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In thiswork, Pt nanoparticles preparedby acolloidalmethodare supportedonhigh surface area carbons. The

electrocatalysts synthesized by thismethod havewell-separated, size-controlled nanoparticles with tunable

interparticle distance, and thus enable the examination of the particle proximity effect on the oxygen

reduction reaction (ORR). The particle proximity effect proposes that the activity of fuel cell catalysts

depends on the distance between the catalyst particles and is here for the first time demonstrated for high

surface area catalysts; i.e. catalysts which can be used in fuel cells. Based on rotating disk electrode (RDE)

experiments, we show that the kinetic current density of ORR depends on the distance between

the neighboring nanoparticles, i.e. the ORR activity increases with decreasing interparticle distance.
1. Introduction

Proton exchange membrane fuel cells (PEMFCs) powered by
hydrogen or methanol, are promising clean energy converting
devices with high efficiency. Such energy converters can be
used in a wide range of mobile and stationary applications.1–3

The current electrocatalyst of choice for PEMFCs is based on
platinum (Pt) or Pt alloy nanoparticles (NPs) dispersed on a
high surface area (HSA) carbon support.4 However, the high
cost of Pt raises a signicant challenge for the commercial
viability of PEMFCs. In order to improve the platinum utili-
zation extensive research is devoted to gain a better under-
standing of the structure–activity relationship of PEMFC
catalysts for the oxygen reduction reaction (ORR).

The effect of the Pt particle size on the ORR activity using
“bare” Pt NPs or dispersed on a HSA carbon support has been
the subject of several investigations by different researchers
and is controversially debated in literature.1,4–7 Some studies
claim that not only the particle size but the maintenance of a
sufficient interparticle distance plays a crucial role in
achieving and maintaining high ORR activity.8–13 According to
this theory only if Pt particles are highly dispersed (well-
separated from neighboring particles) on the support, the full
electrochemical surface area (ECSA) is utilized and O2
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molecules are supplied by spherical diffusion to the individual
particles. Only under such conditions a high surface specic
activity (Is) and mass specic activity (Im) can be achieved. In
contrast, if Pt particles are close together, the “territories”
(diffusion elds) of the catalyst particles for O2 overlap,
resulting in decreased activities for the ORR. In all these
studies, however the experimental investigation of this
phenomenon concerning highly dispersed Pt NPs was limited
by the fact that they were carried out on relatively poorly
dened catalysts prepared by traditional synthesis routes
(impregnation, precipitation) where an increase in the metal
weight loading (decreasing interparticle distance, ipd) results
in an increase of the Pt NP size. To overcome this problem and
to investigate the effect of the particle proximity on the ORR
activity, our previous work was conducted on well dened, size
selected Pt nanoclusters.14–16 Our recent study revealed that the
electrocatalytic ORR activity can be inuenced by changing the
interparticle distance between neighboring Pt nanoclusters.16

To utilize this knowledge for the design of industrial PEMFC
catalysts and to prove the particle proximity effect on such
catalysts, in this study catalyst samples were prepared by the
recently introduced Pt/C toolbox synthesis method.17 In this
approach carbon supported, Pt based catalysts are prepared
from a colloidal suspension of well-dened Pt NPs synthesized
by an ethylene glycol method.18 The particles are highly
monodisperse and typically around 2 nm in diameter. In
addition, the particles are free of any strongly binding
surfactants or other agents and no heat treatment steps are
required. Using this controlled synthesis a varying Pt to carbon
ratio leads to a changing interparticle distance between the
NPs, i.e. the interparticle distance can be uniquely tuned.
Therefore, the obtained electrocatalysts are ideally suitable for
the examination of the particle proximity effect on the ORR.
RSC Adv., 2014, 4, 14971–14978 | 14971
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To determine the effect of varying interparticle distance
on the ORR, the catalyst activity is characterized by rotating
disk electrode (RDE) measurements using the thin lm
approach.19 In order to ensure a sufficient O2 diffusion to the
Pt catalyst particle surface we applied an ultra-thin and
uniform dispersion of Pt catalyst on the glassy carbon (GC)
disk.20–22 In the present work we show that the kinetic current
density of the ORR strongly depends on the distance between
the neighboring NPs, i.e. that the particle proximity effect
also exists for industrial, carbon supported PEM fuel cell
catalysts.

2. Experimental section
2.1 Catalyst material synthesis

The investigated catalysts, hereaer called Pt/C, were synthe-
sized in-house according to ref. 17. The synthesis of the elec-
trocatalysts consists of two main steps. First, a suspension of
colloidal Pt NPs with narrow size distribution is prepared via an
ethylene glycol (EG) route. A detailed description of the Pt NP
preparation method can be found in ref. 18. Briey, a colloidal
suspension of Pt NPs is synthesized bymixing an ethylene glycol
solution of NaOH (50 mL, 0.5 M) with an ethylene glycol solu-
tion of H2PtCl6$xH2O (50 mL, 1.0 g) under vigorous stirring
resulting in a yellowish platinum hydroxide or oxide colloidal
solution. The reaction is performed under an inert atmosphere
of Ar. The colloidal solution is then heated to 160 �C while
purging Ar gas through the system for 3 h obtaining a blackish-
brown homogeneous metal particle colloidal suspension. The
size and structure of the thus synthesized Pt NPs is controlled by
transmission electron microscopy (TEM). The average diameter
of the obtained Pt NPs is typically around 2 nm exhibiting a
narrow size distribution. In the next step the NPs are deposited
in varying amounts onto the HSA carbon support, i.e. Ketjen-
black EC-300J (AkzoNobel, Brunauer–Emmett–Teller (BET)
surface area: 795 m2 g�1) or Vulcan XC72R (Cabot Corporation,
BET area: 235 m2 g�1). In order to support the Pt NPs onto a HSA
carbon 40 mL of 1 MHCl was added to the colloidal NP solution
for precipitation. The solution was centrifuged (4000 rpm, 6
min) and repeatedly washed in HCl before dispersing it in
acetone. Finally, the as-synthesized Pt NPs were deposited onto
different HSA carbons by mixing the NPs suspension with
carbon black in 3 mL of acetone and sonicating for 1 h. Finally
the catalyst was dried.

Pt/C samples were prepared with different nominal Pt
loadings between 2 and 90 wt% Pt. The actual Pt content of the
catalysts was analyzed by ICP-MS (NexION 300X, Perkin Elmer)
through a Meinhard quartz nebulizer and a cyclonic spray
chamber, operating at nebulizer gas ow rates of between 1
and 1.02 L min�1 (Ar, purity 5.0). Before ICP analysis, the
catalysts were dissolved in inverse aqua regia (the volume ratio
of HCl to HNO3 was 1 : 3) and then diluted. The nominal and
the actual Pt loading values agreed within 10–30%. As a
general trend the difference decreased with higher loadings.
For the calculation of the electrochemically accessible surface
area (ECSA) and the mass activities the actual Pt loading values
were used.
14972 | RSC Adv., 2014, 4, 14971–14978
2.2 Electrochemical characterization

The electrochemical measurements were performed using a
computer controlled, home-built potentiostat and a rotating
disk electrode (RDE) setup. The electrochemical cell was a
home-built Teon cell based on a three-compartment cong-
uration. The counter (auxiliary) electrode was a platinum
mesh, the reference electrode a Schott Ag/AgCl/KCl(sat) elec-
trode placed in a separated compartment separated by an
additional Naon® membrane in order to avoid the diffusion
of Cl� ions into the main compartment.23 All potentials in this
work are referred to the reversible hydrogen electrode (RHE)
potential, which was experimentally determined for each
measurement series. All electrolyte solutions were prepared
with Millipore® water (>18.3 MU cm, TOC < 5 ppb). HClO4 and
HCl were from Merck (suprapur). The measurements were
performed at 20 �C. Prior to the RDE measurements the glassy
carbon (GC) working electrode (5 mm diameter, 0.196 cm2

geometrical surface area) was polished to mirror nish using
alumina oxide paste 0.3 and 0.05 mm (Buelher-Met, deag-
glomerated a-alumina and g-alumina, respectively), and
cleaned ultrasonically in ultrapure water and cc. 70 wt%
HClO4. The catalyst ink was prepared by ultrasonically
dispersing the catalyst powder in ultrapure water (0.14 mgPt
cm�3). A volume of 20 mL of the suspension was then pipetted
onto the GC electrode leading to a Pt loading of 14 mgPt cm

�2

and thereaer dried in a nitrogen gas stream. Only samples
with a uniform catalyst lm were analyzed. All electrochemical
experiments were performed in 0.1 M HClO4 solution. 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
specic activity of the ORR was determined 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. In order to exclusively analyze the ORR
current, the polarization curves were corrected for the non-
faradaic background by subtracting the CVs recorded in Ar-
purged electrolyte. Furthermore, the solution resistance
between the working electrode and the Luggin capillary was
determined using an AC signal (5 kHz, 5 mV) and thereaer
compensated for using the potentiostat's analog positive
feedback scheme. The resulting effective solution resistance
was less than 3 U for each experiment. The ECSA of the cata-
lysts was determined from the CO stripping charge24 recorded
at a sweep rate of 50 mV s�1. The mass activity was calculated
based on the specic activity and the ECSA. The latter was
determined as the average of several measurements using a
multi-electrode setup.25
2.3 Transmission electron microscopy (TEM)

The electrocatalysts were characterized by TEM using a Tec-
nai T20 G2 (Philips FEI, Oregon, USA) equipped with a
thermionic electron gun operated at 200 kV. The micro-
graphs were acquired using a Gatan2K UltraScan 1000 CCD
camera.
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Model for the calculation of the interparticle distance between
two particles.
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2.4 Small angle X-ray scattering (SAXS)

The platinum particle size distribution of the supported cata-
lysts were determined by Small Angle X-ray Scattering (SAXS)
using a SAXSLab instrument (JJ-Xray, Denmark) equipped with
a Rigaku 100XL+ micro focus sealed X-ray tube and a Dectris
2D 300K Pilatus detector. On this instrument the detector is
moveable allowing different structural length scales to be
accessed. Here the magnitude of the scattering vector is
dened as q ¼ 4p/l sin(q) with l being the X-ray wavelength
and q half of the scattering angle. Samples were sealed
between two 5–7 mm thick mica windows and measurements
were performed in vacuo. The data analysis follows ref. 17 with
small modications. The scattering data are tted to the
following expression:

I(q) ¼ C1ICARBON(q) + C2 + C3P(q) + C4

Ð
Ps

2(q, R)D(R)dR (1)

where Ci are constants and the four terms represent the back-
ground from the pure carbon support with no platinum loaded,
a small constant background, a term accounting for the pore
structure and a term representing the platinum particles,
respectively. The ICARBON-term, representing the carbon back-
ground can bemeasured directly for the untreated samples, this
is, however, more difficult for the treated samples, because of
the degradation of the carbon. In those cases we follow ref. 26
and model the pure carbon as a power law q�n, where exponent
n comes out from the t as ca. 3.3 in accordance with ref. 26.
The pore structure expressed by the P(q)-term is given by the
Lorentz expression:

PðqÞ ¼ a4

ð1þ a2q2Þ2 (2)

with a being a characteristic pore dimension. The nal term, the
sphere term Ps

2(q, R) representing the platinum particles is
described by a lognormal size distribution, D(R), of spherical
particles. The form factor amplitude of a sphere with radius R is
given by

Psðq;RÞ ¼ 4pR3 sin qR� qR cos qR

ðqRÞ3 (3)

and the log-normal size distribution by

DðRÞ ¼ 1

Rs
ffiffiffiffiffiffi
2p

p exp

 
�½lnðR=R0Þ�2

2s2

!
(4)

where s is the variance and R0 the geometric mean of the
lognormal distribution. During the tting procedure, it was
found that at the highest loading degrees a hard-sphere
structure factor was required to t the data. Thus, in those
cases this factor is multiplied to the last term in eqn (1). The
expression for the hard-sphere structure factor can be found in
ref. 27. Basically it depends on the sphere radius and the
sphere volume fraction, so it is only relevant at the highest
loadings (here EC300 90 wt% and Vulcan 80 wt%). From each
particle size distribution D(R), we calculated a volume
normalized surface area of each catalyst by using the following
equation:
This journal is © The Royal Society of Chemistry 2014
A

V
¼

X
i

DðRiÞ4pRi
2

X
i

DðRiÞ 4p
3
Ri

3

(5)

Assuming mass is proportional to volume, the ratios of these
areas are directly compared to the ratios of the ECSA. Further,
by dividing this ratio with the platinum density of 21.45 g cm�3

absolute numbers per unit mass can be obtained for each
sample. The presented model ts are computed using home-
written MATLAB code.
2.5 Calculation of the interparticle distance

As interparticle distance (ipd) we dene the average distance
between the edge of a catalyst particle and the edge of its
nearest neighboring catalyst particle given by:16

ipdðedge to edgeÞ ¼
ffiffiffiffiffi
A

N

r
� dNP (6)

where A is the BET surface area of support, N is the number of
nanoparticles and dNP is the average diameter of the nano-
particles, determined by SAXS. We assume for the calculation of
the interparticle distance that all particles exhibit a spherical
shape, the particles are monodispersed and homogenously
distributed on the carbon support. A sketch of the interparticle
distance is seen in Fig. 1. The theoretical interparticle distance
is also compared with TEM micrographs.
3. Results and discussion
3.1 Catalyst characterization

We begin with the description of the catalyst samples used in
this study. By applying a colloidal synthesis approach,17 we
prepared catalyst samples consisting of Pt NPs supported on
Ketjenblack EC-300J and Vulcan XC72R carbons with nominal
Pt loading between 2 and 90 wt%. In Fig. 2, the ECSA values of
the prepared samples are summarized as a function of the
nominal metal loading and calculated interparticle (edge to
edge) distance, respectively. It can be seen that in general a
higher electrochemical surface area is achieved on the Vulcan
than on Ketjenblack support. For Pt loadings smaller or equal to
70 wt% the average ECSA of the catalyst samples is around 85
and 103 m2 g�1 on Ketjenblack and Vulcan, respectively. This
indicates a higher degree of dispersion and utilization of Pt
RSC Adv., 2014, 4, 14971–14978 | 14973
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Fig. 2 ECSA of the catalyst samples as a function of the nominal Pt weight loading (a) and calculated edge to edge interparticle distance (b),
respectively. The ECSA is calculated fromCO strippingmeasurements and the respectivemeasured (using ICP-MS) Pt content. TEMmicrographs
of the synthesized catalysts are shown at the right hand side, 30 wt% (c) 60 wt% (d) and 80 wt% (e) Pt/Ketjenblack EC-300J catalysts. Multiple
layers of Pt NPs are marked by red dots.
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View Article Online
nanoparticles on Vulcan as compared to Ketjenblack – despite
the fact that Vulcan has a lower BET surface area than Ketjen-
black. The carbon support dependent nanoparticle dispersion
has been reported previously and can be explained by the
physical and chemical properties of the used carbon blacks, i.e.
pore structure and number of surface oxide groups, respec-
tively.28,29 As known from literature, Ketjenblack EC-300J with its
extensive pore structure possesses a signicantly higher frac-
tion of micro- (<2 nm) and mesopores (2–20 nm) in the carbon
aggregates as compared to Vulcan XC72R.30 One could assume
that Pt NPs with a size less than 2 nm can partly penetrate into
these pores, which can lower the assessable electrocatalytic
surface area. Furthermore, as demonstrated in our previous
work, Vulcan has a larger number of oxygen groups and surface
defects.31 It has been long recognized that these adsorption sites
have a key importance in the Pt NP attachment and dispersion
on support materials.

Another interesting observation is, as illustrated in Fig. 2b,
the fact that the onset of agglomeration of Pt NPs occurs on
Ketjenblack at a higher interparticle distance in comparison
with Pt/Vulcan samples. We believe that this deviation is
attributed to the internal pore structure. In the calculation of
the interparticle distance we did not take into account the
internal pore structure, but the total BET surface area of the
carbon is used. Due to the pore structure it is however unlikely
14974 | RSC Adv., 2014, 4, 14971–14978
that the complete BET surface area is available for particle
attachment. Therefore, for the Pt/Ketjenblack samples the ipd
values are slightly overestimated. This overestimation can also
be seen in the TEM micrographs (Fig. 2c–e). For the 30 wt%
Pt/Ketjenblack sample the calculated interparticle edge to edge
distance (ipd_ee) is 15.68 nm. However, the ipd_ee estimated
from the TEM micrograph (Fig. 2c) is lower, roughly 5–6 nm. By
contrast for the 30 wt% Pt/Vulcan sample the calculated and
estimated (from TEM) ipd_ee ts well, i.e. is 3.96 nm and about
3–4 nm. However, it should be pointed out that TEM is not
ideally suitable to determine the ipd_ee value as a three
dimensional structure is displayed in two dimensions. Here it
only serves as a rough check. The TEM micrographs further
indicate that the Pt NPs have an average size of 2 nm (radius of
1 nm) and that the distribution on the HSA carbon support is
uniform. In line with the ECSA it is seen that average particle
size does not increase with increasing loading up to very high
loadings. NP agglomeration can only be observed at nominal Pt
loadings above 70 wt% when Pt NPs start to form multilayer
structures (indicated by red circles). These observations indi-
cate that our catalyst samples are well suited to study the impact
of particle proximity on HSA carbons.

In order to conrm the particle size distribution small angle
X-ray scattering measurements were performed. The resulting
Pt NP size analysis of the catalysts with varying loading is shown
This journal is © The Royal Society of Chemistry 2014
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View Article Online
in Fig. 3. In agreement with the ECSA values and TEM micro-
graphs, the analysis of the lower nominal Pt loading reveals well
dispersed Pt NPs with an average diameter of 2 nm. For the 30
wt% samples the average particle diameter for Pt/Ketjenblack is
2.2 � 1.2 nm (FWHM as error) and for Pt/Vulcan is 1.72 � 1.18
nm. Only at extremely high metal loadings, i.e. above 70 wt% Pt
loading, agglomeration of the Pt NPs occurs.

In order to compare themeasured ECSA values with the SAXS
data, from each particle size distribution curve, we calculated a
volume normalized metal surface area by using eqn (5). Thereby
it is assumed that the Pt NPs are spheres and the number of NPs
can be calculated from the Pt wt% determined by ICP-MS
measurements. Furthermore, it should be noted that the
surface areas obtained by the two methods, i.e. SAXS and CO
stripping cannot be directly compared. The total metal surface
area obtained from the X-ray scattering data does not take into
account that part of the surface of the Pt nanoparticles is
shielded by the carbon support. This fraction of the NP surface
is electrochemically not accessible for CO molecules or other
reactions. If one assumes a fraction of 30% of the surface of the
individual NPs to be shielded by the carbon support, SAXS and
Fig. 3 Pt NP distribution curves of Pt/Ketjenblack and Pt/Vulcan
samples obtained by SAXS.

This journal is © The Royal Society of Chemistry 2014
CO stripping data lead to similar metal surface areas (see Table
1). For example, for the samples with 30 wt% nominal Pt
loading, the metal surface area determined by SAXS is 88.3 and
92.2 m2 g�1 for Ketjenblack and Vulcan, respectively, whereas
the CO stripping measurements lead to 84.8 and 104.3 m2 g�1.
Note that for calculating the metal surface area the real Pt
loading, as determined by ICP-MS was used and that the
covered surface fraction of 30% is only an estimate based on the
fact that at this value a good accordance between particle size
and metal surface area is found.5
3.2 Catalytic performance

The electrocatalytic performance of the Pt/C catalysts was deter-
mined using the rotating disk electrode (RDE) thin lm meth-
odology. A series of polarization curves is found in the supporting
information. The electrocatalytic turnover rate, i.e. the surface
specic activity (Is) of the oxygen reduction reaction (ORR) was
measured at 0.9 VRHE. From Is and the ECSA, determined by CO
stripping, the mass specic activity (Im) was calculated.

The surface specic activity of the ORR for a series of cata-
lysts with various interparticle distances and carbon supports is
summarized in Fig. 4. As can be seen, there is a strong corre-
lation between the surface specic activity and the calculated
average distance between nanoparticles. By lowering the inter-
particle distance between neighboring particles a steep increase
in specic activity can be observed. The fact that the Is vs.
interparticle distance data are shied to a higher interparticle
distance on Ketjenblack as compared to Vulcan may indicate
that there is a different relationship between activity and
interparticle distance or even an electrocatalytic role of the
carbon support in the ORR. However, we believe that this
discrepancy is simply related to the previously mentioned pore
structure properties of the Ketjenblack support and the conse-
quently overestimated interparticle distance.

The oxygen reduction activities are also expressed in terms of
A mg�1

Pt (Im(0.9 V) mass activity, see Fig. 5) in order to account
for the economic potential of the catalysts. From Fig. 5 it can be
seen that the mass specic ORR activity of the Pt/Vulcan
samples continuously increases as a function of the Pt nominal
loading (wt%). For the Pt/Ketjenblack samples a maximum in
mass specic activity is achieved at around 80 wt%. This
maximum is a result of the combined effect of increasing Is and
decreasing ECSA. By increasing the Pt loading to extremely high
loadings, the Pt NPs form multiple layers or remain unsup-
ported. Therefore a signicant drop in the ECSA is observed
over-compensating the increase in surface specic activity.
Furthermore, it is observed that as a consequence of the higher
ECSA of the Pt/Vulcan samples in comparison to the Pt/Ket-
jenblack counterparts, their mass activities are signicantly
higher. For Pt/Vulcan a maximum mass specic activity higher
than 750 A g�1

Pt is achieved as compared to ca. 610 A g�1
Pt for

Pt/Ketjenblack.
The activity data obtained here for Pt NPs supported on high

surface area carbons exhibit the same trends as observed in our
previous study on Pt cluster model catalysts, i.e. a particle prox-
imity effect can be observed.16 In the previous studywe presented
RSC Adv., 2014, 4, 14971–14978 | 14975
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Table 1 Comparison of the ECSA obtained by CO stripping and the metal surface area determined by SAXS for Pt/Ketjenblack and Pt/Vulcan
samples

Pt/Ketjenblack EC-300J NP radiusa (nm) FWHM (nm) ECSAb (m2 g�1) ECSAc (m2 g�1)

30 wt% 1.10 0.66 88.3 84.8
60 wt% 1.11 0.61 83.1 78.6
80 wt% 1.33 0.69 73.7 80.8
90 wt% 1.65 0.56 55.6 45.5

Pt/Vulcan XC72R NP radiusa (nm) FWHM (nm) ECSAb (m2 g�1) ECSAc (m2 g�1)

30 wt% 0.86 0.59 92.2 104.3
60 wt% 0.83 0.55 103.4 106.8
70 wt% 0.85 0.53 101.5 100.0
80 wt% 1.06 0.72 78.6 78.9

a Determined by tting experimental SAXS curves via eqn (1)–(4). b Derived from the NP distribution curves via eqn (5) assuming spherical particles,
30% of Pt NP surface coverage by carbon and data is corrected by real Pt wt% obtained from the ICP-MS data. c Determined from CO stripping and
corrected by real Pt wt% obtained from the ICP-MS data.

Fig. 4 Surface specific activities (Is) of the model catalysts for ORR as a
function of calculated interparticle distance (edge to edge) measured
in oxygen saturated 0.1 M HClO4 at 0.9 VRHE and at 20 �C. The open
circles and squares represent agglomerated catalyst samples. Under
the same conditions Is of polycrystalline Pt is 2 mA cm�2

Pt.

Fig. 5 Mass specific activities (Im) of themodel catalysts for the ORR as
a function of the nominal catalyst loading. The mass activities were
calculated from the respective specific activity and surface area.
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View Article Online
a simple theoretical model for the particle proximity effect.
Computationalmodeling indicated that thepotential drop in the
electrochemical double layer (EDL) changes if metal NPs are
placed in close proximity to each other. Themodel of the particle
proximity effect thus indicated that the EDL of the nanoclusters
is a key factor to inuence the coverage of an electrode with
oxygenated species. According to the model the observed trend
for the ORR activity of the Pt NPs is due to an overlap in the EDL
between theNPs, i.e. the smaller the separatingdistance between
theNPs, the larger theEDLoverlap affecting thepotential drop in
the compact layer. The proposed model is visualized by the
scheme in Fig. 6. For large interparticle distance (a) there is no
overlap in theEDL, but as the interparticle distancedecreases the
EDL overlap increases (b and c).

We proposed that such a potential drop should lead to
reduced oxide coverage at a given electrode potential. Therefore
14976 | RSC Adv., 2014, 4, 14971–14978
we studied the Pt oxide reduction on the Pt/C samples using
cyclic voltammetry. In Fig. 7 the Pt oxide reduction peak posi-
tion of the Pt/Ketjenblack samples is plotted as a function of the
interparticle distance. As a reference the peak potential of
polycrystalline Pt is shown as well. The peak potential varies
between 0.8 and 0.75 VRHE with polycrystalline Pt having the
highest peak potential and the 10 wt% Pt/C sample the lowest.
That is the peak potential increases as the interparticle distance
is decreasing. Kumar et al. have previously reported similar
behavior on Pt particle arrays supported on indium-tin oxide
coated glass i.e. the peak potential of the O2 reduction shied to
more positive values as the interparticle spacing decreased
while the particle size was kept identical.32 In their study, this
potential shi was explained by the change of the extent of O2

diffusion eld overlap. In the literature, this peak potential of Pt
oxide reduction is oen correlated with the catalytic activity for
the ORR.33 It is assumed that OH-species are a reaction
This journal is © The Royal Society of Chemistry 2014
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Fig. 6 Illustration of the electrical double layer (EDL) for various
separation distances of the Pt NPs. For illustration purpose the EDL of
the carbon substrate is not in the scheme.

Fig. 7 Pt oxide reduction peak potentials for Pt/Ketjenblack samples
with various Pt loading as a function of the calculated interparticle
distance (edge to edge). The inset shows the determination of the peak
potential using cyclic voltammetry recorded in 0.1 M HClO4 with a
sweep rate of 50 mV s�1 at room temperature.
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intermediate as well as a blocking species depending on the
adsorption strength. A shi in the Pt oxide reduction peak
potential toward higher potentials reects a less oxophilic
surface, i.e. a lower adsorption strength of the OH-species.
This journal is © The Royal Society of Chemistry 2014
Indeed our results show that the increased surface specic
activity of the Pt/C with increasing loading is correlated to an
increased Pt oxide reduction peak potential.
4. Conclusions

In the presented study we demonstrate that the particle prox-
imity effect rst shown for Pt nanocluster model catalysts also
exists for industrial PEMFC catalysts, i.e. Pt NPs supported on
high surface area carbons. Thus in order to maximize the
activity of PEMFC catalysts, one needs to increase the metal
loading as much as possible (shortest interparticle distance),
while at the same time avoiding NP agglomeration in order to
maintain a high surface area.

Even though the observed increase in activity is less
pronounced as for the extremely well dened model catalysts, a
signicant increase in activity can be observed for highly loaded
catalysts samples. Both surface area and mass specic activities
increase roughly by a factor of two when going from low to high
Pt loadings. At the same time comparing the maximum ach-
ieved surface area specic activity of below 1 mA cm�1

Pt to the
value of polycrystalline Pt of 2 mA cm�1

Pt, the results indicate
that theoretically a further improvement by the factor of two in
surface area specic activity might be possible for pure Pt
catalysts by optimizing the electrochemical double layer. One of
the next steps in our studies will be to demonstrate that the
potential of such highly loaded catalysts can also be utilized in
membrane electrode assemblies. Due to the high ratio of Pt to
carbon surface area, we expect that for this the electrode
structure, i.e. the blending of the different ingredients such as
Naon ionomer needs to be optimized for this kind of catalysts.
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