
P
r
a

S
D
a

b

c

d

a

A
R
R
A
A

K
L
G
O
B

1

r
e
s
s
F
b
t
i

h
0

Applied Catalysis B: Environmental 182 (2016) 286–296

Contents lists available at ScienceDirect

Applied  Catalysis B:  Environmental

j ourna l h omepa ge: www.elsev ier .com/ locate /apcatb

tCo/CoOx nanocomposites:  Bifunctional  electrocatalysts  for  oxygen
eduction  and  evolution  reactions  synthesized  via  tandem  laser
blation  synthesis  in  solution-galvanic  replacement  reactions

heng  Hu b,d,  Gabriel  Goenaga b,d, Chad  Melton c,  Thomas  A.  Zawodzinski b,d,
ibyendu  Mukherjee a,b,d,∗

Department of Mechanical, Aerospace, and Biomedical Engineering, University of Tennessee, Knoxville, TN 37996, United States
Department of Chemical and Biomolecular Engineering, University of Tennessee, Knoxville, TN 37996, United States
Department of Physics, University of Tennessee, Knoxville, TN 37996, United States
Sustainable Energy Education and Research Center (SEERC), University of Tennessee, Knoxville, TN 37996, United States

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 5 June 2015
eceived  in revised form 6 August 2015
ccepted 15 September 2015
vailable online 18 September 2015

eywords:
aser ablation
alvanic replacement reaction
xygen reduction reaction
ifunctional

a  b  s  t  r  a  c  t

Efficient  yet,  low-cost  electrocatalysts  are indispensable  for electrochemical  oxygen  reduction  reactions
(ORR)  and  oxygen  evolution  reactions  (OER).  Here  we  present  laser  ablation  synthesis  in solution  in  tan-
dem  with  galvanic  replacement  reaction  (LASiS–GRR),  for  the  first time,  as a  facile  route  to  synthesize
nanocomposites  (NCs)  of PtCo  nanaoalloy  (NA)  embedded  in CoOx matrices  as  bifunctional  electrocat-
alysts.  High  resolution  TEM  reveals  PtCo  NA  of  mean  sizes  ∼8.5–17.7  nm  embedded  in sponge-shaped
CoOx matrices,  while  electron  diffraction  and X-ray  diffraction  data  along  with  energy  dispersive  X-ray
spectrometry  (EDX)  confirm  the  NC compositions  and crystalline  structures.  Detailed  electrochemistry
data  indicates  outstanding  ORR  and  OER  activities  for the PtCo/CoOx NCs  while  exhibiting  better  stability
than  the  respective  standard  nanocatalysts.  Such  activities  are  ascribed  to  the  shrunken  lattice  constants
of  alloyed  PtCo  that  promote  oxygen  adsorption  and  the  synergic  “spillover”  effect  from  high  surface  area
CoOx matrices  that  accelerate  both  ORR  and  OER through  symbiotic  adsorption/desorption  of intermedi-

ate  species,  while  preventing  aggregation  and/or  dissolution  in  alkaline  medium.  We  report  a combined
overpotential  of  756  mV vs. RHE  for the  PtCo/CoOx NC  with  33.3%  (molar)  Pt  content  which  is  the  best
value  ever  reported  for catalysts  supported  by  carbon  black.  The  enhanced  bifunctional  catalytic  activities
of  the  NCs  are  attributed  to  their unique  heteronanostructures  tailored  by  our  one-pot,  “green”  synthesis
route  of  LASiS–GRR.

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

Increasing demand for sustainable energy has escalated the
esearch on clean, highly efficient and environmentally benign
nergy conversion and storage technologies [1–3]. To this end,
tate-of-the-art renewable energy generation and storage systems
uch as regenerative proton exchange membrane fuel cells (PEM-
Cs) and metal–air batteries have gained tremendous interest. Yet,

oth these systems involve sluggish electrochemical reactions in
he cathode due to the complicated four electron transfer processes
nvolved in the oxygen reduction (ORR) and oxygen evolution

∗ Corresponding author. Fax: +1 86 5974 5274.
E-mail  address: dmukherj@utk.edu (D. Mukherjee).

ttp://dx.doi.org/10.1016/j.apcatb.2015.09.035
926-3373/© 2015 Elsevier B.V. All rights reserved.
reactions (OER) for the discharging and charging process respec-
tively [3–10]. As a consequence, in the past decades or so, various
nanoparticle (NP) based catalysts have been extensively researched
and developed in an effort to efficiently and economically enhance
the aforementioned reactions [4,5,11–14].

Typically, Pt-based NPs are widely used as efficient catalysts to
provide complete four-electron transport pathways with remark-
ably reduced overpotentials during ORR processes in PEMFCs and
other electrochemical systems [8,11,15–17]. However, the high
cost and poor stability of Pt under harsh alkaline or, acidic con-
ditions of electrochemical cells [18] has led to the search for

active non-precious metal/metal oxide catalysts that can replace
Pt [4,8,19–21]. To this end, recent years have seen a surge in mixed
valence oxides of transition metals with spinel structures (Co3O4,
Mn3O4, NiO, etc.) as electrocatalysts, in spite of their catalytic activ-

dx.doi.org/10.1016/j.apcatb.2015.09.035
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcatb.2015.09.035&domain=pdf
mailto:dmukherj@utk.edu
dx.doi.org/10.1016/j.apcatb.2015.09.035
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ties being relatively low [4,21–23]. In addition, Pt–M nanoalloys
ith various atomic structures, and morphologies have been shown

o manifest similar or even better ORR catalytic performances than
t [11,12,21,24–26]. The improved activity is attributed to the
ombination of geometric and electronic effects where the for-
er refers to the shrunken Pt lattice constants while, the latter

efers to higher 5d orbital vacancies in the electronic structure of
t–M alloys [11,21]. Recently, much progress has been made for
he Pt–M nanoalloy systems. New methods have been developed
or synthesizing various shaped Pt–M nanostructures including
eed-mediated approach, solid-state chemical enabled scalable
roduction to name a few [27–31]. More specifically, there has been
revious reports on the synthesis of Mo-doped Pt3Ni octahedral as
uperior ORR catalysts [32], and systematic anisotropic growth of
haped nanoalloys of Pt–Ni and Pt–Co that play significant role on
heir catalytic properties [33].

On the other hand, OER plays a critical role in water splitting pro-
esses during solar fuel production, or, charge–discharge processes
n rechargeable fuel cells and batteries [3,13,14,34]. Hence, elec-
rodes in ideal regenerative electrochemical devices should have
igh conversion rates for both ORR and OER processes. Unlike the
RR systems, transition metal oxides (e.g., CoOx, NiOx, TiO2, IrO2,
tc.) or perovskites are typically considered as excellent catalytic
andidates for OER on account of their high activities and good
hoto-stability [35–41]. The key challenge in the design of ideal
eversible electrodes is in the low-cost, reproducible synthesis of
i-functional catalysts that can outperform both the ORR and OER
ctivities of commercially available electrocatalysts. A few recent
ttempts have synthesized designer nanocomposites (NCs) made
rom the best of both ORR (Pt NPs) and OER catalysts (transition

etal oxides) that make use of the synergic “spillover” effects
o influence the adsorption/desorption behavior of intermediate
pecies at the catalyst surfaces, thereby driving the rate determin-
ng steps in each of the respective reactions [42–44].

However, clean synthesis of these complex nanocatalysts in
 facile, cheap, and reproducible manner still remains elusive.
ost synthesis techniques for metal and metal oxide NPs involve
et chemical routes that require intricate experimental steps

nvolving indispensable chemicals such as surfactants, organic lig-
nds, reducing agents, etc. that block their active surface catalytic
ites [10,11,25,45]. Many metal/metal oxide NCs are made from
erkovsite based oxides that are complicated to synthesize and
equire multi-step processes with harsh chemical conditions and
esidues [38,39,44]. Finally, removal of organic encapsulation (lig-
nds and/or surfactants) from metal/metal oxide NPs itself is a
hallenging and critical step in their preparation [46].

Laser  ablation synthesis in solution (LASiS) offers a “green”,
acile route for one-step synthesis of complex nanomaterials with-
ut the use of harsh reducing agents and/or, surfactants/ligands.
ASiS has gained tremendous interests in recent years as an elegant,
fficient, and easily operable synthesis technique for producing
arious nanomaterials with low start-up costs [47–49]. Such inter-
sts have led to the use of LASiS to produce various NPs of heavy
etals [50,51], transition metals [47,52], intermetallic composites

53,54], including core–shell [55,56], and hollow [57] structures. As
chematically represented in Fig. 1 and studied elsewhere in details
58], LASiS involves an expanding liquid-confined plasma plume
ith exceedingly high temperatures and pressures that thermally

aporizes a metal target and produces a shock wave with cavitation
ubbles. The bubbles containing supersaturated seeding NPs (i.e.,
he vapor pressure of the ablated species is larger than the equilib-
ium pressure) then oscillates and expands at a supersonic speed

>103 m/s) up to a radius of the order of millimeters within 10−4 s.
fter which the bubbles quickly collapse with the inside seeding
Ps undergoing ultrafast collisional quenching at the bubble–liquid

nterface [59,60]. The inherent charge screening effects within
onmental 182 (2016) 286–296 287

the  plasma promotes the production of uniformly dispersed col-
loidal NPs [61] without the need for any surfactants/stabilizing
agents  that are usually indispensable in chemical synthesis routes
and yet, potentially harmful for surface catalytic activities. How-
ever, the perceived drawback for LASiS has been in its inability
to accurately control the structure and morphology of the synthe-
sized nanomaterials [60]. Although our recent work demonstrated
the ability of LASiS to tailor size, morphology and composition of
cobalt oxide/hydroxide NPs [58], the ability of chemical reduc-
tion kinetics to provide superior control on NP composition and
morphology (especially, for binary or ternary intermetallic NPs)
cannot be undermined. Hence, we  hypothesize that the extreme
physicochemical conditions of LASiS [58], when interfaced with
chemical reduction routes such as galvanic replacement reactions
(GRR), can initiate unique out-of-equilibrium thermodynamics and
kinetics at the plasma–liquid interface. Such reaction pathways can
generate novel nanostructures or, nanocomposites with tailored
morphologies, compositions and metastable structures, heretofore
not observed while being potentially promising for catalytic perfor-
mances. To the best of our knowledge, few works have investigated
structure–property relations (specifically for catalytic studies) in
nanostructured materials emerging from complex plasma interac-
tions/chemical reactions during LASiS.

In our effort to address the aforementioned key challenges
in the facile and yet, chemically clean synthesis of bi-functional
electrocatalysts, we report for the first time pulsed LASiS in
tandem with galvanic replacement reactions (GRR) as an alterna-
tive cheap, one-step, one-pot route to synthesize nanocomposites
(NCs) that exhibit superior ORR and OER  catalytic activities
with high stability. Specifically, we  synthesize NCs comprised
of PtCo nanoalloy embedded in CoOx matrices by using our in-
house designed multi-functional tandem LASiS–GRR technique. In
turn, the structure–property characteristics of the as-synthesized
PtCo/CoOx NCs were investigated, specifically in terms of their ORR
and OER catalytic activities.

2.  Experimental

2.1. Synthesis of Co3O4 NPs and PtCo/CoOx NCs

LASiS on bulk Co target was carried out to generate CoO/Co3O4
NPs, based on our earlier work [58], under different laser fluences
(high fluence, HF: ∼60 J/cm2 and low fluence, LF: ∼1 J/cm2). Co
pellets were bought from Kurt J. Lesker (99.95% purity, 1/4′′ diame-
ter × 1/4′′ height) and Potassium tetrachloroplatinate(II) (K2PtCl4)
(>99.9%) were bought from Sigma–Aldrich. All LASiS–GRR exper-
iments were carried out in an in-house built cell equipped with
facilities for simultaneous injection of metal salt solutions, tem-
perature control as well as ultrasonication, as depicted in the
supporting information (Fig. S1) and discussed in details in our
earlier work [58]. For LASiS on Co, the Co pellets were covered
by 35 ml  of de-ionized water (DI-water; purity = 99.9%; conductiv-
ity = 18.2 M�/cm at 25 ◦C) and ablated for 15 min.

For  the synthesis of PtCo/CoOx NCs via tandem LASiS-GRR tech-
nique, different amounts of K2PtCl4 salts were dissolved in 40 ml  of
DI-water to produce four different concentrations of K2PtCl4 solu-
tions, namely 25, 60, 120 and 250 mg/l. Thereafter, each of the
freshly prepared K2PtCl4 solution was  transferred into the LASiS
cell through the injection unit. The Co pellet was then ablated in
those K2PtCl4 solutions for 20 min. The obtained colloidal solutions
were aged for three days under ambient temperature and pres-

sure conditions. Then, the samples were centrifuged at 5000 rpm
for 15 min  and decanted after washing with DI-water for two  times.
Both LASiS and tandem LASiS–GRR experiments were carried out at
room temperature with simultaneous ultrasonication. The Co tar-
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Fig. 1. Schematic representation of the tandem LASiS-GR

et was rotated by a stepper motor at a uniform speed of 0.3 rpm
uring ablation.

.2.  Characterization

A  Zeiss Libra 200MC monochromated transmission electron
icroscope (TEM) was used with an accelerating voltage of 200 kV

or regular TEM, selected area diffraction (SAED), high resolution
mage (HRTEM) and energy dispersive X-ray spectrometer (EDX)
nalysis. Inductively coupled plasma optical emission spectroscopy
ICP-OES) (PerkinElmer, Optima 4300 DV) was used to measure
he concentration for both Pt and Co NPs. Standard cobalt dichlo-
ide solution (≥99%) and K2PtCl4 solution (>99.9%) were used for
alibration. X-ray diffraction (XRD) was carried out on a Phillips
’Pert-Pro diffractometer equipped with a Cu Ka source at 45 kV
nd 40 mA.

.3.  Electrochemical tests

The  rotating disk electrode (RDE) setup was bought from Pine
nstrument company, LLC. A conventional, three-compartment
lectrochemical  cell comprising of a saturated double junction
g/AgCl electrode as the reference electrode, a glassy carbon RDE
ith diameter of 5 mm as the working electrode, and a platinum

oil as the counter electrode. All electrochemistry (EC) tests were
arried out at room temperature in 1.0 M KOH solution with the
eference electrode calibrated in response to the reversible hydro-
en electrode (RHE). 30% Pt/C from BASF was used as the standard
atalyst for comparison. For ORR tests, synthesized NPs were first
ixed with Vulcan XC-72 carbon black (CB) powder (particle size

0–40 nm,  procured from Cabot Company) in aqueous solution
ith a weight ratio of 1:4 (NP:CB). After 2 h of ultrasonication, the

lurry was stirred for 24 h and then, completely dried in vacuum
t 80 ◦C. Thereafter, the catalyst ink was prepared by suspending

 mg of the dried mixture in 0.5 ml  methanol and 25 �l of 5 wt%
afion solution (Sigma–Aldrich, density 0.874 g/mL) via 30 mins of
ltrasonication. For preparing the working electrode, 6 �L of the
repared catalyst ink was coated on the RDE where the NP load-

ng density was calculated to be 24.5 �g/cm2. As for the OER tests,

ynthesized NPs were deposited on the GCE directly by vacuum
rying at room temperature, with a deposition density calculated
s 2 �g/cm2 for all the catalysts. Linear sweep voltammogram (LSV)
or ORR and OER were conducted on the RDE set-up by sweeping
nique that synthesize PtCo/CoOx nanocomposites (NCs).

the  potential from +0.3 to +1.1 V (ORR) and +1.1 to +1.7 V (OER)
respectively. For all the experiments, stable voltammogram curves
were recorded after scanning for 15 cycles in the corresponding
potential regions. 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 Koutecky–Levich (KL) equation:

1
J

= 1
JK

+ 1
JL

= 1
JK

+ 1
Bω1/2

JK = nFkC0 ; B = 0.62nFC0D
2/3
0 �−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), C0 and D0 are the dissolved
O2 concentration the O2 diffusion coefficient in the electrolyte
respectively, � is the electrode rotation rate in rpm. Tafel plots are
generated using the kinetic current JK as determined from:

JK = J × JL
JL − J

3. Results and discussion

3.1.  Mechanistic picture of LASiS-GRR

In the current tandem LASiS–GRR technique, the galvanic
replacement reaction (GRR) between K2PtCl4 and Co occurs in the
above-mentioned system based on the respective redox potentials
for Co/Co2+ (−0.28 V vs. SHE) and PtCl4

2−/Pt (0.76 V vs. SHE) as:

PtCl4
2- + Co → Pt + Co2+

However, it is obvious that further oxidation of Co2+ to Co3+

cannot be initiated by the simultaneous reduction of solution phase
Pt2+ ions since the mid-point potential for Co2+/Co3+ is much higher
(1.82 V vs. SHE). Theoretically, the displacement reaction can occur
between PtCl4

2− and any metal with redox potential <0.76 V vs.

SHE (for PtCl4

2−/Pt).
Fig.  1 shows the schematic for the reaction pathways during

LASiS–GRR that lead to the NC formation. Pulsed laser beam creates
a liquid confined plasma plume with extremely high temperature
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Fig. 2. (a–d) TEM images (Magnification: 80 K) along with the corresponding SAED patterns (inset) for the PtCo/CoOx NCs synthesized by LASIS–GRR using different Pt:Co
atomic ratios of: (a) 1:9 (PtCo-1); (b) 1:4 (PtCo-2); (c) 1:2 (PtCo-3); (d) 1:1 (PtCo-4). The scale bar in for SAED patterns is 5 (1/nm); (e–h) Corresponding size distributions for
dark  colored PtCo alloyed NPs in a–d.
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Fig. 3. (a) Representative TEM image of PtCo-1 sample with the corresponding positions marked (b–d) indicating the lattice fringes in the HRTEM images for: (b) Pt, (c)
Co3O4, and (d) CoO respectively.

Fig. 4. EDX results for PtCo-3 sample along with: (a) HAADF image, and elemental mappings for (b) Pt, (c) Co and (d) O respectively; (e, f) Corresponding EDX spectra at the
positions marked in a. (Cu and C signals are from the TEM carbon film with copper grids).
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ig. 5. Comparison of XRD patterns for PtCo/CoOx nanocomposites with different P
lue and green vertical lines respectively.

nd pressure on the Co surface that results in thermal vaporiza-
ion of the metal target. Large amount of seeding NPs then start
o form inside an oscillating cavitation bubble resulting from the
xpanding plasma plume. Thereafter, the seeding NPs undergo col-
isional quenching and redox reactions with the solution phase
onic species at the bubble–liquid interface upon the bubbles col-
apse. However, only part of those seeding Co NPs can go through
RR with K2PtCl4 due to the high local concentration but limited

eaction rate, thereby leaving the rest of them either coalesce (alloy)
ith reduced Pt or get oxidized by the solution phase O2/H+. The

ewly formed intermetallic PtCo NPs then continue to coalesce
ith each other into large spherical NPs that are partially embedded

nto the CoOx matrices.

.2. Structure and composition analysis for the PtCo/CoOx NCs

In our recent work explaining the mechanism of LASiS, it was
hown that LASiS on bulk cobalt produces meta-stable CoO, which
urther oxidizes rapidly into stable Co3O4 in the aqueous solu-
ion [58]. In the current work, we carried out LASiS on cobalt with
our different initial K2PtCl4 concentrations (i.e., 25 mg/l, 60 mg/l,
20 mg/l and 250 mg/l) to produce four different NP colloidal sam-
les labeled here onwards as PtCo-1, PtCo-2, PtCo-3 and PtCo-4
espectively. The corresponding Pt and Co NP concentrations in
ach of the samples, as revealed from ICP-OES measurements,
re summarized in Table 1. The results indicate that ∼60–70% of
he precursor Pt salt is transformed into Pt NPs upon ablation at
0 J/cm2 fluence for 30 min. The Pt:Co molar ratios was  calculated
o be 1:9, 1:4, 1:2 and 1:1 for PtCo-1 to PtCo-4 respectively. The
nreacted residual K2PtCl4 as well as any excess KCl formed are
ashed away during the centrifugation step. This is also confirmed

y the TEM images, as shown in Fig. 2(a–d), indicating that mainly
wo types of nanostructures are found in all four samples, namely
ndividual spherical NPs (darker contrast) embedded in a large
mount of highly porous “sponge-shaped” nanostructures (lighter
ontrast). These structures are expected to be CoOx (lighter) and Pt
nd/or PtCo intermetallic (darker) NPs respectively, where the dif-
erent contrasts in the transmitted electron intensities are due to

heir different mass to charge ratios. The size distributions for the
arker spherical Pt-based NPs (which are later revealed to be Pt–Co
anoalloys) are shown in Fig. 2e–h, where the mean sizes increase

rom 8.5 nm to 17.7 nm with the increase of the Pt:Co ratios. This
atios along with standard peak positions for Co3O4, CoO and Pt indicated by black,

is  ascribed to the enhanced coalescence due to increased concen-
trations of Pt NPs. The existence of Pt and CoOx NCs are further
confirmed by the identification of their respective crystalline struc-
tures in the SAED patterns (shown in the insets of Fig. 2a–d) along
with calculated d-spacing values (provided in the supporting infor-
mation in Table S1). However, in our earlier work [58] with LASiS on
bulk Co (without any K2PtCl4), we  had shown that initially formed
metastable CoO upon three days of ageing underwent complete
oxidization into Co3O4 by the solution phase O2 and H+. In con-
trast, the present study indicates that LASiS on Co in the presence
of K2PtCl4 salt solution, when exposed to the identical ageing pro-
cess, results in both Co3O4 and CoO nanostructures coexisting in the
final products. This is possibly due to the highly non-equilibrium
processes where the seeding Co NPs emerging from the cavitation
bubble undergo ultra-fast quenching and reactions with the solu-
tion phase metal salt ions at the liquid front. Thus, during ablation
in the aqueous solution with K2PtCl4 salts, a large portion of Co
is converted to CoO through galvanic replacement reaction (GRR)
rather than direct oxidation, since the redox potential for Pt2+ → Pt0

(0.76 V vs. SHE) is even higher than O2 → O2− (0.4 V vs. SHE). The
relatively higher stability of these CoO NPs could possibly be due
to this inherently different formation mechanism. As a result, it
is difficult for the CoO NPs to further get oxidized into Co3O4 or
the oxidation rate is much slower. In addition, high resolution
TEM images (HRTEM) indicate the three different areas marked as
b–d in Fig. 3a that correspond to Pt (111) (d = 2.26 Å), Co3O4 (220)
(d = 2.86 Å) and CoO (200) (d = 2.13 Å) exposed to the surface, as
shown in Fig. 3b–d respectively. Lastly, control experiments were
also carried out for laser irradiation on the K2PtCl4 solution only
(without any Co target), in which case no Pt NPs are formed (Fig.
S7), confirming that the formation of Pt NPs is largely due to the
galvanic replacement reactions (GRR).

In order to further investigate the elemental composition and
distribution in the products, EDX tests were carried out for the
STEM mode images. The results from the high-angle annular dark-
field (HAADF) image, as shown in Fig. 4a specifically for the PtCo-3
sample, reveal the corresponding elemental mappings for Pt, Co and
O, (Fig. 4b–d respectively). These images show that Pt is mainly dis-
tributed in the bright spherical NPs in the HAADF image (i.e., the

four large NPs at the center). In contrast, Co is mostly distributed in
the background gray areas although its presence is strongly noted
inside the brighter NPs (see Fig. 4c), while O is found to be uni-
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Fig. 6. Electrochemistry data for as-synthesized Co3O4 NPs and PtCo/CoOx NCs compared to standard Pt/C samples using: (a) Linear sweep voltammograms for ORR  analysis
in  1 M KOH electrolyte saturated with dissolved O2 at 1600 rpm and scan rate of 5 mV/s; (b) Tafel plots from a; (c) Comparison of mass activities per unit Pt mass loading at
0.85  V vs. RHE; (d) Koutecky–Levich plots from rotating disk voltammogram (RDV) data (shown in inset) for PtCo-3 at different potentials (0.70–0.83 V) indicate four electron
transport process for ORR; (e) Stability comparison for Co3O4, PtCo-3 and standard Pt/C through chronoamperometry (CA) tests.

Table 1
Pt  and Co concentrations from ICP-OES measurements for various PtCo/CoOx NCs synthesized by LASiS–GRR at different initial K2PtCl4 salt concentrations.

Initial K2PtCl4 conc. (mg/l) Pt conc. (mg/l) Co conc. (mg/l) Molar Pt/Co ratio

PtCo-1 25 7.3 20 1:9
PtCo-2  60 19 23 1:4
PtCo-3  120 42 25 1:2
PtCo-4  250 81 25 1:1

Table 2
Calculated alloyed Pt:Co ratio from XRD results in Fig. 5.

Sample 2� (◦) Lattice constant (Å) Pt:Co

PtCo-1 40.2 3.88 8.6:1
PtCo-2  40.3 3.87 6.7:1
PtCo-3  40.5 3.85 4.6:1
PtCo-4  40.1 3.89 11.5:1
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ormly distributed in the whole image. Furthermore, detailed EDX
pectra in Fig. 4e and f which correspond to the areas marked e and

 respectively in Fig. 4a indicate strong Pt and Co peaks along with
eak O peak inside the bright spherical particle (Fig. 4e). In com-

arison, Fig. 4f indicates negligible Pt peak along with a relatively
trong O peak in the background areas. It is noted here that the
u and C signals in the spectra are from the TEM carbon film with
opper grids. The absence of any other detectable elements in the
DX data indicates that all the residual chemicals such as K2PtCl4
nd KCl have been washed away by the centrifuging process. The
forementioned results for the elemental mappings of Pt, Co and O
n Fig. 4b, c and d, along with the EDX spectral intensities in Fig. 4e
nd f, clearly suggest the formation of PtCo nanoalloy inside the
right spherical NPs (marked as the areas e in Fig. 4a). This also
alidates our earlier assumption that the as-synthesized nanocom-
osites are made of PtCo nanaolloy (the brighter NPs) embedded in
he CoO/Co3O4 matrices.

To  corroborate the above mentioned results, Fig. 5 summa-
izes the XRD data for all the PtCo/CoOx NCs dispersed in carbon
lack, where the sample from LASiS on Co (without the K2PtCl4
alt) displays the distinct Co3O4 (311) peak (PDF-#42-1467) at
� = 36.9◦ but does not show any characteristic peak for CoO (PDF-
43-1004). In contrast, the PtCo-1 sample indicates a CoO (200)
eak at 2� = 42.4◦ along with a minor peak at 2� = ∼36.6◦ which

s assigned as an overlapped peak of CoO (111) (2� = 36.5◦) and
o3O4 (311) (2� = 36.9◦). These results further confirm our previ-
us SAED data in Fig. 2.d that the CoO gets partially conserved in
he PtCo/CoOx NCs that do not undergo further oxidation during
he ageing process. Meanwhile, two distinct characteristic peaks
re also observed for this sample at 2� = 40.2◦ and 2� = 46.7◦ that are
ssigned to the (111) and (200) peaks for PtCo alloy. Here, one needs
o note that the 2� values for standard Pt are 39.8◦ (111) and 46.2◦

200) (PDF-#04-0802). The shift of these peaks to higher angles is
ttributed to the Pt alloying with Co that result in a shrunken lat-
ice constant calculated to be ∼3.88 Å as compared to 3.92 Å for
tandard Pt. Besides, Fig. 5 also reveals that the alloyed PtCo peaks
uickly become dominant with the increase of Pt:Co ratio. Specif-

cally, for the case of PtCo-3 and PtCo-4 (Pt–Co ratio equals to 1:2
nd 1:1), the CoOx peaks are barely discernable, which is ascribed
o the much higher crystallinity and hence, the diffraction pattern
ntensity for Pt alloyed with Co as compared to that for CoOx. It
eeds to be noted here that this phenomenon is also supported by
he previous SAED patterns in the insets of Fig. 2a–d. The alloyed
t:Co ratios from PtCo-1 to PtCo-4 are estimated to be 8.6:1, 6.7:1
nd 4.6:1 and 11.5:1 respectively according to the Vegard’s law
7], as summarized in Table 2. As also described earlier in Fig. 1, the
eeding Co NPs from the cavitation bubble go through two  compet-
ng reactions, namely, either GRR with Pt2+ or oxidation by solution
hase O2 and H+. When the initial K2PtCl4 concentration is low, a

arge portion of Co will react with solution phase O2/H+, thereby
eaving few available seeding Co NPs to alloy with Pt formed via
RR mediated reduction by Co. Hence, the Co:Pt ratio in the PtCo
lloys rises at first with increasing initial K2PtCl4 concentrations in
he solution. However, beyond a critical value, further increase of
t2+ ion concentrations leads to oxidation of Co atoms in the ini-
ially formed PtCo alloy. Such a de-alloying process will reduce the
mount of alloyed Co in the PtCo nanoalloys, and has already been
eported by some other works [62].

.3. Investigation of ORR/OER catalytic activities

The catalytic activities for both pure Co3O4 NPs and PtCo/Co3O4

Cs were tested with the aid of the rotating disk electrode (RDE)
easurement in O2-saturated 1 M KOH solution, as shown in Fig. 6.

n order to overcome the electronic conductivity limitations and
ncrease the catalytic surface area for ORR experiments, all the syn-
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thesized NCs were dispersed in CB (Vulcan XC-72R, weight ratio
NP:CB = 1:4). It needs to be mentioned that linear sweep voltam-
mograms (LSV) on pure Co3O4 NPs generated from high fluence
(HF, 60 J/cm2) and low fluence (LF, 1 J/cm2) LASiS in our earlier
work (Supplementary Fig. S8) indicated that half-wave potentials
and diffusion limiting currents for HF Co3O4 samples are better
than those for LF Co3O4 samples (i.e., 770 mV  and 3.25 mA/cm2 vs.
740 mV  and 2.75 mA/cm2 for HF vs. LF samples respectively). This
is attributed to the uniform sizes and spherical shapes of HF Co3O4
NPs obtained from the explosive boiling mechanism of LASiS at high
laser energy. Hence, the choice for all catalytic studies presented
in the present article are for the Co3O4 and PtCo/CoOx samples
synthesized at HF (60 J/cm2) conditions. We  also noted that the
measured ORR catalytic activities for our Co3O4 NPs itself com-
pared extremely well with those observed by other peer works
[8,15,22,23]. We believe that the clean, one-step synthesis process
for LASiS plays a role here in generating these NPs devoid of any
additional chemicals (surfactants, reducing agents, etc.) that can
retard or poison their catalytic activities. Fig. 6a compares the ORR
catalytic performance for each of the catalyst samples under study
through the LSV test. The results indicate a remarkable improve-
ment for the ORR activities with the increase of Pt to Co ratio from
1:9 (PtCo-1) to 1:2 (PtCo-3). Specifically, the half-wave potential
for the PtCo-3 sample is improved to 860 mV,  which is almost
comparable to the corresponding values for standard Pt/C samples
(870 mV). The ORR overpotential for this sample is calculated to be
370 mV  based on the standard potential for reduction of oxygen to
water being 1.23 V. However, as the Pt:Co ratio further increases to
1:1 for PtCo-4, the half-wave potential slightly reduces to 850 mV,
with the overpotential calculated to be 380 mV.  Besides, Fig. 6b
compares the Tafel plots for the abovementioned samples gener-
ated from Fig. 6a over the low overpotential regions. The measured
Tafel slope values are 53.0, 42.2, 40.3, 39.2 and 54.6 mV/dec respec-
tively as compared to ∼66.2 mV/dec for standard Pt/C samples,
thereby indicating higher charge transfer coefficients for the as-
synthesized catalysts. Fig. 6c further compares the mass activities
per unit Pt loading amount at 0.85 V vs. RHE for the PtCo/CoOx NCs
studied. The results indicate a much higher mass activity for PtCo-3
sample (0.73 mA �g−1 Pt) than the commercial Pt/C (0.54 mA  �g−1

Pt). The other three samples (PtCo-1, PtCo-2 and PtCo-4) demon-
strate lower but comparable mass activities, although the PtCo-4
sample with an increased amount of Pt indicates a marked drop in
the ORR activity. The excellent ORR activities for these materials
are mainly attributed to the following reasons. Firstly, the forma-
tion of alloyed PtCo nanostructures shrinks the Pt lattice constants
and decreases the effective sites for OH− adsorption. Added to that,
it enhances the Pt O bonding due to higher 5d orbital vacancies in
its electronic structure that promotes the donation of � electrons
from O2 to Pt [11,21]. Hence, the sites on the PtCo alloy NPs (known
for their ORR activities) preferentially promote both O2 adsorption
and OH− desorption, both benefit the ORR efficiency. Secondly, the
NC of the metal-transition metal oxide (NM-TMO) system further
benefits the ORR process by providing a synergic “spill-over” effect
[42,46]. Specifically, the OH− reduced from O2 is readily desorbed
from the active PtCo sites and transferred to the sponge-shaped
CoOx sites which are less active according to their respective M O
bonding strength and intermolecular affinities. Thus, the best ORR
activity is promoted by the PtCo-3 catalyst with optimal Pt con-
tent (33.3 molar%, 62.3 wt.%) that leads to higher degree of Pt-Co
alloy formation (confirmed by Fig. 5 and Table 2) with more lattice
shrinkage and appropriate sizes (mean size = 11.7 nm), as well as
by the balanced PtCo to CoOx ratio that potentially maximizes the

synergic “spill-over” effects.

The  dynamics of the electron transfer process during ORR
activities of the aforementioned catalysts are analyzed using the
Koutecky–Levich (KL) equation for rotating disk voltammetry



294 S. Hu et al. / Applied Catalysis B: Environmental 182 (2016) 286–296

Fig. 7. (a) Linear sweep voltammograms for OER analysis on PtCo/CoOx NCs compared to those for Co3O4 NPs and standard Pt/C samples; (b) Corresponding Tafel plots in
the  potential range of 1.55–1.60 V.
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ig. 8. (a) Comparison of bifunctional catalytic activities for both OER and ORR 

verpotentials for catalytic samples understudy with the increase of Pt molar ratio.

RDV) measurements carried out at different speeds. Fig. 6d shows
he slopes for the KL plots generated from rotation-rate depen-
ent current–potential curves (inset in Fig. 6d) for the PtCo-3 NCs

n the range of 0.70–0.83 V. The slopes estimate the number of
lectrons transferred (n) to be 3.9–4.0, thereby indicating an ideal
our-electron transport process for the ORR activity. (Detailed RDV
ata and KL plots for PtCo-1, PtCo-2 and PtCo-4 NCs are provided in
ig. S9 in the supporting information that indicate the correspond-
ng electron transfer numbers to be 3.8–4.0 for all of them.
In  addition to the good ORR catalytic activities, chronoampero-
etric (CA) measurements also reveal excellent stabilities for the

tCo-3 NC samples. Fig. 6e compares the normalized current den-

Fig. 9. Schematic illustrating the mechanism ofthe “spill-over effect”.
h Linear sweep voltammogram (LSV); (b) Evolution of ORR, OER and combined

sity (%) at the corresponding half-wave potentials for the Co3O4,
PtCo-3, and standard Pt/C samples. As can be seen from the results,
the ORR current densities decay by less than 15% over 12,000s
of continuous operation for both the Co3O4 and PtCo-3 samples.
In contrast, the standard Pt/C sample indicates a ca. 28% current
density reduction over the same period of time. The decay in the
catalytic activities of standard Pt/C samples is attributed to its sur-
face oxidation as well as particle dissolution and aggregation in the
alkaline electrolyte [18], which hardly occur for the metal oxides
(Co3O4/CoO). In fact, in the case of the PtCo/CoOx NCs, the existence
of the sponge-shaped CoOx serve as a matrix material that protects
the PtCo alloyed NPs from aggregation or dissolution. Meanwhile,
the alloyed PtCo structure also helps to slow down the oxidation of
Pt due to the much higher electron negativity of Co.

Finally, the OER catalytic activities for the PtCo NC samples are
investigated by comparing with the results for pure Co3O4 and
standard Pt/C samples, as shown in Fig. 7. For comparing the OER
overpotentials, all potential measurements were carried out with
10 mA/cm2 as the metrics due to its relevance to solar fuel char-
acterizations [6]. The results reveal that, with an overpotential of
385 mV (Fig. 7a) and a measured Tafel slope of 62.4 mV/dec, the
LASiS generated Co3O4 itself is comparable or, even better than
other reported OER catalysts [6,8,13,38,39,44]. As expected, the
standard Pt/C sample shows the worst OER activities (with an
overpotential of ∼640 mV). As also mentioned earlier, the high
OER activity for our Co3O4 NPs is attributed to the clean synthe-
sis route of LASiS that produces the sponge-like nanostructures

with enhanced surface area that do not have any surface contam-
ination from unwanted chemicals during the preparation. But, the
most significant observation from Fig. 7a is that the PtCo-1 sam-
ple exhibits an even smaller OER overpotential (380 mV)  than the
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o3O4 sample that is typically well-known for OER activities. In
act, the overpotentials for PtCo-2 and PtCo-3 are also comparable
∼385 and 386 mV  respectively), indicating that these PtCo/CoOx

Cs exhibit good OER catalytic activities as well. Here we also note
hat the PtCo-4 sample displays a relatively poorer activity (over-
otential of ∼ 435 mV)  that could be possibly due to the scarcity of
oOx in the NC catalyst. It is also noted here though that Tafel slopes

or the PtCo NCs are slightly larger (∼71–72 mV/dec for PtCo-1 and
tCo-4 whereas, ∼66–67 mV/dec for PtCo-2 and 3) as compared
o those for pure Co3O4 (∼ 62.4 mV/dec) as seen in Fig. 7b. The
nhanced OER performance can also be attributed to the afore-
entioned synergic “spillover” effect for specific NM-TMO systems,
here the produced O2 is desorbed from active CoOx surfaces and

ransferred to relatively inert PtCo nanoalloy sites with higher O2
ffinity. For better understanding, a schematic in Fig. 9 illustrates
he detailed mechanistic picture behind the synergic “spill-over”
ffects responsible for the site-specific adsorption/desorption of
he desired species to promote the bifuncitonal catalytic perfor-

ances in the aforementioned NCs. For both ORR and OER, the
tCo sites and CoOx matrices provide synergic support for each
ther wherein each of the sites provides refuge for the undesirable
pecies from the other sites, thereby promoting both the reactions.

The combined overpotentials for PtCo-1 to PtCo-4 are calculated
o be 795, 775, 756, and 815 mV  respectively, which remarkably
utperform the overpotentials for either Co3O4 or the commercial
t/C (i.e., 845 mV  for Co3O4 and 1000 mV  for commercial Pt/C), as
hown in Fig. 8. a and b as well as reported in Table S2. These results
ndicate that the synthesized PtCo NCs exhibit superior bifunctional
atalytic performances for both ORR and OER processes, espe-
ially for the PtCo-3 sample with an optimal Pt amount (33.3 M%,
2.3 wt.%). Overall, we attribute the excellent bifunctional catalytic
roperties of the PtCo/CoOx NCs to the unique heteronanostruc-
uring of alloyed PtCo NPs embedded in the sponge-shaped CoOx

atrices which, while contributing to the enhanced ORR and OER
ehaviors due to the synergic “spillover” effects, prevent the PtCo
Ps from aggregation and dissolution in the alkaline media.

.  Conclusions

We  presented a novel one-pot, one-step, “green” synthesis route
hat combines laser ablation synthesis in solution in tandem with
alvanic replacement reactions (tandem LASiS–GRR) to manufac-
ure complex PtCo/CoOx nanocomposites (NCs) with outstanding
RR and OER catalytic activities. The transformative concept here

s the ability to synthesize such complex heteronanostructures in
ne step without the need for any harsh chemical reagents and/or,
urfactants. This is made possible by the out-of-equilibrium ther-
odynamic conditions emerging from extreme physicochemical

onditions of high energy LASiS operating in tandem with chemi-
al reduction processes (GRR in this case). The synthesized PtCo NCs
xhibited excellent yet, stable catalytic activities for both oxygen
eduction reactions (ORR) and oxygen evolution reactions (OER) in
lkaline media. Specifically, we reported a combined overpotential
f 756 mV  vs. RHE for the PtCo-3 NC (33.3 M%,  62.3 wt.%), which is
he highest value ever reported using carbon black as the support-
ng material. This excellent bifunctional activity is attributed to the
tructural and electronic properties of PtCo nanoalloy that promote
xygen adsorption, as well as to the sponge-shaped CoOx matrices

n which the PtCo NPs are embedded that bring about the synergic
spillover” effects to facilitate both ORR and OER activities. Added to
his, the CoOx matrix also prevents the PtCo NPs from aggregation

nd dissolution in alkaline electrolytes. Encouraged by the current
esults, we have work in progress to extend the aforementioned
lean yet, facile synthesis routes for the future design of various
omplex intermetallic NCs in a rapid and cost-effective fashion.
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