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wagberg@umu.se

† Electronic supplementary informa
electrochemical experimental details, TG
LSVs, HUPD and additional electrochemica

Cite this: RSC Adv., 2019, 9, 17979

Received 18th March 2019
Accepted 25th May 2019

DOI: 10.1039/c9ra02095k

rsc.li/rsc-advances

This journal is © The Royal Society of C
ed exposure of active surface area
during microwave assisted formation of Pt3Co
nanoparticles for oxygen reduction reaction†

Robin Sandström, Joakim Ekspong, Eduardo Gracia-Espino
and Thomas Wågberg *

The oxygen reduction reaction (ORR), the rate-limiting reaction in proton exchange membrane fuel cells,

can efficiently be facilitated by properly manufactured platinum catalysts alloyed with late 3d transition

metals. Herein we synthesize a platinum : cobalt nanoparticulate catalyst with a 3 : 1 atomic ratio by

reduction of a dry metalorganic precursor blend within a commercial household microwave oven. The

formed nanoparticles are simultaneously anchored to a carbon black support that enables large Pt

surface area. Two separate microwave treatment steps were employed, where step one constitutes

a fast oxidative treatment for revealing active surface area while a reductive secondary annealing

treatment promotes a Pt rich surface. The resulting Pt3Co/C catalyst (�3.4 nm) demonstrates an

enhanced ORR activity directly attributed to incorporated Co with a specific and mass activity of 704 mA

cmPt
�2 and 352 A gPt

�1 corresponding to an increase by 279% and 66% respectively compared to

a commercial Pt/C (�1.8 nm) catalyst measured under identical conditions. The method's simplicity,

scalability and novelty is expected to further assist in Pt–Co development and bring the catalyst one step

closer toward commercialization and utility in fuel cells.
1. Introduction

Proton exchange membrane fuel cells (PEMFCs), an important
device for efficient conversion of hydrogen into electricity,
greatly benet from new compounds capable of catalyzing the
sluggish oxygen reduction reaction (ORR). The ORR however
still plagues the PEMFC cathode and depends on a high loading
of platinum-based catalysts to facilitate long term ORR opera-
tion with minimal degradation aer several thousands of hours
in PEMFCs,1–4 posing signicant challenges in catalyst devel-
opment. Moreover, it must maintain a full four electron ORR
process for highest efficiency and to avoid hydrogen peroxide
intermediates that over time will degrade the ionomer
membrane.5,6 Ideally, the catalyst manufacturing process
should also be industrially and environmentally benign,
capable of large scale production to suit the needs of primarily
world-wide vehicular applications.

Although relatively efficient, platinum alone is not optimal.
In fact, theoretical and practical studies have shown that
modication of the electron conguration within the Pt lattice
can dramatically alter the surface adsorption of oxygen in
Umeå 90187, Sweden. E-mail: thomas.
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a favorable direction such that the ORR results in a lowered
overpotential.7,8 This can be achieved by alloying Pt into binary
or ternary congurations with 3d type transition metals such as
Fe,9–11 Ni12–14 or Co,15–17 which may enhance the ORR properties
by mechanisms involving the creation of more close-packed
surface facets of the face centered cubic (fcc) Pt lattice and/or
inducing ligand effects. It is clear that this approach is highly
convenient as it also dilutes the Pt within the nanoparticle core
and may thus further contribute to an enhanced Pt mass
activity. The main challenges with such materials however is to
minimize de-alloying at ORR potentials18–20 and to fabricate
membrane electrode assemblies with similar activities as the
impressive ex situ measured mass activities on glassy carbon
electrodes.21–23

The alloy between platinum and cobalt at a 3 : 1 atomic ratio
is an established catalyst that has shown remarkable mass and
specic activities for ORR in acidic media for various nano-
particle (NP) size congurations. The choice of Co is also oen
preferred owing to promising reported stability data and is
thereby generally considered more stable than other late tran-
sition metal Pt alloy alternatives.24,25 Furthermore, Pt–Co parti-
cles have found use-case in catalyzing the methanol oxidation
reaction (MOR) with greater activity than pure Pt attributed to
the shi in d-band center of the Pt surface facet directly caused
by the incorporated Co.26,27 The NPs even demonstrated
enhanced stability and higher tolerance toward CO poisoning.
RSC Adv., 2019, 9, 17979–17987 | 17979
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Fig. 1 Scheme depicting the novel microwave assisted synthesis route
of Pt3Co/C. Themetalorganic precursor solution is first combinedwith
the ammonium nitrate solution, ground and dried with the carbon
support followed by a 5 min treatment at 800 W in Ar(I) and 400 W for
1 h in H2 + Ar(II).
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Owing to the great promise Pt–Co based materials has
shown, a large variety of reported synthesis methodologies has
emerged over the past two decades. The various methods
include solvothermal synthesis,15,28 wet impregnation,29 polyol
processes,30,31 electro-deposition32 and magnetron sputtering.33

Microwave (MW) based synthesis on the other hand, an
intriguing concept oen with advantages such as rapid heating
and high heating efficiency, in particular for carbonaceous
materials,34–37 has however been scarcely exploited for Pt–Co
production. Thus, high heating selectivity as well as rapid
green-synthesis are some of the main advantages of properly
designed microwave reactors, while also using samples with
suitable microwave absorption characteristics. Komarneni
et al.38 investigated a microwave based polyol route toward Pt
and Ag NP production wherein a greatly enhanced reaction rate
was observed. Later, more solvothermal microwave processes
were explored for the production of Pt–Co nanowires39 and
nanoparticles40,41 as active catalyst materials. Most of the
methods reported do however involve multiple, sometimes
complex, steps that result in relatively complicated procedures
and ultimately impair the commercial feasibility.

In this work, we investigate further the use of microwaves for
the preparation of Pt–Co NPs and evaluate their ORR properties
in acidic media. The method is capable of producing Pt3Co NPs
simultaneously decorated on carbon black support by using
a microwave treatment directly on a dry metalorganic precursor
mixture in a modied household microwave oven. The rapid
and simple procedure is carried out with only two MW treat-
ment steps for an improved ORR activity. First, the Pt surface
area could be exposed, without a blocking carbonaceous layer,
by a fast oxidative treatment followed by a longer reductive
routine to enrich the NP surfaces with Pt. Signs of successful Co
incorporation were conrmed by both physical and electro-
chemical characterization techniques. The ORR performance
was comprehensively evaluated and the enhancement of the
Pt3Co catalysts can be associated directly with a Pt rich skin
conguration on top of a Pt–Co core.

2. Experimental methods
2.1. Two-step microwave synthesis of Pt3Co nanoparticles

Pt3Co/C nanoparticles decorated on Vulcan XC 72R (Cabot
corp.) were produced through a one-pot dry-state microwave
reaction. The full scheme of the synthesis procedure is illus-
trated in Fig. 1. First, 46 mg of platinum(II) acetylacetonate
(Pt(acac)2, Aldrich) and 10 mg of cobalt(II) acetate tetrahydrate
((CH3COO)2Co$4H2O, Aldrich), were dispersed in 2 ml tetrahy-
drofuran (THF), thus adjusted such that an atomic ratio of 3 : 1
(Pt : Co) was achieved. In a separate vial, 35 mg of ammonium
nitrate (NH4NO3, Aldrich) was dissolved in 2 ml methanol. The
contents of the two vials were then combined into a single
solution by brief sonication (�30 s) until a clear solution was
achieved. The solution was thereaer poured into an agate
mortar containing 100 mg of Vulcan XC 72R (target loading:
20 wt%) and ground for a few minutes until a completely dry
powder had formed. Important to note is that the ratio of
NH4NO3 to Vulcan XC 72R was not exceeded due to safety
17980 | RSC Adv., 2019, 9, 17979–17987
concerns as the risk of deagration in the reaction chamber was
deemed too high at higher fractions of NH4NO3. The powder
was loaded into a quartz crucible and placed in a dead-ended
quartz tube connected to a custom modied household
microwave oven (800 W), capable of supplying gases into the
reaction vessel. Aer 1 h purge in a ow of Ar (100 ml min�1),
the microwave oven was set to full power for 5 min, although it
was noted that the actual continuous irradiation time was 4min
& 45 s due to a maximum limit set by the manufacturer of the
microwave oven. The sample acquired already aer this step is
henceforth denoted Pt3Co/C* (note the asterisk). Aerwards,
the chamber was purged with 5% H2 in Ar for at least 30 min
aer which the microwave oven was set to 50% power for 1 h
and the resulting sample is denoted Pt3Co/C. It is crucial to note
that conventional microwave ovens do not lower the power
directly. Rather, they tend to operate under pulse-width
modulation (PWM) such that a desired reduced output is
reached. In particular, the oven used in this study sent alter-
nating pulses of 14 s pulse widths to achieve 50% power.
2.2. Characterization

The metal loading was determined by thermogravimetric anal-
ysis (TGA) carried out with a METTLER Toledo TGA/DSC 1
instrument. The ow rate was kept to 30 ml min�1 (air) with
a heating rate of 10 K min�1 from 30–900 �C. X-ray diffracto-
grams were acquired with a Panalytical X'Pert3 Powder diffrac-
tometer using a CuKa (l ¼ 1.5406 Å) source. An interval between
20� # 2q # 75� was recorded and the full width at half
maximum (FWHM) at the Pt(220) reection was selected for
calculation of NP average sizes using the Scherrer equation.42 X-
ray photoelectron spectra (XPS) were acquired with a Kratos Axis
Ultra DLD spectrometer using a monochromated Al Ka source
operated at 120 W. Analyzer pass energy of 160 and 20 eV was
used for acquisition of wide spectra and individual photoelec-
tron lines respectively. Transmission electron microscopy
(TEM) was performed with a JEOL-1230 microscope with an
accelerating voltage of 80 kV.
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 X-ray diffraction patterns of as-produced Pt3Co/C* (oxidative
treatment) and Pt3Co/C (reductive treatment). The carbon (Vulcan XC
72R) peak and the Pt fcc reflections are highlighted respectively.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ju

ne
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 1
:2

4:
26

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Glassy carbon (GC) electrodes (0.196 cm2 geometric surface
area) were prepared by rigorous polishing in 300 and 50 nm
alumina powder aqueous slurries (Electron Microscopy
Sciences inc.) respectively. The GC electrodes were then soni-
cated for one minute each in acetone, distilled water (H2ODI)
Fig. 3 Transmission electron microscopy images showcasing represen
Pt3Co/C (d–f). The majority of regions showed that NP sizes were typica
10 nm could be found.

This journal is © The Royal Society of Chemistry 2019
and ethanol respectively to remove any residue remaining from
the polishing steps. Inks were prepared by dispersing the
catalyst powders in a H2ODI : 2-propanol mixture (6 : 1 volu-
metric ratio) at a concentration of 2.5 mg ml�1 with 12 wt% of
dry Naon resin (from solution; DE520, EW1000, 5 wt%, Ion-
power inc.). Portions of 8 ml droplets were applied by a micro-
pipette and dried under a constant rotation of 700 rpm (ca. 15
min).43 The total platinum loadings on the fabricated electrodes
were calculated by also taking the TGA results and atomic ratio
into account. A commercial Pt/C catalyst (20 wt% on Vulcan XC
72R, Premetek) was used for reference purposes.

Electrochemical measurements were performed with the
electrodes attached to a rotating disk electrode (RDE) setup
(Pine Instruments) connected to a potentiostat (Autolab
PGSTAT302N). The electrolyte used was 0.1 M HClO4 (99.999%
purity, Aldrich) prepared in H2ODI (18.2 Mohm) and the
potential was measured vs. an RHE (Gaskatel, Hydroex®).
Prior to any measurements, a conditioning procedure consist-
ing of 100 cycles between 0 and 1.2 V vs. RHE was performed at
a scan rate of 100 mV s�1 in Ar saturated electrolyte. Linear
sweep voltammetry (LSV) was performed in a still O2 saturated
electrolyte with anodic sweeps between 0.05 to 1.05 V vs. RHE at
20 mV s–1 under rotation (400, 600, 900, 1200, 1600 and 2000
rpm). The electron transfer number (n) was estimated by the
Koutecky–Levich equation (see ESI eqn (S1)† for details), and
tative diverse NP types found on the TEM grid of Pt3Co/C* (a–c) and
lly of a few nm, but also significant amounts of NPs up to (and above)

RSC Adv., 2019, 9, 17979–17987 | 17981
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Fig. 4 X-ray photoelectron spectra of Pt3Co/C* and Pt3Co/C showing a survey spectra (a) and high resolution spectra scanned over the core-
level regions of Pt 4f (b) and Co 2p (c). Both core-level spectra are background subtracted and the satellite peaks in (c) are highlighted in gray. No
surface N-species (NH4NO3 induced doping) could be found in any samples.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ju

ne
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 1
:2

4:
26

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
specic and mass activities were calculated with the rotation
rate 1600 rpm. In order to estimate stability, LSVs were also
recorded before and aer 6000 cycles between 0.6 and 1.0 V vs.
RHE with a scan rate of 400 mV s�1 at continuous 20 ml min�1

O2 bubbling. All LSVs were background corrected and iR
compensated (post-measurement) assuming a solution resis-
tance of 20 U as conrmed by current-interrupt measurements.
Membrane electrode assemblies (MEA) for H2/O2 fuel cell
testing were also produced as described in the ESI.†
Fig. 5 Linear sweep voltammetry curves of respective samples (a) for o
1600 rpm. Corresponding Koutecky–Levich analysis (b) was deduced from
iL is the measured current density limited by diffusion and u is the angula
are shown in (c) and (d) respectively. Here, LSV curves were recorded befo
electrolyte.

17982 | RSC Adv., 2019, 9, 17979–17987
Electrochemically active surface areas (ECSA) were measured
both by hydrogen underpotential deposition (HUPD) and CO-
stripping measurements before (separate electrodes) and aer
the stability measurements. HUPD cyclic voltammograms were
acquired in Ar saturated electrolyte by cycling the potential
between 0.05 and 1.0 V vs. RHE at a scan rate of 50 mV s�1 three
times to ensure stable area and repeatable CV curves. CO-
stripping voltammograms were measured by rst saturating
the electrolyte in Ar, followed by bubbling of the electrolyte in
xygen reduction performance evaluation recorded in 0.1 M HClO4 at
rotational speeds of 400, 600, 900, 1200, 1600 and 2000 rpm, where

r rotation rate. Accelerated degradation tests of Pt3Co/C* and Pt3Co/C
re and after 6000 cycles between 1.0 and 0.6 V vs. RHE in O2 saturated

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Electrochemically active surface area measurements including
CO-stripping (a) and HUPD measurements (b). The ECSA measure-
ments were repeated once the electrodes had been degraded by
6000 ORR cycles in O2 saturated electrolyte for evaluating the
degradation mechanism.
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100% CO gas (100 ml min�1) for 20 min, while keeping the
potential xed at 0.1 V vs. RHE. Then the gas was turned off and
switched to Ar for an additional 30 min in order to remove any
traces of CO from the electrolyte. The potential was then swept
Table 1 Physical and electrochemical characteristics of synthesized Pt3
was evaluated on GC electrodes loaded with the same weight of catalys
Nafion ionomer. Mass activities (MA) and specific activities (SA) were der
a rotation rate of 1600 rpm. Measured electrochemical values post degr

Pt/Ca/(post degr.)

Metal loading [wt%] 20.0
Pt : Co atomic ratio (XPS) —
NP size (XRD) [nm] 1.8
e� transfer number (n) 3.8/3.8
ECSA (HUPD) [m

2 gPt
�1] 79.6/75.0

ECSA (CO-stripping) [m2 gPt
�1] 84.2/70.0

MA [A gPt
�1] 212/174

SA [mA cmPt
�2] 252/250

a Commercial sample.

This journal is © The Royal Society of Chemistry 2019
between 0.05 and 1.2 V vs. RHE (initially anodic) at 20 mV s�1

three times to ensure that all CO was stripped in the initial cycle
and to establish a reliable baseline.
3. Results and discussion

Nanoparticles consisting of Pt and Co at a 3 : 1 ratio decorated
on high surface area carbon support (Vulcan XC 72R) were
synthesized in a “one-pot” manner using a modied conven-
tional household microwave oven. As illustrated in the scheme
in Fig. 1, a dry mixture of the carbon support with inter-mixed
catalyst precursors plus an oxidative agent (NH4NO3) were
rst directly exposed to continuous microwaves for 4 min & 45 s.
In this step, a rapid release of gaseous products could be
observed typically within the rst 20 s, followed by a mild
continuous orange glow for the remaining duration of the
reaction. Previous similar experiments using solely an organic
Pt precursor (Pt(acac)2) resulted in Pt particles coated in
a carbonaceous layer causing low ECSA.44 Similarly, in the
present work it was also evident that samples synthesized by
organic precursors alone, with the absence of NH4NO3,
produced catalysts with low ECSA (see Fig. S1†). In contrast, the
presence of NH4NO3 signicantly exposed the platinum surface
area, attributed to controlled oxidative removal of carbonaceous
species in the very initial stages of the NP formation. The exact
exothermal decomposition mechanism of NH4NO3 is known to
be complex and highly dependent of a large variety of envi-
ronmental and heating factors.45–47 Thus, the precise interme-
diates responsible for the oxidative treatment cannot be easily
determined. We note however that NH4NO3 and other nitrate
salts have been employed as an additive in a number of
combustion synthesis methods,48 even as a combustion aid in
solution-phasemicrowave synthesis.49 In our case, it is therefore
reasonable to assume that NH4NO3 release oxidants (interme-
diates or products; N2O, NO, O2, HNO3), where the acetate and
acetylacetonate ligands (organic functional groups) functions as
a “fuel” causing initial combustion-like synthesis conditions.
The thermogravimetric analysis of the samples (Fig. S2†) are
consistent with literature reports as it demonstrates that (i)
NH4NO3 leaves no traces and (ii) even the carbon support within
Co/C*, Pt3Co/C and the commercial Pt/C sample. ORR performance
t yielding close to identical film thicknesses and fabricated with 12 wt%
ived from the kinetic current measured in O2 saturated 0.1 M HClO4 at
adation are also shown (6000 cycles between 0.6–1.0 V vs. RHE)

Pt3Co/C*/(post degr.) Pt3Co/C/(post degr.)

22.5 23.0
3.0 : 1.0 4.2 : 1.0
3.2 3.4
3.6/3.6 3.7/3.7
37.3/38.1 36.6/35.5
55.7/56.2 50.0/50.5
257/208 352/275
461/374 704/544

RSC Adv., 2019, 9, 17979–17987 | 17983
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the sample was likely etched by oxidative species signied by
a slightly higher metal loading of 22.5 wt% contrary to the
sample synthesized without NH4NO3 (20.8 wt%). In fact, higher
concentrations of NH4NO3 results in visible deagration
phenomena in the reaction chamber.

The subsequent step, consisting of a longer treatment in
reductive atmosphere, took place in 5% H2 in Ar with the
microwave ovens power output set to 50% and thus preventing
any signicant heat build-up, which was evident by the absence
of any visible “glow” throughout the whole process. The X-ray
diffraction patterns in Fig. 2 show no notable peak shis
between these two samples and only a slight change in FWHM
in the Pt fcc reections, that can be ascribed to increments in
NP size. Using the Scherrer relation, the samples show an
average crystallite size of 3.2 and 3.4 nm for Pt3Co/C* and Pt3Co/
C respectively. To not compromise further on the particle sizes,
a higher power setting of the secondary MW treatment was not
pursued. In addition, the XRD results show absence of reec-
tions that stem from pure cobalt or cobalt oxides, which support
that the synthesized NPs consist exclusively of Pt–Co fcc lattices
with no preferential ordering. The slight upshi in all fcc peaks
as compared to the commercial Pt/C catalyst (Fig. S3†) may also
suggest that the Co is successfully incorporated into the lattice
causing a more close-packed contracted Pt framework,50

although shis due to the relatively small Pt/C average NP sizes
cannot be excluded as a partial explanation to the observed
discrepancy.

While heating a dry carbonaceous powder with microwaves,
some degree of temperature gradient ought to be expected,
where the hottest region should be facing the magnetron.
Although precautions were taken such as limiting the support
amount to 100 mg per batch, this phenomenon may still likely
cause multiple NP morphologies to form. Moreover, the
unconventional synthesis methodology using consumer-grade
apparatus as a MW source may further contribute to local hot-
spots in the powder mixture. The TEM images in Fig. 3 show
representative regions found during screening of the prepared
TEM grid. No notable differences between the two samples
could be detected, but it was clear that the NPs varied in sizes
from a few nm to sometimes well over 10 nm. However, regions
with small-diameter NPs such as in Fig. 3a and d constituted the
majority, which is in line with the XRD results.

X-ray photoelectron spectroscopy was employed to gain
insight into the elemental composition and respective oxidation
states. Fig. 4a shows the XPS survey spectra where the primary
elements are highlighted. Despite using no sample washing
procedure, only C, O, Pt and Co could exclusively be detected
above the noise level, once more implying a full decomposition
of NH4NO3 without remaining N-traces. This result emphasizes
an important advantage over solvothermal methods where
removal of solvent impurities can be problematic.15,28 The
Pt : Co atomic ratio derived from the XPS was 3.0 : 1.0 and
4.2 : 1.0 for Pt3Co/C* and Pt3Co/C respectively. Since XPS is
a highly surface sensitive technique probing only the top few
nanometers of the sample, it is likely that the higher Pt loading
in Pt3Co/C could be explained by surface migration of Pt during
the reductive treatment, similar to previously observed
17984 | RSC Adv., 2019, 9, 17979–17987
phenomena of Pt–Co NPs under annealing conditions.51 The
similar metal loading provided by the TGA experiments
(Fig. S2†) supports that there are no signicant losses of Co aer
the second MW step. Also taking into account that at no point
the reductive treatment reach temperatures sufficient for Co
evaporation (temperatures visibly below that of step one), it is
then safe to conclude that the actual bulk composition is very
close to the target 3 : 1 (Pt : Co) for both samples.

The Pt 4f and the Co 2p XPS spectra at the core-level regions
are shown in Fig. 4b and c respectively. The Pt 4f region indicate
three predominant doublets with Pt 4f7/2 binding energies of
71.3, 72.1 and 73.5 eV corresponding to metallic Pt, Pt–C and
Pt–O respectively with the majority of Pt being in a metallic
phase. Excluding the emerging satellite peaks, there are two Co
2p3/2 peaks centered on binding energies of 778.4 eV (metallic
Co) and 780.5 eV (CoO).

Thin homogeneous lms of the respective catalysts were
fabricated from a dispersion mixture and drop-cast onto well-
polished GC electrode surfaces. It is worth noting that in
order to avoid a severe “coffee-ring” or other inhomogeneities, it
was found that the synthesized samples fared signicantly
better when the Naon content was as low as 12 wt%. As
a result, our measured activity of the Pt/C reference was also
moderately enhanced compared to earlier observations of Pt/C
from the same manufacturer but with higher Naon
content,44 consistent with evaluations in literature where Naon
concentration are shown to have a signicant inuence.52–56 In
this fashion, the ability of the synthesized NPs to facilitate the
oxygen reduction reaction was evaluated by LSV in O2 saturated
0.1 M HClO4 electrolyte, as shown in Fig. 5. ORR screening tests
were also performed with the use of two other organic cobalt
precursors shown in Fig. S4† (Co(II) and Co(III) acetylacetonates
respectively) and Pt3Co/C*with a Co-nitrate precursor similar to
ref. 44 (Fig. S5†), but were not further pursued due to inferior
activity. The trend in kinetic current at 0.9 V vs. RHE was
determined to Pt3Co/C > Pt3Co/C* > Pt/C (see Table S1.†). MEAs
were also produced and tested in H2/O2 conditions (see ESI† for
more details). In contrast to the LSV characterization (see
Fig. S7†), Pt/C here outperforms Pt3Co/C owing to both a higher
ohmic drop and overpotential in Pt3Co/C. As the sole electrolyte
in PEMFCs is Naon, this issue may be related to the Naon
sensitivity of the Pt3Co catalysts discussed above. In fact, it has
previously been noted that surface support modication can
alter catalysts compatibility with Naon such as surface
graphitization,54,57 posing a challenge in MEA fabrication or
additional support functionalization for materials synthesized
in this fashion.

Aer an experiment consisting of 6000 consecutive cycles
between 0.6 and 1.0 V vs. RHE, serving as an accelerated
degradation test, the samples displayed a loss of their initial ik
by 22%, 19% and 18% corresponding to Pt3Co/C, Pt3Co/C* and
Pt/C respectively (see Fig. S6† for Pt/C LSVs). Both before and
aer the degradation, the electron transfer number was
measured to 3.7 (Pt3Co/C), 3.6 (Pt3Co/C*) and 3.8 (Pt/C),
demonstrating that the measured ORR activities stem from
a near full four-electron reaction pathway.
This journal is © The Royal Society of Chemistry 2019
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The ECSA was determined before and aer the accelerated
degradation experiments by both CO-stripping and HUPD with
the CV-scans plotted in Fig. 6a and b respectively. The data
presented in the full electrochemical evaluation in Table 1,
demonstrate that the ECSA determined by CO-stripping is
higher than for HUPD, where the discrepancy is even more
pronounced in the Pt3Co samples. This is consistent with
earlier observations where ECSA measured by HUPD can greatly
underestimate the surface area of Pt-alloys.58,59 We thus follow
the literature recommendations and use the ECSA derived from
CO-stripping for calculations of all specic activity values.
Initially, the mass and specic activities for Pt3Co/C were 66%
and 279% higher respectively than Pt/C and were lowered to
58% and 218% aer degradation respectively. Interestingly,
while no loss of ECSA aer the degradation cycles could be
measured for the synthesized Pt3Co samples, Pt/C lost 17% of
its initial ECSA. As a consequence, the specic activity for Pt/C
remained almost unchanged aer degradation while the loss
of ik in the Pt3Co catalysts inuenced both specic and mass
activity by nearly the same degree. This observation suggests
that the degradation mechanism of Pt and Pt3Co is not entirely
the same. In fact, it is well known that Pt-transition metal alloys
primarily degrade through de-alloying processes, justifying the
decline in SA. Meanwhile, the main reasons for Pt/C degrada-
tion may in our case be attributed to other factors causing
a decline in ECSA, such as Pt dissolution or Ostwald ripening
phenomenon, where the latter is more likely.

Interesting to note is that signs of Pt-surface facet types may
be hinted at by the CV proles for ECSA determination, owing to
the structurally sensitive nature of H-adsorption/desorption
and CO-oxidation.17 In Fig. 6a, no signicant changes in the
CO-stripping voltammetry proles can be observed, apart from
a slight upshi in the Pt/C peak that may indicate an increased
ratio of NPs with large fractions of steps, kinks and edges
typically found in smaller NPs.60,61 However, the feature seen in
the HUPD curves in Fig. 6b at 0.06–0.07 V vs. RHE can sometimes
emerge in Pt NPs with incorporated transition metals, oen
seen in provided HUPD curves as a peak (or bump) below 0.1 V vs.
RHE.14,26,62 Assuming that this is the reason for the peak, being
more pronounced in Pt3Co/C*, it infer that near-surface tran-
sition metal species is less common in Pt3Co/C than Pt3Co/C*,
supporting the above discussion on the occurrence of surface Pt
migration during the secondary MW treatment. In addition, the
disappearance of this feature aer degradation can likely be
directly attributed to de-alloying and re-installment of a more
“Pt-like” surface.

4. Conclusions

In summary, platinum–cobalt nanoparticles with a 3 : 1 atomic
ratio were synthesized and simultaneously decorated onto
carbon Vulcan XC 72R in a “one-pot” fashion. The method is
entirely microwave based and includes only two steps. Step 1
allowed rapid high temperature oxidative treatment of metal-
organic precursors with an exposed Pt surface area, owing to the
added NH4NO3 creating initial oxidative conditions for removal
of carbon traces. Step 2 consisted of a longer treatment at a 50%
This journal is © The Royal Society of Chemistry 2019
power setting in reductive atmosphere, causing a more Pt-rich
NP surface with minimal particle size increments. The benet
of both MW steps was evaluated by comprehensive electro-
chemical testing and in combination, the prepared Pt3Co/C
sample demonstrated 66% higher mass activity and 279%
higher specic activity than a commercial Pt/C reference
measured under identical conditions.

Co incorporation into the Pt fcc lattice was evident by both
physical and electrochemical characterization techniques. The
developed method is simple, fast and suitable for industrial
upscaling. The simplicity of the procedure may also make the
method particularly attractive for further research into Pt–Co
based NPs by ne-tuning composition, varying support type or
even introducing a third metal. The intriguing novel synthesis
concept developed here is thus anticipated to assist in further
progress toward the full commercialization of Pt–Co catalysts.
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