reactions with the solutions phase precursors/
species. Here, the charge screening effects inherent to the plasma
promote a uniform dispersion of the colloidal NPs in solution-phase
without the need for any surfactants/stabilizing agents that are, as
also discussed earlier, potentially harmful for surface catalytic ac-
tivities [55]. The current work involves the LASiS-GRR process in
the presence of PtCl4

2� ions as the solution-phase metal pre-
cursors. In such a setup, seeding Co NPs fromwithin the cavitation
bubble go through two competing reactions at the liquid front,
namely: 1. reactions with the solution-phase Hþ ions from water
and/or, 2. GRR with PtCl4

2� ions from the precursor salt. The latter
results in the formation of Pt NPs that rapidly alloy with the
remaining seeding Co NPs in the solution to form the NAs. In the
results presented here, the aforementioned reaction pathways are
systematically driven by tuning the initial Pt salt concentrations
and solution phase pH to synthesize PteCo nanoalloys with
controllable size, atomic ratio and alloying degrees. In turn, we
investigate the structure-property relations in a wide range of as-
synthesized PtCo NAs by establishing the underlying relationship
between their alloyed structures, compositions and ORR activities.
2. Experimental

2.1. Synthesis of PtCo alloy NPs

Co pellets were bought from Kurt J. Lesker (99.95% purity, 1/400

diameter � 1/400 height) and Potassium tetrachloroplatinate (II)
(K2PtCl4) (>99.9%) were bought from SigmaeAldrich. All LASiS-GRR
experiments were carried out in an in-house built cell equipped
with facilities for simultaneous injection of metal salt solutions,
temperature control as well as ultrasonication, as depicted in the
supporting information (Fig. S1) and discussed in details in our
earlier work [56]. For the synthesis of PtCo nanoalloys via tandem
LASiS-GRR technique at neutral conditions, four different concen-
trations of K2PtCl4 salt solutions (namely 125, 250, 375 and 500mg/
l) in de-ionized water (DI-water; Purity ¼ 99.9%;
Conductivity ¼ 18.2 MU/cm at 25 �C) were used along with the
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respective ablation times of 4, 7, 13 and 20 min. The ablation times
were chosen for ~60% reduction of initial K2PtCl4 precursors in each
of the cases (as determined from ICP-OES measurements). There-
after, each of the freshly prepared K2PtCl4 solution was transferred
into the LASiS cell through the injection unit, bubbled with N2 for
30 min. The Co pellet was then ablated in those O2-free K2PtCl4
solutions using unfocused 1064 nm laser (330 mJ/pulse, 10 Hz) for
various time. Right after ablation, the pH of the produced colloidal
solutionwas adjusted to 2 by adding HCl (1 M) followed by aging in
darkness for 20 h. Finally, the PtCo NPs were collected by centri-
fuging at 4700 rpm for 15 min and decanted after washing with DI-
water for two times. For LASiS-GRR at different pH, KOH and HCl
were used for preparing K2PtCl4 solutions (250 mg/l) in alkaline
(pH ¼ 11) and acid (pH ¼ 2) conditions respectively. The synthesis
and post treatment procedures were identical to the ones carried
out for the neutral condition. Besides, all the LASiS-GRR experi-
ments mentioned above were carried out at room temperature
with simultaneous probe ultrasonication. The Co target was rotated
by a stepper motor at a uniform speed of 0.3 rpm during ablation.
2.2. Characterization

A Zeiss Libra 200MC monochromated transmission electron
microscope (TEM) was used with an accelerating voltage of 200 kV
for regular TEM characterizations along with selected area electron
diffraction (SAED) and high resolution transmission electron mi-
croscopy (HRTEM) imaging. Large-scale & small-scale elemental
mappings are obtained from energy dispersive X-ray spectroscopy
(EDX) and electron energy-loss spectroscopy (EELS) analysis. In-
formation limitation of HRTEM image is 0.1 nm. Spatial resolution
of the STEM image is 0.4 nm. Resolution of EELS spectrum with
monochromator is 0.1 eV measured at full width of half maximum
(FWHM) of zero-loss peak in the vacuum. Inductively coupled
plasma optical emission spectroscopy (ICP-OES) (Perkin Elmer,
Optima 4300 DV) was used to measure the concentration for both
Pt and Co NPs. Standard cobalt dichloride solution (�99%) and
K2PtCl4 solution (>99.9%) were used for calibration. X-ray diffrac-
tion (XRD) was carried out on a Phillips X'Pert-Pro diffractometer
equipped with a Cu Ka source at 40 kV and 20mA. Themean crystal
sizes of the NAs were calculated according to Scherrer equation:

d ¼ 0:9l
b cos q

where d is the mean crystal size, l is wavelength of the X-ray, b is
the line broadening at half themaximum intensity (FWHM), q is the
Bragg angle.

The Co atomic fractions in the alloy (x) were evaluated using the
Vegard's law,

x ¼
�
a� a0
as � a0

�
,xs

where ao and as are the lattice parameters of Pt (0.393 nm) and
Pt3Co (0.383 nm), and xs is the Co atomic fraction (0.25) in the Pt3Co
catalyst. The degree of alloy, i.e. the alloyed Co (Coal) to total Co in
the catalyst (Cotot) ratio can then be expressed by:

Coal
Cotot

¼ xPtICP
ð1� xÞCoICP

where PtICP and CoICP are the integral atomic ratios of Pt and Co
from ICP-OES measurements, respectively.
2.3. Electrochemical tests

The rotating disk electrode (RDE) setup was bought from Pine
instrument company, LLC. A conventional, three-compartment
electrochemical cell comprising of a saturated double junction
Ag/AgCl electrode as the reference electrode, a glassy carbon RDE
with diameter of 5 mm as the working electrode, and a platinum
coil as the counter electrode. All electrochemistry (EC) tests were
carried out at room temperature in 0.1 M HClO4 solution with the
reference electrode calibrated in response to the reversible
hydrogen electrode (RHE). 20% Pt/C from BASF was used as the
standard catalyst for comparison. For ORR tests, synthesized NPs
were first mixed with Vulcan XC-72 carbon black (CB) powder
(particle size 20e40 nm, procured from Cabot Company) in
aqueous solution with a weight ratio of 1:3 (NP: CB). After 2 h of
ultrasonication, the slurry was stirred for 24 h and then, completely
dried in vacuum at 80 �C. Thereafter, the catalyst ink was prepared
by suspending 2mg of the driedmixture in 1mL ethanol and 5 ml of
5 wt% Nafion solution (SigmaeAldrich, density 0.874 g/mL) via
30 min of ultrasonication. For preparing the working electrode,
rotational drying method was applied wherein, 10 mL of the pre-
pared catalyst ink was casted on the surface of the glassy carbon
electrode (GCE) that was inversely placed on the RDE setup and
rotated at 700 rpm for 5min. The NP loading density was calculated
to be 25 mg/cm2. Cyclic voltammetry was conducted over a poten-
tial range from þ0.05 V to þ1.00 V at a scan rate of 50 mV/s after
pre-scan the same potential range at 100 mV/s for 50 cycles. The
ORR polarization curves were obtained by sweeping the potential
fromþ0.05 to þ1.02 V at a scan rate of 5 mV/s and a rotation rate of
1600 rpm. The dynamics of the electron transfer process in ORR
were analyzed through the rotating disk voltammetry (RDV) at
different speeds (ranging between 400 and 2200 rpm) based on the
KouteckyeLevich (KL) equation:

1
J
¼ 1

JK
þ 1
JL
¼ 1

JK
þ 1
Bu1=2

JK ¼ nFkC0;B ¼ 0:62nFC0D
2=3
0 n�1=6

where J, JK and JL are the measured, kinetic and diffusion limiting
current densities respectively, n is the electron transfer number, F is
the Faraday constant (96 485 C*mol�1), Co and Do are the dissolved
O2 concentration the O2 diffusion coefficient in the electrolyte
respectively, n is the electrode rotation rate in rpm. Tafel plots are
generated using the kinetic current JK as determined from:

JK ¼ J*JL
JL � J

The electrochemical surface area (ECSA) was determined by the
hydrogen desorption area in the CV curve between 0.05 and 0.4 V
vs. RHE based on the following equation:

ECSA ¼ QH

m� qH

where QH is the charge for hydrogen desorption, m is the loading
amount of metal in the electrode, and qH is the charge required for
monolayer desorption of hydrogen on Pt (210 mC/cm2).



Fig. 2. Comparison of XRD patterns for various PtCo NAs synthesized at different initial
K2PtCl4 concentrations and ablation times. The black dashed lines mark the standard
peak positions for the respective labeled species.
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3. Results and discussion

3.1. Synthesis and characterization of PtCo NAs

3.1.1. PtCo NAs synthesized with different Pt salt concentrations
The PtCo NA samples of PtCo-1, PtCo-2, PtCo-3, and PtCo-4, as

synthesized by LASiS-GRR for various K2PtCl4 concentrations and
ablation times (as described in the methods section), are depicted
in the TEM images in Fig. 1 along with the corresponding SAED
patterns (inset). It is noted here that the initial products from the
LASiS-GRR synthesis were found to be alloyed PtCo NPs embedded
in sponge shaped CoOx matrices, as discussed in details in our
recent work [61] and shown in the supporting information
(Fig. S2a&c). As mentioned in the methods section, post-treatment
of the as-synthesized PtCo/CoOx nanocomposite suspensions with
HCl acid solutions at pH2 for 20 h led to the complete removed of all
CoOx matrices leaving behind the pure spherical PtCo nanoalloys
(NAs) (see Fig. S2b in supporting information). These spherical PtCo
NAs are found to exhibit clean PtCo characteristic diffraction rings
as seen from SAED patterns in Fig. 3 insets (see Fig. S2d for enlarged
images). The particles are largely found to be spherical due to the
surface atom reconstruction induced by laser irradiation [57]. TEM
images in Fig. 1aed also indicate a systematic increase in the
average particle sizes between the samples PtCo-1 and PtCo-4.
Detailed mean crystallite sizes, as estimated from XRD data, are
found to be ~3.16, 4.7, 9.00 and 10.06 nm for PtCo-1, PtCo-2, PtCo-3
and PtCo-4 samples respectively (Table 1). Mean crystallite sizes are
Fig. 1. aed. TEM images along with the corresponding SAED patterns (insets) for the PtCo
initial K2PtCl4 concentrations (125 mg/l, 250 mg/l, 375 mg/l, 500 mg/l) with the respective a
nm).
calculated from the full width half maximum (FWHM) of the PtCo
(111) peaks in the XRD patterns (Fig. 2) by applying the Scherrer
equation (described in details in the methods section). The
augmentation of mean particle sizes with higher initial [Pt2þ] is due
NAs: a. PtCo-1; b. PtCo-2; c. PtCo-3; d. PtCo-4 synthesized via LASiS-GRR at different
blation times of 4 min, 7 min, 13 min, 20 min. The scale bar in for SAED patterns is 5 (1/



Fig. 3. EDX (a-c) and EELS elemental mapping results (d-h) for PtCo-2 sample showing: a. HAADF-STEM image; b,c. EDX mapping of Pt and Co for a on a large scale; d. EELS
spectrum of a single particle shown in inset; e, f. EELS mapping of the corresponding Pt and Co; g. EELS mapping indicating Pt/Co atomic ratio from e and f; h. Pt atomic ratio (%)
distribution across the line scan across shown as the dashed line in g.

Table 1
Summary of degree of alloying for various PtCo NAs through LASiS-GRR.

K2PtCl4 C (mg/l) Co ratio % (ICP-OES) 2q (111) Crystallite size (nm) a (Å) x Degree of alloying (%)

pH 3 250 6.4 39.81 17.98 3.919 0.03 44.77
pH 7 125 20.6 40.20 3.16 3.882 0.12 53.33

250 22.1 40.29 4.70 3.874 0.14 58.01
375 19.9 40.13 9.00 3.889 0.10 46.57
500 15.5 40.05 10.06 3.896 0.09 51.70

pH 11 250 38.1 40.85 4.15 3.828 0.26 55.96
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to the larger degree of coalescence/Ostwald ripening among the
seeding PtCo NPs due to faster reduction rates of the K2PtCl4 salt by
the seeding Co NPs [56]. The alloying of Co into Pt is demonstrated
by the clear shift of PtCo characteristic peaks to higher angles in the
XRD patterns in Fig. 2, when compared to the corresponding 2q
values for pure Pt peaks. Specifically, the Pt (111) peak shifts from
39.8� for pure Pt to 40.20�, 40.29�, 40.13� and 40.05� for PtCo-1,
PtCo-2, PtCo-3 and PtCo-4 NAs respectively is in accordance with
the evolution of Co atomic ratios (%) of 20.6, 22.1, 19.9 and 15.5 in
the respective alloys, as calculated from ICP-OES measurements
(shown in Table 1). Table 1 also summarizes the values of Co atomic
fractions in the alloys (x) and the ratio of alloyed Co (forming Pt3Co)
to total Co (Coal/Cotot), as calculated from Vegard's law and ICP-OES
measurement (details in the method section). These calculations
reveal the alloying degrees to vary from ~44% to ~58% for the
aforementioned respective PtCo NAs synthesized. Besides, the high
resolution TEM image in Fig. S3 (top) indicates the surface facets of
the specific PtCo-2 particle are dominated by the PtCo (111) that is
well-known for its lower oxygen binding energy and hence, higher
ORR activity [30,58,59].

In an effort to further investigate the elemental distributions
within the NAs from large-scale as well as detailed elemental
mappings respectively, both energy dispersive X-ray spectroscopy
(EDX) and electron energy loss spectroscopy (EELS) measurements
are shown in Fig. 3 for the PtCo-2 sample. The EDXmapping results
in Fig. 3aec reveal that both Pt and Co are uniformly distributed in
all the NPs. Fig. 3d shows a representative EELS spectrum taken
from a single NP (shown in the inset), where the two groups of
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peaks with onsets located at ~519 and 779 eV are ascribed to the
PteN2,3 and the Co-L2,3 edges respectively. The corresponding Pt
and Co EELS mapping for this particle are exhibited in Fig. 3e and f,
where the Pt distribution area (Fig. 3e) is found to be slightly larger
than that for Co (Fig. 3f). For better comparison, the Pt:Co ratio
mapping along with a representative line scan across the particle is
shown in Fig. 3g, and the corresponding Pt atomic (%) distribution
across this line scan is shown in Fig. 3h. These results reveal a thin
Pt-rich layer (c.a. a few nanometers) as the particle shell wherein
the Co (%) increases gradually towards inner layers. In contrast, the
center of the NP bears a relatively uniform but lower Pt:Co ratio
(Pt:Co ¼ ~4.5:1). Here it needs to be mentioned that in spite of the
higher accuracy of the EELS technique, the inclusion of other signals
(e.g. OeK edge at 532 eV) and random noises in the broad PteN2,3
peak from EELS data can contribute to the slightly higher value of
the Pt:Co ratios as calculated from EELS measurements, when
compared to that from EDX/ICP-OES quantifications.
3.1.2. PtCo NAs synthesized with different pH conditions
For investigating the impact of the solution phase [Hþ] on the

structure and composition of the resultant NAs, similar experi-
ments were carried out at pH3 and pH11 conditions respectively
(with initial [K2PtCl4] of 250 mg/l, and ablation time of 7 min)
followed by HCl treatment at pH2 conditions. The PtCo NAs syn-
thesized at pH3 show a much larger mean crystallite size
(~17.98 nm) as compared to those at pH11 condition (~4.15 nm). The
EDX mappings and spectra also indicate that Co molar ratio in the
NA products rises upwith the solution phase pH (namely from pH3,
pH7 to pH11), as discussed in details in the supporting information
along with corresponding TEM images in Fig. S6 and Table 1. It
needs to be mentioned that under pH11 conditions, the Pt2þ

transforms into Pt(OH)2 that eventually precipitates as PtCl2 (see
XRD result in Fig. S8) thereby reducing both Pt formation and
agglomeration. In this case, as discussed in supporting information,
addition of saturated NaCl solution followed by centrifugation for
two times helped remove the unwanted PtCl2 salts. The ICP-OES
results also support the EDX data wherein the three Co molar ra-
tios for pH3, pH7 and pH11 cases are found to be 6.4%, 22.1% and
38.1% respectively (Table 1). Furthermore, the XRD profiles (Fig. 4)
indicate negligible shift in 2q value (39.81�) for the characteristic
PtCo (111) peak in the pH3 sample as compared to the remarkable
Fig. 4. XRD patterns for PtCo NAs at different pH conditions with same initial K2PtCl4
concentration and ablation time (250 mg/l & 7 min respectively). The dash lines mark
the standard peak positions for each species.
positive shift (40.85�) in 2q values for the PtCo alloy formed at pH11,
that is much higher than those for the PtCo-2 sample (40.29�) as
well as for standard Pt3Co (40.53�) alloys. In such a case Pt1Co1 alloy
(41.4�) with tetragonal crystalline structure might have been
partially formed. The aforementioned results for different and yet,
directed alloying under different pH conditions are achieved by
controlling the relative concentrations of Pt2þ, Co and Hþ in the
system, as also discussed in details in the next section. Specifically,
in acid condition, majority of the Co NPs undergo direct oxidation
by solution phase [Hþ], which results in fewer amounts of Co
available for Pt2þ reduction and even less available for alloying with
Pt. On the other hand, at pH11 condition, direct oxidation of Co is to
a great extent hindered due to the extremely low [Hþ] in solution.
As a consequence, large amount of Co take part in GRR with Pt2þ

and in turn alloying with Pt, thereby leading to a much higher Coal
in the final products.

3.2. Investigation of ORR electrocatalytic activities

The ORR catalytic activities for the PtCo NAs synthesized with
various initial [Pt2þ], as investigated with RDE measurements in
0.1 M HClO4 electrolyte solutions, are summarized in Fig. 5. Cyclic
voltammetry (CV) scanswere conducted from0.05 to 1.02 V vs. RHE
at a scan rate of 50 mV/s. The ECSA calculated from the integration
of the hydrogen evolution area in the CV curve indicate a gradual
decrease from PtCo-1 to PtCo-4 (i.e., 30.92, 24.25, 18.31 and
14.55 m2/g respectively), as shown in Fig. 5a and Table 1. This is
mainly attributed to the decreasing surface to volume ratios with
increasing particle sizes of the PtCo NAs resulting from LASiS-GRR
with higher initial [Pt2þ]. Fig. 5b provides the ORR polarization
curves scanned in O2-saturated 0.1 M HClO4 electrolyte for the PtCo
catalysts under study. The half-wave potential values in Fig. 5b
indicate that most of the as-synthesized NA samples, i.e., PtCo-1,
PtCo-2 and PtCo-3 outperform the catalytic activities of commer-
cial Pt/C (see Table 2). The best ORR performance is noted for PtCo-2
sample with a 32 mV positive shift in the half-wave potential as
compared to the Pt/C sample. This is mainly due to higher Co ratios
with good alloying degree (58.01%) in the PtCo-2 sample that
shrinks the lattice constant and lowers d-band center which in turn
reduces the oxygen binding energy. Added to this, the small particle
sizes (mean crystallite size of 4.7 nm in Table 1) with moderate
coalescence in PtCo-2 promote catalytic activities due to higher
surface to volume ratios. In contrast, the PtCo-4 alloy exhibits the
lowest activity, which can be ascribed to its lowest Co ratio (15.5%),
poor alloying (51.7%) and largest size (~10 nm) as seen from Table 1.
Interestingly, the PtCo-1 sample with smallest mean sizes (~3 nm)
and slightly lower alloying degree (53.33%) than PtCo-2 (58%),
exhibit less activity. This could be primarily attributed to the excess
agglomeration in PtCo-1 (see Fig. 3a). Besides, the diffusion-limited
current at high overpotential regions (þ0.1 to þ0.80 V vs. RHE)
reaches ~5.6 mA/cm2 for all samples, thereby indicating minimal
formation of H2O2 during the ORR process as well as good charge
transfer rates. It is noted that this diffusion-limited current value
agrees extremely well with those reported for commercial Pt/C and
other peer research works [16,60]. The dynamics of the electron
transfer process during ORR were analyzed using the Kouteck-
yeLevich (KL) equation in rotating disk voltammetry (RDV) mea-
surements carried out at different rotation rates (400e2200 rpm),
as indicated in the experimental section. Fig. 5c shows the slopes of
the KL plots generated from the RDV curves (inset) for the PtCo-2 in
the range of 0.70e0.87 V. The slopes estimate the number of
transferred electrons (n) to be ~4.0, thereby indicating an ideal
four-electron transport process for ORR. Fig. 5d illustrates the Tafel
plots extracted from the ORR polarization curves in the mixed ki-
netic/diffusion regions (low overpotential regions). The calculated



Fig. 5. Electrochemistry data indicating ORR activities of PtCo NAs made via LASiS-GRR when compared to commercial Pt/C samples using: a. Cyclic voltammetry curves at a scan
rate of 50 mV/S; b. Linear sweep voltammograms for ORR polarization curves in 0.1 M HClO4 electrolyte saturated with dissolved O2 at 1600 rpm and scan rate of 5 mV/s; c.
KouteckyeLevich plots from rotating disk voltammogram (RDV) data (shown in inset) for PtCo-2 at different potentials (0.70e0.87 V) indicating four electron transport process for
ORR; d. Corresponding Tafel plots; e. Comparison of mass activity and specific activity at 0.9 V vs. RHE; f. Cyclic voltammetry curves indicating the % ECSA values and Co ratio (%) in
the alloy after various numbers of potential cycles at a scan rate of 100 mV/s.

Table 2
Summary of electrochemistry test results.

Pt loading (mg/cm2) ECSA (m2/g) Ik at 0.9 V (mA/cm2) MA (A/mg) SA (mA/cm2) Half-wave E (mV vs. RHE)

PtCo-1 19.85 30.92 2.89 0.15 0.47 875
PtCo-2 19.48 24.25 5.55 0.28 1.18 899
PtCo-3 20.03 18.31 3.08 0.15 0.84 879
PtCo-4 21.13 14.55 1.17 0.06 0.38 847
Pt 25.00 48.50 2.36 0.09 0.19 867
pH 3 23.40 6.67 0.62 0.03 0.40 806
pH 11 15.48 44.50 3.65 0.24 0.53 875
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Tafel slopes for the PtCo samples are in the range from 56.4 to 67.4
mV/dec, which are lower than the corresponding values for
commercial Pt/C (70.5 mV/dec), indicating better charge carrier
mobility. Besides, upon comparing the specific activities (SA) for
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each of the samples at 0.9 V vs. RHE potential on the Tafel plots in
Fig. 5d, all the PtCo samples are found to indicate higher SA values
than the Pt/C sample. The detailedmass activity (MA) and SAvalues
at 0.9 V vs. RHE are shown in Fig. 5e and Table 1. The PtCo-2 sample
is found to indicate the best catalytic activity with the MA and SA
values of 0.28 mA/mgPt and 1.18 mA/cm2 respectively, thereby
indicating c.a. 3 and 6-fold increase over the corresponding values
for Pt/C (0.09 mA/mgPt and 0.19 mA/cm2). The outstanding ORR
activities for the PtCo NAs is attributed to the uniform NAs with the
Pt-rich shell, as evident from the EELS ratio mapping in Fig. 3g & h.
Added to this, the absence of any additional chemical including
reducing agent/surfactant/stabilization agent during the LASiS-GRR
synthesis process eliminates the possibilities of deteriorating the
active surface area, thereby benefiting the catalytic performance.
Finally, stability tests were conducted for the PtCo-2 sample by
scanning CV at the same range as earlier CV tests for 5000 cycles at
100 mV/s. The results shown in Fig. 5f reveal a ~14% decrease in
ECSA (from 100% (black) to 86.2% (green) case) after 5000 cycles,
while the Coal also diminishes from 22.1% to 18.3%. This is ascribed
to the dissolution of catalysts in the acid electrolyte, which is awell-
known phenomenon for Pt or other metal based ORR catalysts as
also observed in earlier works [4,11,22,30]. Our on-going work is
aimed towards addressing this long-standing issue via thermal
annealing at high temperature (over 700 �C) for transferring the
current disordered Pt3Co to the more stable ordered alloy.

The electrochemistry results for the PtCo NAs synthesized at
different pH conditions (referred to as pH3, pH7 and pH11 samples)
are summarized in Fig. 6. The pH11 sample exhibits a much higher
ECSA (44.50 m2/g) than the pH7 or PtCo-2 (24.25 m2/g) and pH3
sample (6.67 m2/g) as calculated from the hydrogen adsorption
peaks in the CV curves (Fig. 6a). This is easily attributed to the
Fig. 6. Electrochemistry data for PtCo NAs made from LASiS-GRR at different pH conditions:
for ORR analysis in 0.1 M HClO4 electrolyte saturated with dissolved O2 at 1600 rpm and sca
specific activity at 0.9 V vs. RHE.
smaller crystallite sizes (~4.15 nm from Table 1) for the pH11
sample as compared to both the pH7 (~4.70 nm) and pH3
(~17.98 nm) samples. For comparing the ORR activities, electro-
chemistry tests and plots similar to the ones carried out for PtCo-2
samples at pH7 condition are presented in Fig. 6. These measure-
ments include ORR polarization curves (Fig. 6b), Tafel plots (Fig. 6c)
and MA/SA comparisons (Fig. 6d). The pH3 sample exhibits the
poorest activity as compared to all the other samples, which can be
ascribed to its larger crystallite sizes and extremely low Coal (see
Table 1). Here the interesting observation is that the pH11 sample,
even with higher Coal (~38.1%) and smaller crystallite sizes
(~4.15 nm), exhibit slightly less ORR activities in regards to the half-
wave potential (~875 V vs. RHE), MA (~0.24 A/mg) and SA
(~0.53 mA/cm2) when compare to the corresponding values for
PtCo-2 (namely, 899 V vs. RHE, 0.28 A/mg and 1.18 mA/cm2).
Nevertheless, it needs to be noted that these values are still
remarkably better than those for commercial Pt/C (namely, 867 V
vs. RHE, 0.09 A/mg and 0.19 mA/cm2, respectively).
3.3. Reaction pathways for PtCo NA formation: a discussion

In an effort to elucidate the role of LASiS-GRR in tailoring the
degree of alloying/composition, structure, and in turn, the ORR
activities of the aforementioned PtCo NAs, we dedicate this section
towards explaining the detailed mechanistic picture behind the
reaction pathways that lead to the formation of various PtCo NAs
during LASiS-GRR. The concept of tandem LASiS-GRR is built on the
ability to control the various reduction reaction pathways via GRR
at the plasma cavitationeliquid interface that are essentially initi-
ated by the rate-limiting source production of Co NPs via LASiS. In
doing so, we tune the amount of reduced Pt NPs that alloy with the
a. Cyclic voltametry curves at a scan rate of 50 mV/S; b. Linear sweep voltammograms
n rate of 5 mV/s; c. The corresponding Tafel plots; d. Comparison of mass activity and
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seeding Co NPs, thereby tailoring the composition, structure and
degree of alloying in the resulting NA samples. Thus, different ex-
tents of alloying in the aforementioned PtCo NAs and in turn their
catalytic properties are systematically controlled in a simple yet,
elegant fashion by tuning the relative rates of the following reac-
tion mechanisms and pathways, as illustrated in the schematic in
Fig. 7 for different initial Pt2þ and Hþ (pH conditions) concentra-
tions. In O2-free solution, the pulsed laser produces seeding Co NPs
within the cavitation bubble that undergo the following reactions
at the bubbleeliquid interface during collisional quenching:
Fig. 7. Schematic diagram indicating the formation of PtCo NAs via tandem LASiS-GRR using different initial Pt2þconcentrations and pH conditions; pulsed laser produces seeding
Co NPs which expand with the cavitation bubble and react with either Pt2þ, Hþ or reduced Pt (alloying process) at the bubbleeliquid interface during collisional quenching. Based
on the different Pt2þ concentration (low, medium, high) and pH conditions (acid, neutral, alkaline), different degrees of alloying for Coal are obtained.
1. Galvanic replacement reaction (GRR) with K2PtCl4 based on the
respective redox potentials for Co/Co2þ (�0.28 V vs. SHE) and
Pt2þ/Pt (0.76 V vs. SHE):

Pt2þ þ Co/Pt þ Co2þ (1)

2. Oxidation by Hþ ions driven by pH:

Coþ 2Hþ ¼ Co2þ þ H2 (2)
3. Alloying with reduced Pt from Reaction 1:

Coþ Pt ¼ PtCoðalloyÞ (3)

At neutral conditions (pH ¼ 7), with same Co production rate
from the rate limiting steps of LASiS, the initial [Pt2þ] plays a crucial
role in driving the rate determining steps of reactions 1 through 3
to finally control the nanostructures and compositions. Specifically,
when the initial [Pt2þ] is low, the reduction rate of Pt through GRR
(reaction 1) is much slower than the direct oxidation of Co by Hþ

(reaction 2), therefore the alloying rate between reduced Pt and Co
(reaction 3) is also slow. On the other hand, high initial [Pt2þ] leads
to a much faster reaction 1 than the other two reactions, therefore
leaving few Co to alloy with large amount of reduced Pt and hin-
dering the alloying process. To this end, an optimal amount of initial
[Pt2þ] is expected to produce the largest alloyed Co (Coal).

Meanwhile, the PteCo alloying process is also controlled by
tuning the solution phase [Hþ] or pH conditions. Specifically, in acid
conditions (low pH), an extremely low Coal is expected since ma-
jority of the seeding Co NPs go through reaction 2 leaving few Co for
reaction 3, which is similar to the case with low [Pt2þ] at neutral
condition. On the other hand, in alkaline conditions (high pH) with
medium [Pt2þ], abundant Co are present for reaction 3, in which
case the highest Coal is obtained. The aforementioned reaction
mechanisms are also schematically represented in Fig. 7 for
different [Pt2þ] concentrations (low, medium, high), pH conditions
(acid, neutral, alkaline) and corresponding relative speeds of the
reaction pathways, namely, fast (big, bold green), medium (bold
orange) and slow (dotted black).

To sum it up, the modified LASiS-GRR technique provides an
elegant route for synthesizing PtCo NAs with unique nano-
structures as well as controllable sizes, Pt:Co ratios and degrees
of alloying. Rational tuning of experimental parameters in this
facile, green technique allows for clear elucidation of relation-
ships between structure, composition and catalytic performances
of specific kinds of alloys (PtCo). In future, we are trying to apply
this technique to a more universal alloy system along with efforts
directed towards mass production by using different types of
laser (pulsed/continuous laser, different laser energy, wave-
length, duration time, etc.) and a continuous supply of metal salts
through the injection unit in the designed multifunctional cell
(Fig. S1). As a result, a green, facile and yet efficient synthesis
technique for the mass production of various metal alloys with
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controllable physic-chemical and catalytic properties are ex-
pected to be realized.

4. Conclusions

In this paper, we report LASiS-GRR as a green, facile synthesis
technique for the manufacturing of PtCo NAs as excellent ORR
catalysts with controllable size, atomic compositions and alloying
degrees. Specifically, the PtCo NAs with crystallite sizes of ~4.70 nm
and ~58% degree of alloying (~22% reduction in Pt atomic content)
exhibit superior ORR activities in acid electrolyte solutions as
compared to the corresponding activities for standard Pt/C cata-
lysts. Such activities are attributed to the unique capabilities of
tandem LASiS-GRR to synthesize the aforementioned NAs with
controlled sizes and uniform elemental distributions. Specifically,
detailed structural characterizations of the NAs from EDX and EELS
ratio mappings indicate a thin layer of Pt-rich shell on an alloyed
core with relatively uniform Pt:Co ratio. The rational tuning of such
structure-property relations are achieved by systematically con-
trolling the initial Pt salt concentrations, ablation times and solu-
tion phase pH conditions during the LASiS-GRR technique. The
transformative concept here is the ability of seeding NPs generated
by the rate limiting step of LASiS to drive the simple redox chem-
istry in the rate controlling step of GRR that allows directed
tailoring of sizes, structures and alloying/compositions in the final
NCs/NAs. When operated in tandem, reaction pathways emerging
fromhigh-energy liquid-confined plasma can be regulated to create
heteronanostructures with metastable structures and phases
without the use of any external chemical agents/surfactants.
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