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o Cubic Pt nanoparticles are synthesised in the presence of oleylamine and oleic acid

o Vulcan carbon is used as a support for cubic Pt nanoparticles with various loading

o Pt/C catalysts revealed a high ORR activity in both acid and alkaline solutions

o Pt/C catalysts showed similar specific and mass activity independently of Pt loading

o Important methodological aspects regarding Pt/C catalyst testing are highlighted
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Abstract

In this work, Vulcan carbon-supported cube-shape Pt nanoparticles with various metal
loadings were synthesised in the presence of oleylamine and oleic acid. Surface morphology
of different Pt/C samples was examined by transmission electron microscopy (TEM) and their
metal loading verified by thermogravimetric analysis (TGA). TEM micrographs showed Pt
nanoparticles with a preferential cubic-shape and increased agglomeration of the particles
with increasing Pt loading. Electrochemical characterisation of the Pt/C catalysts indicated
that the resulting Pt nanoparticles present a preferential (100) surface structure. The
electrocatalytic properties of the Pt/C catalysts of different metal loading were evaluated
towards the oxygen reduction reaction (ORR) both in acidic and alkaline media employing the
rotating disk electrode (RDE) configuration. Interestingly, similar specific and mass activities
were found in both solutions revealing that the ORR activities were independent of the Pt
loading and suggesting that all the Pt nanocubes contributed as isolated particles.

Keywords: Pt nanocubes; Shape-control; Carbon support; Electrocatalysis; Oxygen reduction



1. Introduction

Recent decades of research have shown that low-temperature fuel cells are promising and
sustainable environmental-friendly power sources in the future [1-3]. Platinum-based catalysts
show the highest electrocatalytic activity towards the oxygen reduction reaction (ORR) on the
cathode of the low-temperature fuel cells [1, 3, 4]. Although platinum (Pt) is the best cathode
catalyst for fuel cells [5, 6], it is still important to decrease the amount of this expensive and
scarce noble metal in the platinum-based catalysts [4, 5]. On the other hand, particle size and
catalyst surface structure are thought to be directly related to the electrocatalytic activity of Pt
for ORR [7, 8]. In this regard, the control of the shape and composition is highly favourable to
create new Pt-based nanostructures and to utilise scarce Pt more efficiently [9].

It has been established that the electroreduction of oxygen on single-crystal Pt surfaces is a
structure-sensitive reaction [10]. The O reduction studies on Pt(hkl) electrodes in aqueous 0.1
M HCIO4 and 0.1 M KOH solutions by Markovic et al. revealed that in alkaline media the
ORR activity decreases in the following sequence (111) > (110) > (100), while in perchloric
acid the variation in the O reduction activities was found to be rather small between the three
low-index facets, with activity increasing in the order (100) < (110) ~ (111) [11-13].
Moreover, the order of the ORR activity on Pt(hkl) in sulphuric acid is completely different
and decreases as follows: (110) > (100) > (111) [14]. It has been proposed that the differences
in the activity in H2SO4 arise from stronger adsorption of the (bi)sulphate anions, which are
considered as spectator species inhibiting the ORR process. On the stepped Pt surfaces it was
found that the ORR activity in sulphuric and perchloric acid on Pt(111) was the lowest [15].
The O reduction activity of Pt(110)-(1 x 1) was found to be lower than that of disordered
Pt(110)-(1 x 2) in 0.1 M HCIO4 by 30-40 mV on the basis of the E1/» value [16].

The structure-sensitivity of the ORR process on Pt(hkl) low-index facets should lead to

particle size effects according to the Kinoshita’s cubo-octahedral model of Pt particles [17].



Several efforts have been made to understand the Pt particle size effect on the ORR kinetics
[6, 18-28]. Mayrhofer et al. have reported in their early studies that the specific activity (SA)
for O reduction increases when the particle size increases [20, 21]. This activity change could
be related to the higher Pt surface coverage by oxygen-containing species, which strongly
block the active sites with decreasing Pt particle size. Sheng et al. studied the size-dependence
of the ORR activity of Pt particles (size below 5 nm) on high-area carbon support in acidic
electrolytes [22]. However, their results did not express any influence of the size on the
specific and mass activities (MA) for O reduction. Whilst the work by Sheng et al. revealed
that the O> reduction activity was independent of the Pt particle size, it has been reported by
Shao and co-workers that both SA and MA depend on the Pt particle size, if the particle
diameter is under 10 nm [23]. These authors suggested that this behaviour is related to the
oxygen binding energies on different Pt sites, which get accessible when the particle size
changes. Furthermore, Shinozaki et al. [27], who varied the Pt particle diameter from 2 to 10
nm, showed that in 0.1 M HCIOx solution the SA increased from 0.8 to 1.8 mA c¢m2 with
increasing particle size, and for particles bigger than 10 nm the activity plateaued to 2.7 mA
cm~2 at 0.9 V vs RHE. It has been suggested by Mukerjee and McBreen that the decrease in
the ORR electrocatalytic activity on smaller Pt particles (size below 5 nm) is related to the
increase of Pt low-coordination sites on the surface of platinum nanoparticles, which inhibits
the electroreduction of O due to the strong adsorption of OH above 0.8 V vs RHE [19].

Conversely, several workgroups have studied Pt loading effect on the electrocatalytic activity
for oxygen reduction [29-35]. Shih et al. varied the amount of the catalyst on the electrode
surface [29], finding out that the SA was independent of the Pt loading on a carbon black
support and it was considered to represent the intrinsic ORR activity of the catalyst. Quite
similar results have been also reported by Higuchi et al., who changed the Pt loading level on

carbon black from 19.2 to 63.2 wt% and found that the SA was almost constant for all the



catalysts studied [30]. Keeley and co-workers showed that by employing low and ultra-low Pt
loadings in fuel cells, the catalytic activity did not depend on the amount of material used,
however the stability diminished remarkably [31]. On the other hand, it was found by Schmidt
and co-workers that by increasing the loading of Pt on the carbon support the SA for O>
reduction increased, but MA decreased [32, 33]. These changes were caused by the transition
from the state of isolated Pt nanoparticles to larger agglomerates. Strong correlation between
the metal loading and the ORR activity was also shown by Speder et al. [34], when the Pt
loading increased from 20 to 80 wt%, the SA increased from 470 to 775 pA cm2 and MA
values raised from 350 to 625 A gt in 0.1 M HCIO4 solution at 0.9 V vs RHE.

The uniform distribution of the catalyst on top of the glassy carbon (GC) electrode plays a
critical role in the electroreduction of oxygen. Some research groups have aimed to prepare
uniform catalyst coatings and understand the effect of even distribution on the reproducibility
[36, 37]. Ke et al. used an in-house-developed automated electrode preparation device, which
transferred ~3 nL droplets of the sonicated suspension of the Pt/C catalysts to controlled
positions on the GC substrate [36]. This coating procedure resulted in higher diffusion-limited
current values than inhomogeneous layers and these values were comparable to the
theoretically calculated one. Also the reproducibility was much higher with the uniformly
distributed catalyst layer. Another approach, which has been also used in the present research,
was introduced by Garsany’s group [37]. In that case, they dried the catalyst-modified GC
electrodes by rotating at 700 rpm in order to obtain reproducible, smooth and thin
electrocatalyst layers. They found that the specific and mass activities of platinum increased
almost 56% and 72% compared to those prepared without electrode rotation while drying.

As aforementioned, the control over nanoparticles’ shape is crucial in the ORR
electrocatalytic activity. Although it was found that Pt(100) has the lowest activity compared

to other Pt(hkl) single-crystal electrodes, several groups have studied oxygen reduction on



cubic Pt nanoparticles [28, 38-45]. Li et al. investigated the correlations between the surface
morphology of Pt single-crystal and nanoparticles of varioust size and shape in perchloric acid
[28]. They found that the initial ORR activity of 7-8 nm cubic, octahedral and cubo-
octahedral nanoparticles is similar (~1 mA cm2 at 0.9 V) and after some potential cycling the
shape of Pt nanocubes and nanooctahedra converted to round-like polyhedral shape resulting
in decreased ORR activities. Wang and co-workers prepared cubic-shaped, truncated cubic
and polyhedral Pt nanoparticles (sizes varied from 3 to 7 nm) as electrocatalysts for O>
reduction [39]. The obtained results showed an enhanced electrocatalytic activity of Pt
nanocubes compared to other shapes, which confirmed that the shape-control of metal
nanoparticle is important. In the previous work by the same group, Pt nanocubes were
supported on carbon paper and they found that the SA of the supported Pt nanocubes was
about 2-times higher than that of commercial Pt/C catalyst [40]. Fu et al. used a hydrothermal
approach for synthesising monodisperse cubic Pt nanoparticles [42]. The as-prepared 6 nm Pt
nanocubes exhibited highest SA and MA for ORR compared to commercially available Pt/C.
Enhanced activity and stability was attributed to the combination of electronic and facet
effects. Therefore, the use of shape-controlled Pt nanocrystals supported on carbon material
has shown to be a promising approach to efficiently utilise the Pt for fuel cell applications.

Nonetheless, to our knowledge there is no report on the loading effect of cubic-shaped Pt
nanoparticles supported on high-area nanocarbon material on the ORR kinetics. In this sense,
it is worth noting that in order to properly evaluate the Pt loading effect i.e. the interparticle
distance, the other physical parameters of the nanoparticles, particularly size, shape and
surface structure should remain invariable for all catalyst samples and independently of their
particular metal loading. The unique way of fulfilling these requirements is preparing all
samples containing different metal loading from a single synthesis batch. A similar strategy

has been previously used to study the effect of the metal loading towards other relevant



electrocatalytic reactions such as ammonia and formic acid electrooxidation for which the
metal loading was shown to importantly affect the resulting electrocatalytic activity [46].

In the work reported in this paper, the loading effect of Vulcan carbon-supported Pt
nanocubes (Pt/C) on the ORR Kkinetics in alkaline and acid solutions has been systematically
investigated using a rotating disk electrode. Pt/C catalysts were characterised by transmission
electron microscopy (TEM), the real Pt loading was found by thermogravimetric analysis
(TGA) and for electrochemical characterisation CO-stripping and cyclic voltammetry (CV)

experiments were conducted.

2. Experimental

2.1. Reagents

Platinum(ll) acetylacetonate (Pt(acac)z2, 97%), oleylamine (OLA, 70%), oleic acid (OA, 90%)
and tungsten hexacarbonyl (W(CO)s, 99.99%) were purchased from Sigma-Aldrich. Sodium
hydroxide (NaOH, p.a.) and potassium hydroxide (KOH, p.a.) were obtained from Merck.
Methanol, ethanol and acetone (Reag. Ph. Eur) were purchased from Panreac, and n-hexane

(96%) from Scharlau. All the chemicals of commercial origin were used without purification.

2.2. Synthesis of Pt nanocubes supported on Vulcan carbon

Cubic Pt nanoparticles were synthesised using a procedure previously reported [47,48]. The
original synthesis procedure was scaled up by a factor of 6 so as to obtain a larger amount of
the product, since it was important to prepare all loadings of Pt/C from a single batch. Briefly,
0.12 g of Pt(acac)2, 48 mL of OLA and 12 mL of OA were added into a 3-necked flask and
heated up to 130 °C under argon atmosphere, while stirring at 500 rpm. At this temperature,
0.3 g of W(CO)e was added to the reaction mixture, followed by raising the temperature to

240 °C for 30 min at 200 rpm. When the reaction entirely completed, the black dispersion was



immediately cooled down to room temperature and the Pt nanoparticles were then collected
by applying centrifugation at 6000 rpm for 10 min. After pouring away the supernatant, the
residue was re-suspended into 50 mL of hexane. For the preparation of Pt/C catalyst
materials, the amount of carbon and Pt was calculated to obtain 35 mg of carbon-supported Pt
catalyst. Thus, the suitable amount of nanoparticles suspension was mixed with the proper
mass of Vulcan carbon to obtain the 10, 20, 30, 40 and 50 wt% Pt/C catalysts. The samples
were then magnetically stirred for 30 min. The as-prepared catalyst materials were then
washed following a protocol described elsewhere [48]. First, the catalyst samples were rinsed
twice with hexane-ethanol mixture. The precipitate was then re-dispersed in 20 mL of
methanol and a small amount of NaOH was added to the suspension, which was sonicated for
10 min. After the catalyst precipitated, the solution of methanol was removed and the carbon-
supported Pt nanoparticles were rinsed with acetone. This purification procedure was repeated
three times at least and the catalyst particles were vacuum filtered and rinsed with ultrapure

water and ethanol. Final products were dried in an oven in ambient air at 70-80 °C for 12 h.

2.3. Physical characterisation of Pt/C catalysts

For the characterisation of the morphology, mean size and Pt particles distribution over the
carbon support, a transmission electron microscope (JEOL, JEM-2010) working at 200 kV
was employed. The samples for TEM were prepared by dropping of an aliquot of the hexane
suspension of the Pt/C catalysts onto a Formvar-coated Cu grid and allowing the solvent to
dry in air at room temperature. Thermogravimetric analysis (TGA) was conducted using a
Mettler-Toledo TGA/SDTAB851 thermobalance in order to experimentally determine the Pt
loading (% in weight) of the prepared carbon-supported Pt nanocubes. The experiments were
carried out in an oxidative atmosphere, N2:02 with the ratio of 4:1 raising the temperature

from 25 to 850 °C at a heating rate of 10 °C min.



2.4. Electrochemical characterisation of Pt/C catalysts

Electrochemical measurements were conducted in a conventional three-electrode glass cell,
where glassy carbon (GC) electrode coated with Pt/C catalysts was employed as working
electrode, reversible hydrogen electrode (RHE) as reference electrode and a Pt wire as counter
electrode. Autolab potentiostat/galvanostat PGSTAT302N and PGSTAT128N (Metrohm-
Autolab B.V., The Netherlands) controlled with General Purpose Electrochemical System
(GPES) software were used to record cyclic voltammograms (CV), CO electrooxidation and
O2 reduction polarisation curves. Also, in some cases, a VMP3 multichannel potentiostat
(BioLogic) was employed, these measurements were conducted using the NStat configuration
mode in which 6 GC rods (diameter 3 mm) as working electrodes were employed at the same
time using the same reference and counter electrodes. The counter electrode was again a Pt
wire and the RHE reference electrode was connected to the electrochemical cell via Luggin
capillary.

Previous to any electrochemical experiment, the GC disks (geometric area of 0.071 cm?) were
polished on 0.3 pum alumina slurry (Buehler) for 3 min. After a thorough polishing, the GC
disk electrode was rinsed and sonicated in Milli-Q water for 5 min. All Pt/C catalyst inks were
prepared by dispersing 5 mg of the catalyst in 3.99 mL of Milli-Q water, 1 mL of isopropanol
and 10 pL of Nafion (10 wt%, Sigma-Aldrich) and sonicating for 15 min. The working
electrode was prepared by drop-coating 3 pL of the catalyst ink suspension onto the GC
substrate. The GC electrodes coated with Pt/C catalysts were dried according to the procedure
by Garsany et al. in Ar gas flow at 500 rpm at room temperature to obtain reproducible
deposits of catalyst layer [37]. The Pt loadings on the modified GC electrode were 3.8, 8.0,

11.8, 14.8 and 19.9 uge: cm~2 for 10, 20, 30, 40 and 50 wt.% Pt/C catalysts, respectively.



Electrolyte solutions were prepared using sulphuric acid (Suprapur®, Merck), perchloric acid
(Aldrich), potassium hydroxide or sodium hydroxide (Merck) and Milli-Q water. The
electrolyte solutions were saturated with oxygen (99.999% AGA) or argon (99.999% AGA).

As usual, CO-stripping experiments were employed as ultimate cleaning procedure of the
nanostructured Pt-based catalysts. The experimental details of CO adsorption and
electrooxidation can be found in previous contributions [48-50]. The real electroactive area
(Ar) of Pt nanocubes was estimated by employing charge integration in the hydrogen
underpotential deposition (Hurp) region (between 0.05 and 0.45 V) both in sulphuric and
perchloric acid solutions after the correction for the electric double layer charging current and
taking into account a total charge of 210 pC cm 2 for the adsorbed hydrogen monolayer [49].

The electroreduction of oxygen on the Pt/C catalysts was explored in O-saturated 0.1 M
HCIO4 and 0.1 M KOH solutions using the rotating disk electrode (RDE) configuration at a
scan rate (v) of 10 mV st in the potential range of 0.05-1.0 V. The RDE tests were carried
out at the following electrode rotation rates (w): 360; 610; 960; 1900; 3100 and 4600 rpm. A
CTV101 speed control equipment and an EDI101 rotator (Radiometer, Copenhagen) were
employed for the RDE testing of Pt/C catalysts. The background currents were also recorded
at 10 mV s™* between 0.05 and 1.0 V in Ar-saturated electrolyte solution and were subtracted
from the experimental ORR current. All the electrochemical studies were conducted at room

temperature (231 °C).

3. Results and discussion

3.1. TEM and TG characterisation of Pt/C samples

Figure 1 displays the characteristic TEM images for all the catalysts prepared in this work.
Well-defined cubic-shaped Pt nanoparticles can be observed. As can be seen from Figure 1b-

f, Pt nanocubes are rather evenly distributed on the surface of high-area Vulcan carbon
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support and at higher Pt content more agglomerates are visible in the sample. For lower Pt
content the nanoparticles are better separated from each other. Even though in this work the Pt
nanocubes originate from the same synthesis batch, the estimation of their average particle
size was done for each sample by measuring about 150-200 individual particles. The mean Pt
particle sizes obtained were 9.25+1.24, 9.56+1.16, 9.63£1.11, 9.71+1.31, 9.44+1.16 and
9.29+£0.9 nm corresponding to the unsupported Pt nanocubes and carbon supported with a
nominal loading of 10, 20, 30, 40 and 50 wt%, respectively. As expected, within experimental
error, the Pt nanocubes have the same mean particle size.

TG analyses were also carried out to estimate the real Pt content in electrocatalyst samples.
The Pt content in carbon-supported catalysts was found to be 9, 19, 28, 35 and 47 wt% for
nominal 10, 20, 30, 40 and 50 wt% Pt/C catalysts, respectively. The TGA results showed

good correlations with the expected values from the experimental synthesis.

3.2. Surface structure characterisation by voltammetric measurements

It is well-recognised that, for Pt surfaces including massive and nanoparticulate electrodes,
the cyclic voltammetric response in Ar-saturated 0.5 M H>SO4 and particularly the so-called
hydrogen adsorption/desorption region can be used as fingerprint of the surface structure of
the Pt electrode under study [51]. The voltammetric response of the catalyst samples here
obtained is reported in Figure 2. As expected, the voltammetric profiles are essentially similar
despite the different electric double layer charging contribution. Figure 2A shows the CV
response for the unsupported Pt nanoparticles where the voltammetric features at about 0.12,
0.27 and 0.37 V vs RHE are characteristic to (110) sites, (100) steps and terrace borders and
(100) terraces, respectively. Similar voltammetric responses have been obtained with
analogous Pt nanocubes prepared using other synthetic routes [46, 48, 51] and denote the

existence of a (100) predominant surface structure. Figure 2B reports the voltammetric
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responses of the samples having different metal loading. For samples with lower Pt loadings
(10 and 20 wt%), the double layer contribution is well-marked and is apparently related to the
presence of the Vulcan carbon XC-72R catalyst support. Interestingly and regardless of the
metal loading, the voltammetric responses of the different Pt/C catalyst samples are basically
identical. However, it is worth noting that, in comparison with the unsupported samples
(Figure 2A), all voltammetric features and particularly the feature at 0.37 V vs RHE
characteristic to the presence of (100) terraces, are less defined/marked. This fact can be
attributed to the Nafion used during the preparation of the inks [52], which is missing in the
case of the pure (unsupported) Pt nanocubes which are simply dispersed in ultrapure water.

On the other hand, and taking into consideration that i) all Pt/C inks were prepared using the
same total amount of catalyst (5 mg) and ii) the catalyst-modified GC electrodes were
prepared by depositing the same volume of different inks (3 pL), the correct proportionality
of the Pt electrochemically accessible surface area (Ar) of the Pt nanoparticles is warranted,
particularly for high metal loading where an evident agglomeration of the Pt nanoparticles
takes place (see Figure 1F). As described in previous contributions [46, 50], to estimate if the
agglomeration of Pt nanoparticles induces a loss of the electroactive surface area, two
analyses can be carried out, a) plotting the estimated A: versus the corresponding metal
loading (experimentally measured by TG analyses) and b) measuring the current ratio at 0.27
and 0.44 V vs RHE in the absence of any double layer charging correction and plotting this
ratio versus the corresponding Pt loading. In both cases, as discussed in previous works [46,
50], a linear relationship should be observed. Figures 3A and 3B show the results obtained,
respectively, and a good linear relationship is found in both cases, thus pointing out that the
Vulcan carbon-supported Pt nanocubes were electrochemically accessible independently of
the particular Pt loading and allowing the effect of the metal loading on the ORR rate to be

properly studied both in acidic and alkaline media.
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In order to precisely evaluate the specific surface area (SSA) of the catalyst samples their Ar
was normalised to the corresponding mass of platinum. The Pt mass of each catalyst sample
was calculated from the total mass of sample used in the experiment (3 uL of a 1 mg mL™?!
suspension) and its particular Pt loading. The value of SSA was found to be constant for all
the catalysts studied, which confirms that all the Pt nanocubes supported on Vulcan carbon
are fully accessible as independent particles also in the agglomerates that were formed when

the Pt content increased.

3.3. Oxygen reduction in 0.1 M HCIO4 and 0.1 M KOH solutions

The electroreduction of Oz was first studied in acidic media (0.1 M HCIO4). Figures 4A and
4B show the voltammetric response of the different samples in Ar-saturated 0.1 M HCIO4
solution. Similarly to the CV results obtained in 0.5 M H,SQg, the voltammetric profiles of
the carbon supported samples (Figure 4B) are similar to that obtained with the pure Pt
nanocubes (Figure 4A). As discussed in previous contributions [53], the voltammetric profile
displays characteristic contributions, between 0.3-0.5 V, related to the OH adsorption on the
(100) well-ordered domains whereas, the contributions in the range between 0.09-0.22 V can
be attributed to (110) sites. In addition, as shown in Figure 4C, a linear relationship is again
found between the Ar and the specific metal loading of the samples.

The positive-going sweeps at different rotation speeds of the ORR polarisation curves for
30% Pt/C catalyst are presented in Figure 5A. For all electrode rotation rates, single-waved
current density-potential (j-E) curves with diffusion-limited current plateaus were observed.
To get more insight into the O reduction process on Pt/C catalysts, the obtained ORR data

was further analysed using the Koutecky-Levich (K-L) equation:

11,1 1 1

Jo ok Ja nFKCG,  0.62nFDL*v=1/6¢h /2

1)
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where j is the experimentally measured O> reduction current density at a specific potential E,
Jk 1s the Kinetically controlled current density at E and jq is the diffusionally controlled current
density, n is the electron transfer number, k is the electrochemical rate constant for ORR at a
specific potential E (cm s2), F is the Faraday constant (96485 C mol™?), w is the rotation rate
of the electrode (rad s™), ng is the concentration of Oz in the bulk solution (1.26x107 mol
cm®) [54], Dy, is the diffusion coefficient of Oz (1.93x10™ cm? s*) [54] and v is the
kinematic viscosity of the electrolyte solution (0.01 cm? s*) [55]. These C5, and Dy, values
are given for 0.1 M HCIO4 solution. Linear and parallel Koutecky-Levich plots are shown in
Figure 5B. The K-L analysis revealed that the electron transfer number was close to 4 for all
the catalyst materials tested (inset to Figure 5B), indicating that O is fully reduced to water.
Similar n values have been reported for various Pt-based catalysts in the literature [56-61].
Figure 5C shows some representative anodic sweeps of the oxygen reduction polarisation
curves for the different Pt/C catalysts in O»-saturated 0.1 M HCIO4 solution recorded at a
rotation speed of 1900 rpm. It can be observed that with increasing Pt loading, the ORR onset
potential (Eonset) and half-wave potential (E1/2) shift towards positive values. The Eonset is 0.93
and 0.99 V for 10% Pt/C and 50% Pt/C catalysts, respectively. The E1 value for 10% Pt/C is
0.74 V and it increases to 0.85 V for 50% Pt/C catalyst. Similar tendency has been also found
by Fabbri et al. [32, 33]. The E1 values for all the Pt/C catalysts are summarised in Table 1.
Similar Eonset and E12 values have been also reported by Kim et al., who studied oxygen
reduction on polycrystalline Pt nanoparticles supported on ordered mesoporous carbon [62].
Tafel plots for O. reduction shown in Figure 5D were obtained from the RDE data at 1900
rpm. Two specific Tafel regions with distinct slopes were observed. At low overpotentials the
slope was close to -60 mV and at high overpotentials it increased to -120 mV. Similar Tafel
behaviour for O reduction in perchloric acid has been reported in earlier works [57, 58, 63].

Specific activities (SA) for O reduction on Pt/C catalysts at 0.9 V were calculated as follows:

14



SA=IW/A (2)
where I is the kinetic current at a given potential and A, is the real electroactive area of Pt.
The kinetic currents Ix at 0.9 V were obtained from the ORR polarisation curves by

considering the Koutecky-Levich equation:

1 1 1 IgXxI
=t = 2 Ik =47 (3)
1 I Ig Ig—1

where | is the current measured at 0.9 V, Ik is the kinetic current and lq is the diffusion-limited
current. It is worth noting that the reported SA values are mean values calculated at least from
3-4 independent and statistically significant ORR measurements. At this respect, it is
important to recall that the ORR activity and reproducibility are strongly affected by a number
of experimental parameters [64,65] that control the catalyst film thickness and uniformity
(film quality). The lack of control of these experimental parameters is the origin of inaccurate,
irreproducible and unreliable ORR measurements [64,65].

Figure 6A reports the SA values obtained with the different samples. As can be seen, the
value of SA is almost constant for all the catalysts studied (0.71+0.07 mA cm), which is in
accordance with our assumptions that the reaction kinetics are identical and does not depend
on the Pt loading. Compared to some other studies [22, 42, 59] the SA values found in this
work are approximately two to three times higher, but the differences may arise from the Pt
particle size, as described in the respective literature, the SA value increases with increasing
the particle size.

Mass activity (MA) for O. reduction of each electrode was evaluated using the following
equation:

MA=li/mp (4)
where mpt is the mass of Pt, which was calculated using the concentration of the catalyst ink
(1 mg mL™), volume deposited onto the GC electrode (3 pL) and Pt loading determined by

TGA. As previously stated for the SA values, the MA values are mean values obtained from
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at least 3-4 independent measurements. The mass activities vs. Pt loading are shown in Figure
6B. The average MA at 0.9 V was found to be 59.2+5.9 mA mg*. Almost constant MA value
for all the Pt/C catalysts studied indicates that the mass activity does not depend on the
loading of Pt nanocubes. The observed MA values are somewhat smaller than that found for
smaller Pt particles in the literature [22, 23, 66, 67]. It has been suggested in earlier studies
that Pt particles in the size range of 3.3-3.5 nm show the highest MA values [17, 68, 69].
Comparable MA for O reduction have been reported by Kim et al. for ~1 nm Pt nanoparticles
supported on ordered mesoporous carbons [62] and by Angelopoulos and co-workers on
clustered and single crystal Pt nanoparticles [70].

The oxygen reduction studies were also carried out in O-saturated 0.1 M KOH solution.
Figure 7A reports the voltammetric response of the different samples in Ar-saturated 0.1 M
KOH solution. As expected, the voltammetric profile of the samples shows different
contributions which are well-established to be associated with a (100) preferential surface
structure [53]. In alkaline solution, the calculation of the Ar values is not as well-defined as in
acidic solution (H2SO4 and HCIO4). In this regard a reference value of 390 uC cm2 for the
total charge density measured between 0.06 and 0.90 V (without any double-layer correction)
was proposed [53]. Unfortunately, this calculation is only valid for pure Pt nanoparticles but
not for carbon-supported Pt nanoparticles due to a significant contribution of the carbon
support to the electric double layer region. In this work, we proposed a different approach
which involves the calculation of the charge between 0.05 and 0.65 V after double-layer
correction as visually described in Figure 7B. The double layer contribution is estimated from
the current at 0.65 V and a charge density value of 187 uC cm™2 is used. This charge density
value is an average value deduced from the charge density values of 282, 164 and 114 pC
cm2 corresponding to Pt(100), Pt(110) and Pt(111) single crystal electrodes, respectively

[71]. Interestingly, the calculated surface areas are essentially similar to those obtained in 0.1
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M HCIO; (Table 1) and also show a linear relationship with the Pt loading (Figure 7C). These
facts further confirm the validity of our approach.

Figure 8A presents the positive-going ORR polarisation curves for 30% Pt/C catalyst. The j-E
curves for all the electrodes tested in alkaline media were also single-waved with well-defined
diffusion-limited current plateaus as observed in acidic electrolyte. The RDE polarisation data
recorded in alkaline solution were treated using Eq. (1), where the values of O diffusion
coefficient (Dy,=1.9x10° cm® s™* [72]) and solubility (C5,=1.2x107° mol cm™ [72]) were
used for 0.1 M KOH solution. The obtained K—L plots (Figure 8B) were linear and parallel,
revealing the first order Kkinetics towards O2 concentration and similar n values at various
electrode potentials. From the slope of the KL plots the value of n was found to be close to
four for each electrode (inset to Figure 8B). The four-electron O reduction pathway on Pt-
based catalysts in alkaline media has been reported previously [60, 73-77].

Figure 8C displays a comparison of the RDE results at 1900 rpm. As in acid media, the values
of Eonset and E1/2 for O electroreduction on Pt/C catalysts in alkaline media are more positive
when the amount of Pt in the catalysts increases. The Eonset for 50% Pt/C is 0.99 V and it
decreases to 0.94 V for 10% Pt/C. The E1> values obtained in alkaline solution for all the Pt/C
catalysts studied are listed in Table 1. The highest E1» value of 0.85 V was found for 50%
Pt/C. It has been reported by Markovic et al. that Pt(100) single-crystal electrode shows
higher electrocatalytic activity for ORR in 0.1 M HCIO4 solution as compared to 0.1 M KOH
[13]. In our work, the activity of O. reduction is enhanced in alkaline media, the reason of
which needs further investigation.

Tafel plots for Oz reduction on Pt/C catalysts materials in 0.1 M KOH solution are shown in
Figure 8D. Two regions of different Tafel slope were found. At low overpotentials the slope

values for Pt nanocatalysts were around -60 mV and in the second Tafel region the slope
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values were close to -120 mV [73, 75-77]. The change in the Tafel slope is related to the
potential-dependent coverage of oxygenated species on the surface of Pt catalysts.

The SA values for Oz reduction on the Pt/C catalysts in alkaline media were calculated also at
0.9 V vs RHE and are presented in Figure 9A. In 0.1 M KOH solution all the Pt/C catalysts
showed almost constant SA. The average value of SA was around 0.57+0.04 mA c¢cm2. The
SA value for 10% Pt/C catalyst was slightly higher than that of other Pt loadings. This
observation might arise also from the errors in calculating the electroactive area of Pt by
integrating the charge under the hydrogen desorption peaks. The SA values in both solutions
were rather similar, which may be due to a relatively weak adsorption of spectator species in
these electrolytes (HCIO4 and KOH). It is quite obvious that the O reduction Kinetics is
largely influences by the coverage of adsorbed OH on Pt in these electrolytes, which
decreases the ORR rate.

The mass activity in 0.1 M KOH showed almost constant values for Oz reduction on all the
catalysts studied (Figure 9B). The mean value of MA for the carbon-supported Pt/C materials
was 53.1+3.4 mA mg* at 0.9 V, which is slightly lower than that found in acidic media.

The effect of Pt particle size in ORR electrocatalysis has been a matter of controversy [78].
According to several previous studies the size effect of platinum particles on the ORR kinetics
has been reported for smaller nanoparticles than 6-7 nm [28]. Above this particle diameter the
SA is virtually constant. The investigation of Pt particle size effect in different electrolytes did
not yield the expected results on the basis of model predictions of cubo-octahedral Pt particles
[79]. The size of Pt nanocubes studied in the present work is above the size range for which
the change in the SA value is expected. Also, there have been variations regarding the ORR
activity trend of shape-controlled Pt nanoparticles, which might arise from imperfect particle
shapes. Even though the overall quality of particle shape could be perfect in some studies on

the basis of HR-TEM images, there is still a high likelihood that Pt surface atoms of lower
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coordination number exist and this could lead to scatter in the data and differences in the
electrocatalytic ORR behaviour. At this respect, the synthesis and ORR activity of well-
defined 3-4 nm Pt nanocubes is still a challenge and would represent a significant advance
because it would perfectly fulfil with the requirement to be applied in practical devices.
Unfortunately, decreasing Pt particle size tends to decrease the quality of the shaped
nanoparticles, in terms of surface domains with preferential surface structure, and increase the

presence of low-coordination surface sites such as steps, kinks and corners.

4. Conclusions

Pt nanocubes were synthesised via oleylamine/oleic acid method and supported on the high-
area carbon. Nanocatalysts were characterised by transmission electron microscopy. TEM
micrographs showed that cubic-shaped Pt nanoparticles were uniformly distributed on the
carbon support. Cyclic voltammetry experiments showed characteristic hydrogen
adsorption/desorption peaks of Pt(100) facets in all three electrolytes studied. The RDE
measurements showed increased overall ORR electrocatalytic activity with increasing Pt
content in the catalyst. The specific and mass activities were found to be constant for all the Pt
loadings studied, indicating that these are independent of the amount of Pt dispersed on the
carbon support. The Tafel analysis revealed that in both solutions the O> reduction mechanism
was the same for all the catalyst materials and the rate-determining step is the slow transfer of

the first electron to O, molecule.
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ACCEPTED MANUSCRIPT

Figure captions

Figure 1. TEM micrographs of (a) unsupported Pt nanocubes, and carbon-supported cubic Pt

nanoparticles: (b) 10, (c) 20, (d) 30, (e) 40 and (f) 50 wt% Pt/C catalysts.
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Figure 2. CV curves of (A) unsupported Pt nanoparticles and (B) carbon-supported Pt
nanocubes with 10 (magenta), 20 (cyan), 30 (blue), 40 (green) and 50 (red) wt% Pt loading.
Test solution: Ar-saturated 0.5 M H2SOs, v = 50 mV s, Current densities are normalised to

the electroactive surface area of Pt.
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Figure 3. (A) Ratio between current densities at 0.27 V and 0.44 V vs RHE for each sample
vs the Pt loading. (B) Ar vs Pt loading. The linear fit is also presented in both cases. Test

solution: Ar-saturated 0.5 M H2SO4, v=50 mV s .
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Figure 4. CV curves of (A) unsupported Pt nanoparticles and (B) carbon-supported Pt
nanocubes with 10 (magenta), 20 (cyan), 30 (blue), 40 (green) and 50 (red) wt% Pt loading.
Test solution: Ar-saturated 0.1 M HCIO4, v = 50 mV s1. (C) Ar vs Pt loading. The linear fit is

also presented.
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Figure 5. (A) ORR polarisation curves for a 30% Pt/C catalyst in O-saturated 0.1 M HCIO4
at different rotation rates (v = 10 mV s1), (B) the corresponding K-L plots in 0.1 M HCIO4
(inset shows n dependence on potential), (C) comparison of the RDE results of Pt/C modified
GC electrodes in O2-saturated 0.1 M HCIO4 at 1900 rpm (v = 10 mV s1), (D) Tafel plots for
O reduction in 0.1 M HCIO4 (@ = 1900 rpm). Current densities are normalised to the

geometric area of GC.
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Figure 6. The dependence of (A) specific activity and (B) mass activity for O reduction on
the Pt loading in O»-saturated 0.1 M HCIO4 solution at 0.9 V vs RHE. The SA and MA values

are mean values calculated from at least 3-4 independent measurements.
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Figure 7. (A) CV curves of carbon-supported cubic Pt nanoparticles with 10 (magenta), 20
(cyan), 30 (blue), 40 (green) and 50 (red) wt% Pt loading. (B) Region used for the calculation
of the electroactive surface area. Test solution: Ar-saturated 0.1 M KOH, v =50 mV s (C) A

vs Pt loading. The linear fit is also presented.
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Figure 8. (A) ORR polarisation curves for a 30% Pt/C catalyst in O>-saturated 0.1 M KOH at
different rotation rates (v = 10 mV s1), (B) the corresponding K-L plots in 0.1 M KOH (inset
shows n dependence on potential), (C) comparison of the RDE results of Pt/C modified GC
electrodes in Op-saturated 0.1 M KOH at 1900 rpm (v = 10 mV s1), (D) Tafel plots for O,

reduction in 0.1 M KOH (@ = 1900 rpm). Current densities are normalised to the geometric

area of GC.
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Figure 9. The dependence of (A) specific activity and (B) mass activity for O reduction on
the Pt loading in O»-saturated 0.1 M KOH solution at 0.9 V vs RHE. The SA and MA values

are mean values calculated from at least 3-4 independent measurements.
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Table 1. Kinetic parameters for oxygen reduction on Pt/C modified GC electrodes in O-
saturated 0.1 M HCIO4 and 0.1 M KOH solutions (v =10 mV s, @ = 1900 rpm).

Tafel slope | Tafel slope Tafel slope | Tafel slope
Electrode| " | (v) V) e ALy v |
(em’) | region* | Il region* V). | (em) I region* | Il region* V)
0.1 M HCIOg4 0.1 M KOH
10% Pt/C |0.041| -0.062 -0.117 0.78 |0.019| -0.061 -0.114  |0.79
20% Pt/C |0.066 | -0.064 -0.126 0.79 |0.061| -0.064 -0.127  |0.80
30% Pt/C |0.077| -0.065 -0.128 0.81 |0.075| -0.063 -0.128 |0.82
40% Pt/C|0.121| -0.063 -0.126 0.82 |0.119| -0.062 -0.128 |0.84
50% Pt/C |0.153| -0.063 -0.125 0.85 |0.156| -0.064 -0.134 |0.85

* Region | corresponds to low current densities and Region Il to high current densities.
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