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� Different impregnation protocols for
the preparation of fuel cell catalysts
were investigated.

� The thermal treatment of Pt bime-
tallic alloys enhances their catalytic
activity.

� The particle size distributions estab-
lished by TEM and SAXS are
compared to each other.

� SAXS proved to be a very useful tool
for the determination of the particle
size distribution.

� A combination of strain and ligand
effects enhances the electrocatalytic
activity of the catalysts.
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Due to their high activity for the oxygen reduction reaction (ORR), Pt based alloys are of considerable
interest as catalysts for polymer electrolyte fuel cells (PEMFC). We present two synthesis protocols that
give PtxCo1�x alloy nanoparticles (NPs) supported on a commercial carbon black support (Ketjen black
EC300J) with controlled particle size, Co content and particle distribution for oxygen reduction reaction
(ORR). The as prepared catalysts samples can be pre-leached in acid solution to obtain skeleton NPs and
heat-treated in a reducing atmosphere to promote alloying as well as to reduce the number of low co-
ordinated surface sites of the NPs. Without heat treatment, the catalysts exhibit an activity increase for
the oxygen reduction reaction mainly due to a strain effect, whereas an improved performance due to a
combined strain and ligand effect requires thermal treatment of the catalyst.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Proton Exchange Membrane Fuel Cells (PEMFCs) are an alter-
native means for converting chemical into electrical energy. The
anos), m.arenz@chem.ku.dk
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main advantages over traditional energy converters like automo-
tive engines are the higher conversion efficiency as well as the fact
that e if hydrogen from a renewable source is used as fuel e the
only product is pure water. However, applications like automotive
transport demand the reduction of the cost of fuel cell catalysts,
which can in part be achieved by reducing the amount Pt used in
the catalyst layer. A more cost effective solution as compared to
pure Pt would be alloying Pt with a transition metal (Ni, Co, Fe etc.).
For this reason, recently PtxCo1�x alloys have attracted considerable
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interest as catalysts in PEMFCs due to their superior electrocatalytic
properties over Pt for catalysing the Oxygen Reduction Reaction
(ORR) [1e4]. Themain aim in replacing Pt by Pt-alloys is to decrease
the amount of Platinum used in the catalyst in order to alleviate its
high cost, but also to increase the reaction rates (activity) and thus
enable higher power densities for automotive applications [5].

Avariety of techniques are being used for the synthesis of carbon
supported Pt alloy NPs, with the most common ones being the
impregnation (precipitation) approach [6], which was used for this
work, and the incipient wetness approach [7]. The latter is a specific
impregnation technique, whereby the active metal precursor is
dissolved into a suitable solvent and then contacted with a specific
amount of support (high surface area carbon). The essential char-
acteristic is that the volume of the dissolved precursor equals the
pore volume of the carbon support. Capillary action then draws the
solution into the pores of the support until they are fully saturated,
afterwhich the carbon supportmaterial begins to appear incipiently
wet. A number of processes including selective adsorption, ion ex-
change and polymerisation/depolymerisation may take place. Then
the product is dried and heated (calcined) to remove any excess
solvent and decomposes the metal salts into metal oxides. Finally
the catalysts may be reduced to convert the metal oxide [8].

The impregnation (precipitation) technique used here is similar
to incipient wetness technique, however, an excess of solvent is
used during the synthesis, which renders the process slow, because
the metal deposition becomes a diffusion process, which is much
slower than the capillary one. In order to increase the reaction rate
and to convert the metal salts into metallic NPs, a reducing agent
(e.g. NaBH4) is typically introduced. Therefore the particle forma-
tion involves two distinct processes, namely nucleation (seed for-
mation) and growth. Nucleation requires that the system is far from
equilibrium, i.e. high supersaturation or for ionic species a solubi-
lity product far exceeding the solubility constant of the solid to be
precipitated. Growth of the new phase takes place during condi-
tions which gradually approach the equilibrium state. After syn-
thesis, the excess solvent is separated from the catalyst
(precipitate), e.g. by centrifugation. Finally the as prepared catalyst
can be further heat treated to decompose any remaining organics
and in the case of alloys, to enhance the alloying. Alternatively, a
colloidal approach can be used, where Pt or Pt-alloy NPs are pre-
formed in a colloid solution and later attached to the support [9].

Synthesis of PtxCo1�x alloy Nanoparticles (NPs) by using an
impregnation method can yield NPs with high ORR activity and
tunable Pt content as well as particle size [10e13]. Moreover,
leaching of the excess surface Co roughens the surface of the NPs
leading to a Pt-skeleton surface [1,2]. Heat treatment of the NPs
increases the particle size, but can also induce Pt segregation to the
surface and the formation of Pt(shell)eCo(core) structures. A strain
effect [14] induced from the particle core to the Pt shell can further
increase the activity of the catalyst [15].

While all these effects are widely discussed, it is not exactly
known how variations in the synthesis protocol influence these ef-
fects in a controlled manner and thus allow a fine-tuning of the
catalytic behaviourof the catalyst. Theknowledgeofwhich approach
leads to optimized results is mainly based on trial and error and
largely descriptive. In this work we therefore focused on how vari-
ations of impregnation e a traditional synthesis method e affect
theseparametersoncarbon supportedPtxCo1�xNPs. Inparticular,we
studied the manner in which acid leaching and heat treatments
change the particle composition and enhance the activity.

2. Experimental

For the synthesis of carbon supported PtxCo1�x NPs, 0.052 mmol
of K2PtCl4 and 0.052 mmol CoCl2$6H2O were dissolved in 5 ml
Ethylene Glycol (EG) each. Then the solutions were ultrasonicated
and purged with Ar to remove any oxygen traces. 40 mg of EC300J
Ketjen black (Akzo Nobel) high surface area carbon support was
added to 10 ml of EG and ultrasonicated to disperse the carbon
powder under Ar flowwhile the pH of the solutionwas increased to
10 by the addition of NH4OH. Subsequently, a very small amount
(0.2 ml) Pt precursor and 2 ml of a freshly prepared 0.1 M solution
of NaBH4 as a reducing agent were added to the carbon suspension
under sonication in order to reduce the Pt precursor and form Pt
seeds. After 2 min the remaining Pt and Co precursor solutions and
a freshly prepared 10 ml solution of NaBH4 were added to the
suspension. This method will in the following be denoted as
method I. In method II, instead of adding the remaining Pt and Co
precursor as well as the NaBH4 solutions at once after the seed
formation, the solutions were added in a stepwise fashion until all
the Pt and Co precursors were used. In detail, after the seed for-
mation, 1 ml of the Pt and Co precursor solutions were added drop
wise to the carbon suspension within a few seconds, followed by
the addition of 2 ml of 0.1 M NaBH4 solution. After 2 min of reaction
and sonication, this procedure was repeated for another 4 times
until all the Pt and Co precursor solutions and the NaBH4 solution
were used. Sonication was used through the whole catalyst syn-
thesis procedure. Finally, the catalyst suspension was further son-
icated for 2 h under Ar flow. The final product was fine black
powder with 20 wt. % Pt loading.

The untreated catalysts were copiously washed with water,
these catalysts will be denoted as unleached/PtCo/C(I) and (II)
respectively. In the cases denoted as leached (leached/PtCo/C), the
as-synthesized catalyst was centrifuged and washed in HCl to
remove the excess ethylene glycol and to leach out the surface Co
from the NPs. Optionally the leached catalysts were heat treated
(HT) in reducing atmosphere (4%H2e96%Ar) at 500 �C for 30min, to
enhance the alloying and reduce low-coordinated surface sites,
denoted as leached/HT PtCo/C(I) and (II).

The electrochemical characterization of the catalysts was con-
ducted in a three-electrode electrochemical cell with a glassy car-
bon (GC) rotating disk electrode (RDE, 5 mm in diameter) as a
working electrode (WE), a Pt-mesh as the counter electrode (CE), a
Saturated Calomel Electrode (SCE) as reference electrode (RE), and
a home-build potensiostat [16,17]. In order to obtain a thin catalyst
film on the GCWE the catalyst powders were dissolved in Millipore
water and a known quantity of catalyst ink was pipetted onto the
GC electrode, to obtain a Pt loading of 14 mgPt cm�2. Thereafter the
ink was left to dry on the GC electrode under a N2 stream. As in our
previous work, no Nafion binder was necessary for the catalyst ink
to adhere on the GC electrode, since no catalyst was visibly detected
in the electrolyte solution after the electrochemical measurements.
During the electrochemical measurements, the WE potential was
compensated for the IR drop to obtain a residual resistance of less
than 3 U. All potentials are given with respect to the reversible
hydrogen electrode (RHE) potential, which was experimentally
determined before each measurement series.

The oxygen reduction reaction (ORR) activity was determined in
0.1 M HClO4 prepared from Millipore� water (>18.3 MU cm,
TOC < 5 ppb) and HClO4 (Merck suprapur). The measurements
were performed at room temperature. Prior to the measurements
the electrolyte was de-aerated by purging with Ar gas (99.998%, Air
Liquide), and the measurements were started with cleaning the
catalyst by potential cycles between 0.05 and 1.1 VRHE at a scan rate
of 50 mV s�1. The specific activity of the ORR was determined in
accordance to our previous work [18] from the positive going RDE
polarization curves recorded in O2 saturated 0.1 M HClO4 solution
at a scan rate of 50 mV s�1 and at a rotation speed of 1600 rpm. The
polarization curves were corrected for the non-faradaic back-
ground by subtracting the CVs recorded in Ar-purged electrolyte.
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The electrochemical surface area (ECSA) of the catalysts was
determined from the CO stripping charge recorded at a sweep rate
of 50 mV s�1.

Transmission Electron Microscope micrographs (Tecnai T20 G2
S-TEM Microscope, at 200 kV) of the as-prepared catalysts were
recorded in order to study the particle size distribution of the NPs
and their distribution on the carbon support. Electron Dispersive X-
ray Spectroscopy (EDS) and Inductively Coupled Plasma Mass
Spectroscopy (ICP-MS) were used to determine the Pt:Co ratio of
the NPs.

The Platinum particle size distribution of the supported cata-
lysts was further determined by X-ray Scattering using a SAXSLab
instrument (JJ-Xray, Denmark) equipped with a Rigaku 100XLþ
micro focus sealed X-ray tube and a Dectris 2D 300 K Pilatus de-
tector. On this instrument, the detector is moveable allowing
different q-ranges to be accessed for the measurement of both
Small-Angle and Wide-Angle X-ray Scattering (SAXS/WAXS). Here
the magnitude of the scattering vector is defined as q ¼ 4p/lsin(q)
with l being the X-raywavelength and q half of the scattering angle.
Samples were sealed between two 5e7 mm thick mica windows
and measurements were performed in vacuo. The analysis of the
particle size distribution follows [19] with small modifications; for
details see Ref. [20]. From each particle size distribution p(r), we
calculated a volume normalized surface area of each catalyst by
using the following equation:

A
V

¼

P

i
pðriÞ4pr2i

P

i
pðriÞ 4p3 r3i

Assuming mass is proportional to volume, the ratios of these
areas are directly compared to the ratios of the ECSA and the surface
area calculated from the TEM images (histograms). Further, by
dividing this ratio with the Platinum density of 21.45 g cm�3 ab-
solute numbers per unit mass can be obtained for each sample. The
presented model fits are computed using home-written MATLAB
code. The results of the SAXS data are shown in Table 1. Lattice
constants were determined from peak positions from the WAXS
(see Figure S1 in Supplementary information).
3. Results and discussion

3.1. Physical characterization

We start the discussionwith the physical characterization of the
carbon supported PtxCo1�x catalysts that were pre-leached in a
controlled manner. TEM micrographs of the catalysts are shown in
Fig.1; the corresponding histograms of the particle size distribution
together with the size distribution determined by SAXS are shown
in Fig. 2. It is seen that TEM and SAXS data indicate the same trend
for the particle size distribution, which lends strong support to the
reliability of SAXS as a tool for the determination of the ECSA, as is
shown by the comparison of the surface area ratios calculated from
electrochemistry measurements, TEM and SAXS (see Table 1). For
Table 1
Comparison of surface area ratios determined from CO stripping, TEM and SAXS.

Ratio ECSA SAXS TEM

Leached/PtCo/C(I)/leached/PtCo/C(II) 0.78 0.75 0.74
Leached/PtCo/C(I)/leached/HT PtCo/C(I) 1.15 1.12 1.38
Leached/PtCo/C(II)/leached/HT PtCo/C(II) 1.1 1.24 1.6
Leached/HT PtCo/C(I)/leached/HT PtCo/C(II) 0.74 0.83 0.86
Leached/PtCo/C(I)/leached/HT PtCo/C(II) 0.85 0.93 1.18
Leached/PtCo/C(II)/leached/HT PtCo/C(I) 1.48 1.5 1.86
non-heat treated samples though, the distributions obtained by
TEM are shifted towards slightly higher values as compared to the
SAXS analysis [21,22]. At this point, the reason for the observed shift
in the particle size distribution obtained by TEM and SAXS is not
entirely clear. The shift might be related to the synthesis method or
the fact the alloy particles are studied as we have not observed such
a difference in a previous study of Pt catalysts prepared by a
colloidal approach [20]. Furthermore, the observed trend might be
due to the limited contrast between the NPs and the support as well
as the limited resolution of small NPs in TEM micrographs taken at
a relative low resolution to obtain an overview. Being a local
method, even with extremely elaborate TEM image analysis the
difficult identification of the particle edge may lead to a significant
over- or underestimation of particle size. A combination of TEM and
SAXS, on the other hand, provides a complete picture of the
structural properties of the catalysts both on local and overall
scale. Therefore, we used both techniques for our catalyst
characterization.

3.1.1. Influence of reducing agent addition
The results from TEM and SAXS show that the PtxCo1�x NPs

obtained from both impregnation protocols, methods I and II, are
well-distributed on the carbon support and exhibit high dispersion.
Comparing both impregnation methods, i.e. a fast addition of the
metal precursors to the carbon suspension (I) with a step-wise
fashion (II), it can be seen that the latter is favourable for obtain-
ing a well defined alloy catalysts. That is, although the average
particle size of both catalysts is similar, the leached PtxCo1�x NPs
(no further heat treatment) of method II have a more uniform size
distribution than the ones obtained by method I. TEM and SAXS
indicate that the catalyst prepared bymethod II lacks agglomerated
larger particles, which is also in line with an increased ECSA (see
alsoTable 2). Furthermore, the distribution of the NPs on the carbon
support is improved as well, as indicated by the TEM micrographs.

It is known that the addition of the reducing agent during the
preparation procedure controls the NP formation, which is char-
acterized by two steps; the initial seed formation (nucleation) and
the particle growth. The initial seed formation is the same in both
impregnation protocols we used, but the protocols distinguish
themselves in the growth phase (see experimental section). The
results indicate that the stepwise addition of the precursor salts
(method II) slows down the growth rate considerably, which leads
to smaller NPs and higher surface area as compared to an all-at-
once addition of the precursor salts, as in method I. In order to
compare the dispersion of the different catalysts, we also calculated
the relative dispersion of the catalysts based on the size distribu-
tion determined by SAXS and TEM. The obtained values from SAXS
for the catalysts leached/PtCo/C(I), leached/PtCo/C(II), leached/HT
PtCo/C(I), and leached/HT PtCo/C(II), are in good agreement with
the TEM values (see also Table 1). Although the obtained values
from SAXS are only a relative measure for the ECSA (corrected for
the NP-C interface by assuming 50% coverage of the NPs by the
substrate) the values fit well extremely well to the ECSA values we
obtained in CO stripping measurements, better than the values
obtained from TEM. Thus, SAXS is proved to be a very useful
method for the determination of the ECSA, since uncertainties like
bad contrast and local character (disadvantage for TEM) do not
account here.

In addition to the size distribution, the way of adding the pre-
cursor salts also influences the Pt:Co ratio of the NPs as shown in
EDS and confirmed in ICP measurements. The Pt:Co ratio obtained
in the “all-at-once” method I is roughly 50:50, whereas the slower,
“step-wise”method II leads to a Pt:Co ratio of 85:15 e although the
same amounts of metal precursors were used in bothmethods. This
suggests that a fast reduction rate of the precursors (method I)



Fig. 1. TEM micrographs of PtxCo1�x/C catalysts. A) Leached/PtCo/C(I), B) leached/PtCo/C(II), C) leached/HT PtCo/C(I), and D) leached/HT PtCo/C(II).
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favours the formation of Co rich NPs. The higher reduction potential
of the PtCl6�2/Pt redox couple (0.735 VSHE) as compared to the Co2þ/
Co couple (�0.28 VSHE) indicates that the reduction of Pt is ther-
modynamically favourable compared to Co reduction. The addition
of the reducing agent should promote the simultaneous reduction
of both metals and the formation of an alloy [23]. If the reducing
agent NaBH4 is added in a fast manner, its access facilitates the
reduction rate of Co (method I), whereas the step-wise addition
decreases the Co reduction rate (method II), rendering it insuffi-
cient to reduce the whole amount of CoCl2$6H2O, thus leading to a
significantly lower Co content.

3.1.2. Influence of pre-leaching and heat treatment
It is well known that PtxCo1�x like most Pt-alloys used for cat-

alysing the ORR are not stable under acidic conditions [24e27], i.e.
the less noble component is leached out when in contact with the
electrolyte. Thus in all cases e “unleached” and “preleached” e

during electrochemistry coreeshell particles are formed. Following
the terminology of bulk alloys, the remaining particles can be
dubbed PtxCo1�x skeleton NPs. The EDS/ICP-MS analysis demon-
strates that leaching leads to a severe change in composition of the
PtxCo1�x skeleton NPs. The initial 50:50 Pt:Co ratio obtained in
method I is reduced to a 86:14 composition in the skeleton NPs,
whereas from the original 85:15 ratio of method II only 98:2 Cobalt
atoms remain after leaching. Taking into account that dissolved
metal ions have a detrimental effect on the performance of the
catalyst in amembrane electrode assembly (MEA), a controlled pre-
leaching of alloy catalysts before use is therefore favourable. As the
electrochemical characterization of such a pre-leaching (see
Table 2) shows, the removal of excess surface Co in a controlled way
leads to slightly increased surface areas of the PtxCo1�x/C powders
as compared to the “electrochemical leaching” during the mea-
surement, i.e. a more complete surface leaching.

Finally, a heat treatment of the catalysts at 500 �C in H2 as ex-
pected leads to an increase in the particle size and a concomitant
decrease in ECSA. The particle size distribution gets broader and
less defined (see Fig. 2). The average particle size determined by
TEM/SAXS increases from w2.8/1.5 nm to w3.4/2.4 nm and from
w2.0/1.6 nm tow2.7/2.0 nm for the catalysts prepared according to
method I and II respectively. The nominal composition of the cat-
alysts remains unaffected.

3.2. Electrocatalytic properties

After having discussed the physical properties of the catalysts,
we concentrate on their electrochemical properties and catalytic
performance. In Fig. 3 cyclic voltammograms of the leached and
heat treated catalyst samples synthesized according to methods I
and II are shown, whereas in Fig. 4 a representative ORR polariza-
tion curves and corresponding Tafel plots are displayed. All char-
acteristic properties of the catalysts as well as the ratios of the
surface areas calculated both from CO striping and SAXS are sum-
marized in Tables 1 and 2. The cyclic voltammograms are recorded
in argon saturated 0.1 M HClO4 solution, the polarization curves in
the same electrolyte but saturated with oxygen. The cyclic vol-
tammograms show the typical features of Pt-based catalysts with a
Hupd region, a double layer and a potential region of oxide forma-
tion. No significant differences in the CVs of the catalysts are



Fig. 2. Particle size distributions of carbon supported PtxCo1�x NPs established from TEM (left scale) together with the particle size distribution obtained by SAXS. An estimate of the
average particle size (diameter) is given in the brackets in nm (TEM/SAXS). A) Leached/PtCo/C(I) (w2.8/1.5), B) leached/PtCo/C(II) (w2.0/1.6), C) leached/HT PtCo/C(I) (w3.4/2.4) and
D) leached/HT PtCo/C(II) (w2.74/2.0).

I. Spanos et al. / Journal of Power Sources 245 (2014) 908e914912
observed, however, the Hupd region reflects the different surface
areas. Furthermore, the oxide formation becomes less pronounced
after heat treatment. For the leached sample prepared according to
method II, the reduction of oxygenated species in the negative
going scanewhich is often related to the ORR activity [28]e for the
sample is slightly shifted to lower potentials. Following the com-
mon interpretation, such a shift would indicate a lower ORR activity
as the OH coverage at fixed potential is higher than on the other
samples.

Probing the ORR on the different samples, the polarization
curves exhibit a region of well-defined diffusion-limited current at
lower potentials, a mixed kinetic-diffusion controlled potential
Table 2
Summary of the properties of the different PtxCo1�x/C catalysts.

Catalyst Pt:Co
ratio

ECSA
(m2 gPt�1)

SASAxS

(m2 gPt�1)
Specific
activity
(mA cm�2)

Mass
activity
(A mgPt�1)

Lattice
constant
(�A)

Pt/C data
taken from
Ref. [18]

100:0 76 N/A 0.49 0.37 3.925

Unleached/
PtCo/C(I)

52:48 49 N/A 0.86 0.42 N/A

Leached/
PtCo/C(I)

86:14 53 53 1.18 0.63 3.907

Leached/HT
PtCo/C(I)

87:13 46 47 1.59 0.73 3.899

Unleached/
PtCo/C(II)

85:15 66 N/A 0.85 0.56 N/A

Leached/
PtCo/C(II)

98:2 68 70 1.13 0.77 3.914

Leached/
HT PtCo/
C(II)

98:2 62 57 1.32 0.82 3.912
region suitable for extraction the ORR activity around 0.9e0.975
VRHE, and terminate all at zero current at higher potentials. The
parallel Tafel plots in Fig. 4B can furthermore judge the quality of
the measurements.

Rather than discussing the catalytic performance of each cata-
lyst in detail, by comparing properties of the different catalysts
summarized in Table 2, we try to extract certain trends for the
synthesis of optimized PtxCo1�x/C catalysts by impregnation. As
discussed before, the difference in Pt:Co ratio is the most striking
difference between the two catalysts after synthesis. Nevertheless,
in the as prepared state without pre-leaching, the two catalysts
exhibit, within the experimental accuracy, the same specific ORR
activity. That is, although the initial Co content is considerably
different, this does not affect the ORR. As however the ECSA of the
unleached/PtCo/C(II) catalyst is higher than the one of unleached/
Fig. 3. Representative cyclic voltammograms of the PtxCo1�x/C catalysts recorded at a
scan rate of 50 mV s�1 in argon saturated 0.10 M HClO4 electrolyte.



Fig. 4. A) Representative ORR polarization curves of the PtxCo1�x/C catalysts recorded
in positive going scan rate of 50 mV s�1 in oxygen saturated 0.1 M HClO4 electrolyte;
Rotation rate was 1600 rpm; B) corresponding Tafel plots of the specific activity for the
ORR.
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PtCo/C(I), the mass activity (MA) of the former is increased as well.
The spontaneous leaching occurring during the electrochemistry
[26], is a function of time and results in the change of the particle
compositions which in the end are not really known. Furthermore,
the leached Co in the electrolyte might have a detrimental effect on
the EC.

More defined experiments are possible by pre-leaching the
catalysts in a controlled way, which would be also favourable for an
application of the catalysts in a MEA. Our procedure of pre-leaching
shows that acid leaching drastically changes the properties of the
catalysts. Both catalysts exhibit an increase in SA of about 30% due
to the pre-leaching and at the same time, the ECSA slightly in-
creases, so that the MA increases by ca. the same degree as the SA.
The improvement in catalytic performance due to the controlled
leaching is insofar surprising as e as mentioned earlier e a certain
degree of uncontrollable leaching during the ORR measurement is
unavoidable for the unleached samples as well. The difference in SA
therefore might be at least partially due to contaminations released
into the EC cell during the measurements of the samples that were
not pre-leached. A test experiment, i.e. exchanging the electrolyte
after the initial cleaning treatment (see experimental section) in
exhibited indeed improved activity, however, this effect was not
studied systematically as a controlled pre-leaching of the catalysts
is in any case preferable.

Interestingly, the pre-leached PtxCo1�x skeleton NPs prepared
according to method I and II, still exhibit ca. the same SA, even
though the Co content is also considerably different after pre-
leaching. Although the activity increase in both catalysts in prin-
ciple could be due to different effects, according to what is known
fromprevious work, our findings indicate that the observed activity
increase (for these particular catalysts) is mainly due to a leaching-
induced strain effect rather than due to a ligand (electronic) effect,
as it is expected that the latter is strongly dependent on the Pt:Co
composition. The situation however changes with an additional
heat treatment after pre-leaching. Then the two catalysts indeed
exhibit different SA, i.e. both exhibit increased SA compared to their
non-heat treated pendant, but the activity increase for the catalyst
prepared according to method I is more pronounced than in the
case of method II. As the ECSA is only slightly reduced due to the
heat treatment, an activity increase due a sometimes proposed
particle size effect [18,29,30] is unlikely and it can be assumed that
the main increase in activity is due to a ligand effect initialized
upon heating and alloy formation. This would explain that the ac-
tivity increase induced by heat treatment is more effective if a
certain amount of Co is still present in the PtxCo1�x skeleton NPs.
4. Conclusions

To conclude, PtxCo1�x NPs were synthesized using two varia-
tions of a modified impregnation method, where a different rate of
reducing agent addition, has a detrimental effect on the structural
and electrocatalytic properties of the NPs. The significant activity
increase after the leaching and heat treatment in the catalysts
prepared by method I, suggests that both steps are necessary to
obtain a combination of strain and ligand effect. SAXS proved to be
a very useful and trustworthy tool for the determination of the
particle size distribution and most importantly the ECSA of the
prepared catalysts, showing that this technique has many advan-
tages compared to traditional TEM.

Summarizing the electrochemical properties of the differently
prepared catalysts samples, we can rationalize our findings in the
following way: in order to achieve an increased catalytic perfor-
mance of PtxCo1�x catalysts due to a strain effect a simple removal
of the Co from the surface is required. Inducing this removal by pre-
leaching seems definitely favourable as the activity increase is more
pronounced which might be due to a poisoning effect of the
released Co ions under electrochemical leaching, a larger particle
strain obtained by pre-leaching, or a combination of both. By
comparison, in order to induce an activity increase due to a ligand
effect, a heat treatment of the catalyst is necessary. If, as in the case
of method II the Co is already almost completely depleted from the
NPs before the heat treatment, then the heat treatment is less
effective. Therefore catalysts prepared by method I are more active
after heat treatment, due to the higher Co content.
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