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Continuous flow synthesis of Pt nanoparticles in porous carbon

as durable and methanol-tolerant electrocatalysts for oxygen

reduction reaction

Carlota Dominguez,® Kevin M. Metz,®! Md. Khairul Hoque,® Michelle P. Browne,@ Leticia Esteban-
Tejeda,® Corbin K. Livingston, Suoyuan Lian,"? Tatiana S. Perova,” Paula E. Colavita®

Abstract: The development and commercialization of direct methanol
fuel cells (DMFCs) as energy conversion devices remains a challenge
despite their advantages in terms of energy density and energy-
conversion efficiency. The bottleneck for the development of DMFCs
is mainly caused by the sluggish kinetics of the oxygen reduction
reaction (ORR) at the cathode of fuel cells, and the effect of the so-
called methanol-crossover in state-of-the-art Pt/C electrocatalysts.
Herein, we report for the first time an easily scalable continuous flow
method based on ultraspray pyrolysis (USP), for the preparation of Pt
nanoparticles directly embedded on highly porous carbon spheres. A
study on the effect that post-synthesis treatment protocols have on
the level of graphitization and catalytic properties is described. Use of
USP results in a substantial reduction of the final Pt content with
respect to typical Pt/C electrocatalysts, while yielding also excellent
durability and tolerance to methanol crossover in acidic conditions.
Thus, making our USP method a good candidate for its use in the
preparation of ORR catalysts in commercial applications.

Introduction

The development and commercialization of proton exchange
membrane fuel cells (PEMFCs) as energy conversion devices is
still a challenge despite the advantage of using them as a
potential zero emission source of power. Direct methanol fuel
cells (DMFCs) are a prime example of the issues facing the
development of PEMFCs. DMFCs are attractive for their possible
implementation in portable applications, due to the high energy
density of methanol, and their relatively high energy-conversion
efficiency. While the development of PEMFCs in general is
hampered by the sluggish kinetics of the oxygen reduction
reaction (ORR) that occurs at the cathode of fuel cells,'! DMFCs
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have the added problem of methanol crossover. Methanol
crossover occurs when non-reacted methanol permeates the
cathode compartment through the polymer membrane causing a
decrease in the performance of the cathode catalyst. The
presence of methanol at the cathode can induce a parasitic
methanol oxidation reaction (MOR), which competes for the
active sites needed for the ORR. Moreover, Pt/C materials used
as cathodes in DMFCs can be poisoned by CO, a byproduct in
the MOR and the mixed potential generated by competing
reactions reduces the overall cell potential causing an increase in
water production.[?

State-of-the-art catalysts for the ORR require the use of Pt-based
materials, as these have shown the highest efficiency in terms of
both activity and durability.®! However, the high cost and scarcity
of Pt, added to the poor long-term stability and limited tolerance
to impurities of Pt-based catalysts remain important obstacles to
widespread commercialization of fuel cells.*! As a result, many
research efforts have been aimed at both reducing the Pt loading
required to sustain the ORR, and improving the activity and the
durability of the catalysts.[" 5 For instance, Pt-based alloy NPs [
8, nanostructured Pt nanotubes or nanoshells,[”? and Pt NPs with
high-index facets!® have been shown to exhibit much higher
activities than pure Pt-based catalysts. Moreover, during the last
decades, the use of low or ultra-low loadings of Pt has been
addressed in terms of activity and durability during the ORR in
order to promote the development of PEMFCs.® The use of Pt-
alloys in combination with low-cost metals has gained attention in
the scientific community: a mass activity of 5.7 mA mgp! at 0.9
Vrue has been demonstrated for complex structures of Pt3Ni-
nanoframes.® Multi-alloying of Pt with transition metals has also
been reported as a promising method for improving activity in the
ORR, yielding exceptional mass activity of 7 mA mgp' at 0.9 Vrue
in the case of Mo-Pt;Ni/C catalysts. !

Long-term stability of the catalysts is also of major importance for
commercial implementation of electrode materials. Lack of
stability of Pt-based catalysts usually arises from corrosion of the
carbon support, 19 dissolution/re-deposition of Pt
nanoparticles/nanostructures,[''! migration/aggregation of Pt NPs
at the support surface and loss of active sites by their dissolution
in the electrolyte. Many efforts have been made in improving the
durability of the electrocatalysts for ORR by alloying Pt with
metalst or rare earth elements,®! and by the preparation of Pt
monolayers,® showing promising results after long-term stability
tests under operation conditions. Contradictory, decreasing the
loading of Pt to low or ultra-low loadings of Pt (10—70 pget cm2geo)
has been reported as not the best route for mantaining the stability
of this materials. ! In the case of DMFC, there is a further
requirement for methanol-tolerance imposed on cathode
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Figure 1. SEM images of catalysts prepared with different Pt contents and annealing temperatures (a) PtCM200-A500, (b) PtCM200-A700, (c) PtCM200-A900, (d)

PtCM100-A500, (e) PtCM100-A700 and (f) PtCM100-A900.

electrocatalysts. Several approaches have been investigated to
improve tolerance to methanol-crossover, including the use of
alternative materials such as Ru-Se.['2 However, an improvement
in methanol tolerance often results in a decrease in activity in the
ORR and, as a consequence, high metal loadings must be
employed to offset this effect. Notably, Pt alloys with noble metals
such as Pd or Ru have been shown to be tolerant to the presence
of methanol while maintaining high activity in the ORR.[?> 31 The
use of polymer coatings as protective routes in order to address
methanol crossover for ORR in Pt-based catalysts has been
reported in literature "4l However, this route add an extra step.in
the preparation of final electrocalysts, which is not desirable from
a commercial point of view. Therefore, the improvement of
synthesis methods in only one step for producing high active,
durable and methanol tolerant Pt electrocatalysts is needed.

Moreover, the finding of a well-defined carbon support with
desirable textural properties, controllable anti-corrosion and
interaction with Pt nanoparticles would be very helpful. for
electrochemical applications. The use of carbon forms with high
graphitic content, such as graphene or carbon nanotubes, as well
as co-doping of the carbon matrix with heteroatoms have both
been shown to improve corrosion resistance.l’® ' |t has been
proposed that carbon could also improve the stability of Pt
catalysts by preventing nanoparticle aggregation and dissolution
61 A carbon coating or shell has been shown to improve Pt NP
stability under high temperatures,!'”! to minimize CO poisoning ('8!
and to minimise Pt leaching in solution.['® Several methods have
been developed for the synthesis of carbon-embedded Pt
nanoparticles,['8: 18¢ 201 however many of these require multiple
steps or are not suitable for the preparation of electrode materials
in large scale. Continuous flow methods offer an intrinsically
scalable route to the preparation of materials for practical
applications. For instance, Ernst et al. demonstrated that carbon
encapsulated Pt nanoparticles could be prepared via flame spray
pyrolysis using organic precursor solutions and tested their
performance in cyclohexene hydrogenation.[®al In this report we
describe for the first time the application of continuous flow

ultrasonic spray pyrolysis (USP) to the synthesis of active and
highly durable Pt-based electrocatalysts for ORR in one step.
Suslick and co-workers have developed methods for the USP
synthesis of porous carbon microspheres (CMs) in the absence
of hard templates, which result in carbon materials with high
specific surface area ?'1. Work from our group has also shown
that thus synthesized CMs can be used as support for metal
nanoparticles,?? and that USP methods can be used to prepare
metal@CM electrocatalysts.”®! In this work we demonstrate that
Pt nanoparticles embedded in porous carbon microspheres
(PtCM) can be directly prepared from aqueous precursors in the
absence of hard templates using continuous USP; PtCMs were
found to display excellent durability and mass activity for the ORR
and outstanding tolerance to the methanol-crossover.

Table 1. Pt content of the catalysts extracted from the thermogravimetric
analysis (TGA) recorder in air from room temperature to 900 °C.

Sample Pt Sample Pt
wt.% wt.%

PtCM200-A500 5.2 PtCM100-A500 1.1

PtCM200-A700 13.0 PtCM100-A700 3.5

PtCM200-A900 32.0 PtCM100-A900 4.4

Results and Discussion

Structural characterization of PtCM materials

Carbon microspheres were prepared via USP at a relatively low
pyrolysis temperature of 500 °C; this initial low temperature was
necessary to avoid water gas reactions catalysed at higher
furnace temperatures that resulted in low or negligible yields of
carbon particles. Two types of particles were prepared using 100
ppm and 200 ppm initial Pt-concentrations and subsequent
annealing at two different temperatures, 700 °C and 900 °C, under
nitrogen flow and dry conditions resulted in six different
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Figure 2. TEM images of the samples prepared after annealing treatments (a)
PtCM200-A900, (b) PtCM200-A700, (c) PtCM100-A900and (d) PtCM100-A700.

materials, denoted as PtCM. The metal content of samples was
determined by TGA.; Table 1 summarises the Pt content obtained
from TGA curves. Samples are referred to the Pt concentration of
the precursor solution (i.e. 100 or 200) and the final process
temperature. As expected the final Pt loading of the samples is
influenced by the amount of Pt used in the precursor: the higher
the Pt-content in the precursor, the higher the final Pt loading at
either of the annealing temperatures investigated. The amount of
Pt in the final PtCM materials ranges from 1.1 to 32.0 wt. %, and
it is largest for the highest annealing temperature at either of the
precursor concentrations.

Figure 1a-f shows SEM images of PtCM samples prepared under
different temperature and concentration conditions. Images show
that in the case of samples prepared at the lower Pt concentration,
PtCM100, spherical particles were obtained at all temperatures,
with diameters in the 1-3 um range (Figs. 1d-f) and a morphology
consistent with that observed when using sodium dichloroacetate
in the USP precursor.?'2 222l However, samples prepared using
the higher Pt concentration, PtCM200, showed only well-defined
spherical morphology when processed at 500 °C (see Figure 1a),
while at higher temperatures the morphology was ill-defined (Figs.
1b,c). Cavities and large pores are evident in the carbon scaffold,
while bright clusters that can
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Figure 3. XRD patterns of (a) PtCM200 and (b) PtCM100 as prepared and after
annealing.

be seen at the surface of Pt200-A900 (inset of Figure 1c) are
consistent with the presence of metallic nanoparticles. Metal
nanoparticles are not evident in the other PtCM samples via SEM,
thus suggesting that any metallic nanoparticles formed are
smaller in size than the SEM resolution and/or are embedded in
the carbon phase.

TEM images of the samples subjected to annealing processes
(Figure 2) show that Pt NPs also form in samples obtained with
lower concentrations of Pt and at lower annealing temperatures
and that Pt NPs are homogeneously distributed across the carbon
scaffold. Figures 2a and 2b clearly show that samples prepared
from 200 ppm of the Pt salt as precursor result in higher
concentrations of Pt NPs. The particle average diameter was
found to be 4.4 + 1.4 and 4.1 £ 1.1 nm for Pt200-A700 and Pt100-
A700, respectively, thus indicating that particle diameter is not
influenced by the amount of Pt used in the preparation after
annealing at 700 °C. However, for samples annealed at 900 °C,
the particle size shows a significant dependence on Pt
concentration in the precursor, as PtCM200-A900 samples
yielded an average NP size of 6.6 + 2.6 nm while Pt100-A900
resulted in a particle size of 3.8 £ 1.0 nm.

XRD patterns of PtCM samples are reported in Figure 3.
PtCM200-A900 materials clearly show the characteristic peaks at
39.7°,46.3° and 67.6° corresponding to the (111), (200) and (220)
reflections of face centred cubed (fcc) Pt (PDF No. 00-004-0802).
Significant peak broadening is observed as the processing
temperature is reduced along the series PtCM200 (black lines)
thus indicating that crystallite size increases with temperature.
Samples prepared at 100 ppm Pt concentrations in the precursor
did not yield discernible peaks, except in the case of annealing at
900 °C (PtCM100-A900). The lack of any reflection peaks in
PtCM100-A500 and PtCM100-A700 diffractograms indicates that
nanoparticles evident from TEM images are likely to be
amorphous. In summary, metallic Pt is the preferential crystalline
phase resulting from the annealing process; formation of
crystalline Pt° is favoured by an increase in Pt concentration in the
precursor and by an increase in processing temperature.
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Figure 4. Raman spectra recorded for the catalysts prepared: (a) PtCM200 and
(b) PtCM100. (c) Evolution of the ratio Io/lc for catalysts PtCM200 (black
squares) and PtCM100 (red circles).

Changes in the carbon phase with synthesis conditions were
investigated using Raman spectroscopy. Figure 4a shows Raman
spectra of synthesized samples, which display peaks at ~1590
cm™ and ~1370 cm assigned to the G and D bands, respectively,
of amorphous carbon.?l The G-band is assigned to C-C
stretching modes in sp?-rich carbons, while the D-band is
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diagnostic of the presence of disordered graphitic clusters and
arises from symmetry breaking of six-membered rings. To
determine changes in spectral parameters, fits were carried out
using two Gaussian functions corresponding to the D and G
contributions; samples annealed at 700 and 900 °C required a
third Gaussian contribution, denoted as A-band,?5! which is
attributed to C-C stretching modes in amorphous regions that
interconnect graphitic clusters (see Figure S1). Figure 4c shows
a summary of fit results; the Ip/lc peak height ratio was found to
increase with increasing processing temperature; this indicates
an increase in the concentration of six-membered rings and is
consistent with increased graphitic content in amorphous carbons
241 1t is interesting to note that the trends are almost identical for
the two Pt concentrations studied; two-factor ANOVA (P-value =
0.02) confirmed that Pt content does not significantly affect total
graphitic content in the carbon phase, while temperature is the
dominant factor in determining the changes observed in the
carbon phase.

The surface composition of PtCMs was studied via XPS; survey
spectra (Figure S2) show the characteristic peaks associated with
C 1s, O 1s and Pt 4f lines.”®! Spectra in the C 1s region (Figure
S3) show a broad peak characteristic of amorphous carbon,?7]
whose width decreases as the processing temperature increases.
This is consistent with graphitization of the carbon scaffold and is
in agreement with Raman results. The Pt/C at% content of all
materials was calculated from Ap/Ac peak area ratios after
correction for relative sensitivity factors. The Pt/C at% surface
content was found to be 0.2% and 0.4% for all samples prepared
at 100 and 200 ppm, respectively, while no change in Pt/C content
with process temperature was observed (Figure 5); this result
therefore indicates that the surface content reflects the relative Pt
concentration in the precursor solutions. These values resulted in
an important reduction of at least half the amount of Pt at the
surface of the catalysts in comparison of previous materials
reported.?® 28 Surface Pt/C contents are equivalent to 3 wt% and

350
300
250

Counts

200

1504

Binding Energy (eV)
700 °C
Figure 5. Pt 4f core-level spectra of (a) PtCM100and (b) PtCM200. Curve fitting is attributed to Pt° (black lines), Pt(Il) (blue lines) and Pt(1V) (green lines) contributions.
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and 6 wt%; although this suggests a reasonable agreement with
Pt% content determined via TGA in the case of 100 ppm
concentration (Table 1), in the case of 200 ppm it indicates that
most of the Pt is buried in the carbon scaffold.

The Pt 4f core-level spectra for all PtCM materials synthesized is
shown in Figure 5a-f; spectra show remarkable differences in
composition among the different samples. Pt 4f fits included three
different doublets (4f7, and 4fs, in 4:3 ratio) at approximately 71.3,
72.4 and 74.2 eV, which are attributed to Pt°, Pt(ll) and Pt(IV)
contributions, respectively.?®! Fits reveal that all samples possess
Pt® centres however the metallic proportion relative to total Pt
content ranges from 17% to 62%, and increases with increasing
processing temperature as shown in Figure 5. The proportion of
Pt at the surface is extremely relevant to ORR electrocatalysis as
Pt is more resistant to corrosion than PtOx;3% PtOx centres are
more unstable under acidic electrochemical environments and
they are easily reduced and re-deposited over the support,
resulting in Pt NP agglomeration and catalyst instability. However,
PtOx resulting from the PtCM synthesis is expected to be easily
reduced under the conditions used to test ORR activity described
in the following section."

Electrochemical characterization of PtCM materials

Figure 6a shows CVs of samples in Ar-saturated 0.1 M HCIO4 at
a scan rate of 10 mV s™'. The curves show the absence of defined
faradaic peaks, however, for the two samples prepared at 900 °C
the curves show increased currents over the 0.05-0.35 Vgue
region, associated with underpotential hydrogen
adsorption/desorption;3'@ this suggests that catalytically active
Pt might be present at the surface of these two samples. The
absence of anodic currents in this region for samples prepared at
700 °C indicates that despite these samples containing similar
Pt/C at% as the corresponding ones prepared at 900 °C, metal
centres are less exposed at the electrolyte interface. Samples
processed at 500 °C showed poor electrochemical conductivity
and they will not be considered for electrochemical
characterization from here onwards.

Figure 6b shows ORR polarization curves of the catalysts (anodic
branch) obtained in O,-saturated 0.1 M HCIO, at 10 mV s~ and
1600 rpm, after subtraction of the corresponding capacitive
currents. The onset potential (Eon) for the ORR was found to shift
to more positive values as the amount of Pt and annealing
temperature increase. Thus, PtCM200-A900 exhibits the highest
activity for the ORR within the kinetically controlled region (0.8-
1.0 Vgrue), followed by PtCM200-A700, PtCM100-A900 and
PtCM100-A700. The Eo, defined as the potential required for
generating an ORR current density of 0.1 mA cm™2,%2 is of 0.99
Vrue for the most active catalyst, only 10 mV lower than the onset
observed for the benchmark Pt/C (20 wt.%) catalyst. Moreover,
the use of a Pt loading of 16 pge: cm? for the PtCM100-A900
catalysts showed a Eq of 0.73 Vgue. This value is only 12mV
lower than recent activity reported in literature of 0.82 Vrye using
a Pt loading of 20 pgpr cm™2.°2: 31 The current density increases
exponentially with decreasing potential in the kinetic-controlled
region, while at more negative potentials the current is controlled
by mass transport, reaching a limiting cathodic current >5.5 mA
cm™ that is close to the value expected from a 4e” reduction
according to the Koutecky-Levich equation and comparable to
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Figure 6. a) Cyclic voltammograms of Pt-based catalysts recorded in Ar-
saturated 0.1 M HCIO4 at 10 mV s™'. (b) ORR polarization curves and (c) ORR
mass activities recorded in Oz-saturated 0.1 M HCIO4 at 10 mV s™" and 1600
rpm. PtCM200-A900 (black solid lines), PtCM200-A700 (black dashed lines),
PtCM100-A900 (red solid lines), PtCM100-A700 (red dashed lines) and Pt/C (20

wt.%).(green line).

values reported in literature.[ %33 An exception is the PtCM100-
A700 sample which yields cathodic currents smaller than 5 mA
cm, thus indicating that this material possesses the lowest ORR
activity, possibly due to sites with low activity and/or to a low
density of active sites.

Figure 6¢ shows the mass transport-corrected mass activities (im)
in the kinetically controlled region; these values are normalized by
the bulk Pt content obtained from TGA curves. The activity is
strongly influenced by the Pt content of the sample, being the
catalysts PtCM100-A900 the most active for the ORR. This
suggests that in PtCM100-A900, Pt sites possess greater activity
compared to those obtained at higher concentrations.
Koutecky-Levich plots (j' versus w™2) were used to calculate the
number of electrons involved in the reduction pathway over the
potential range of 0.1 to 0.5 V (Figure S4). The values were found
to be 3.6, 2.6, 4.0 and 3.7 for PtCM100-A900, PtCM100-A700,
PtCM200-A900 and PtCM200-A700, respectively, thus indicating
that the ORR proceeds mostly through a 4e" reduction of the
oxygen molecule in the most active catalysts studied . Tafel
slopes calculated from plots of kinetic current densities (jk) vs.
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overpotential (n) yielded values ranging from 64 to 88 mV dec' in
agreement with previous results on Pt/C catalysts under acidic
conditions,3¥ (Table S1). Finally, current exchange densities (jo)
showed higher values in catalysts with the lowest Pt content,
suggesting a higher intrinsic activity of the active sites formed in
PtCM100-A700 and PtCM100-A900 in agreement with results
from mass activity plots in Figure 6c.

To study catalyst stability we performed an accelerated stability
test consisting in 3500 consecutive cycles between 0.6 and 1.0 V
at 50 mV s in O,-saturated 0.1 M HCIO,. Figure 7 shows the
mass activity of the catalysts before and after the durability test.
The loss of mass activity is more evident in samples prepared
from 200 ppm of Pt in the precursor, than in the samples with a
lower Pt content. When examining the effect of processing
temperature, the loss of activity is smaller for catalysts annealed
at the 900 °C, which were also found to be the most active
samples in the series: the loss in iv at 0.9 Vrye was found to be

5% and 46% for PtCM100-A900 and PtCM200-A900, respectively.

The stability of catalysts studied is higher than that of the
benchmark Pt/C (20 wt.%) catalyst which records a severe mass
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activity loss of ca. 70% at 0.9 V after cycling at same conditions.

The higher stability observed for PtCM100-A900 can be likely
attributed to a combination of greater dispersion and embedding
of Pt nanoparticles within the carbon matrix, which can act as a
protective layer for nanoparticle dissolution/aggregation.
Furthermore, the higher annealing temperatures (i.e. 900 °C)
result in greater graphitic content in the carbon scaffold, which is
known to promote durability in the ORR, as previously reported.['3]
As observed in Figure 7, the PtCM100-A900 catalyst displayed
stable behaviour after 3500 consecutive cycles in O;-saturated
electrolyte; therefore, a longer durability test up to 8000
consecutive cycles under the same conditions was carried out for
this sample. Figure 8a and 8b show the ORR polarization curves
and the mass transport corrected mass activities (iv) in the
kinetically-controlled region for PtCM100-A900 before and after
the durability tests. The catalyst was found to exhibit a high
resistance to degradation maintaining an identical onset potential
before and after the cycling. The activity of this catalyst is as
stable as other materials reported after applying similar conditions
in the accelerated degradation test (ADT).[® 1 Remarkably, the
mass activity evaluated in the kinetic region at 0.9 Vgrue results in
the same value of 0.022 + 0.002 A mge;" before and after 8000
consecutive cycles. These results suggest that the use of carbon



microspheres as the support for Pt nanoparticles is a successful
method for the preparation of stable Pt-based catalysts for the
ORR, even with a low amount of the metal being catalytically
active. Furthermore, the use of lower concentrations of metal
precursor results in the formation of smaller Pt nanoparticles and
better dispersion within the carbon phase, based on TEM images.
The application of Pt-based catalysts as cathode electrodes in

DMFCs is dependent on their tolerance to the methanol crossover.

Methanol from the anode may permeate through the polymer
membrane to the cathode, causing a severe decay in the
performance of the catalysts for the ORR due to the use of active
sites for methanol oxidation and progressive CO poisoning of Pt
surfaces. To test whether carbon microsphere embedding also
protects against crossover the most active and durable catalyst,
PtCM100-A900 was subjected to methanol tolerance tests in Op-
saturated 0.1 M HCIO. by adding different concentrations of
methanol during the ORR reaction. Figure 9a shows that the
performance of PtCM100-A900 is only slightly affected by the
addition of methanol in the 0.5 - 1 M range, which is significantly
higher than expected at the cathode during DMFC cell
operation.® Only after the addition of 3 M of methanol the
performance is significantly affected and positive current values
are recorded in the region of 0.75-0.95 Vrug; notably, this
concentration is higher than those typically used in the literature
for tolerance tests. The ORR remains the predominant process
even in the presence of 3 M of methanol in the electrolyte, as
evidenced from the net negative current densities in Figure 9a.
The tolerance of PtCM100-A900 to methanol crossover at low
potentials after the addition of 3 M of methanol was also probed
at a constant potential of 0.55 Vgue via a current-time (i-t)
chronoamperometric method under ORR conditions. Figure 9b
shows that, upon addition of 3 M of methanol in solution, only a
minor change of 0.2 mA cm? is observed for PtCM100-A900;
therefore the initial cathodic current is not significantly affected by
methanol addition. In particular, the current value recorded for
PtCM100-A900 after the addition of methanol remains always
negative, indicating that no other reactions than oxygen reduction
take place at the cathode, i.e. no methanol oxidation reaction
occurs at the cathode. The tolerance of our catalyst to the addition
of methanol under ORR conditions is clearly better than the
benchmark of Pt/C (20 wt.%) catalyst, in which positive currents
were recorded during the chronoamperometric method.

These results clearly suggest that the catalyst PtCM100-A900
exhibits an excellent selectivity for the ORR thus being superior
to the commercial Pt/C catalysts. Their methanol tolerance was
found to be comparable to that of recently reported Pt-free
materials,®® and to that of Pt alloys,®” This suggests that the
carbon matrix has a protective effect on Pt activity, likely reducing
aggregation, dissolution and poisoning degradation pathways.

Conclusions

In this study, we report the first continuous flow synthesis of Pt
nanoparticles embedded in carbon microspheres. The method
involves ultraspray pyrolysis of a Pt-containing aqueous mist in a
flow reactor and results in one-step synthesis of carbon stabilized
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Pt clusters. Therefore, this synthetic route offers an intrinsically
scalable methodology for the preparation of complex,
nanostructured Pt/C electrode materials. Results showed that the
post-annealing treatment of the catalysts at 700 and 900 °C
increases crystallinity of the Pt nanoparticles ant the content of
metallic Pt at the surface. Moreover, Raman results confirmed a
higher level of carbon graphitization after the annealing process,
especially after the treatment at 900 °C. Electrochemical
measurements showed that the catalytic activity in the oxygen
reduction reaction is influenced by Pt content and graphitization
level of the carbon, resulting in the highest activity for samples
annealed at higher temperatures. Remarkably, the best overall
catalytic performance in terms of mass activity and durability was
conducted with a loading of only 16 uge: cm2 of Pt, which is in the
range of low and ultra-low Pt loadings.*® Moreover, the
combination of low Pt content and high graphitic carbon scaffold
results in highly durable electrocatalysts for the oxygen reduction
reaction with excellent tolerance to methanol crossover. The
enhancement in the properties of the catalysts prepared in terms
of durability and tolerance to methanol impurities might be
attributed to a protective effect of the carbon scaffold, allowing at
the same time the ORR activity of Pt nanoparticles. Our results
therefore confirm that continuous flow synthesis via ultraspray
pyrolysis offers a viable and scalable synthetic strategy for
generating porous catalysts with reduced Pt-content, improved
durability and enhanced methanol tolerance.

Experimental Section

Synthesis of the catalysts. Pt NPs embedded in carbon microspheres
(PtCMs) were synthesized using ultrasonic spray pyrolysis (USP) using a
setup as previously described.?'2 224 Briefly, a 1.5 M solution of potassium
dichloroacetate containing either 0.001 M potassium tetrachloroplatinate
(200 ppm Pt) or 0.0005 M potassium tetrachloroplatinate (100 ppm Pt) was
nebulized using a 1.7 MHz piezoelectric disk. The resulting mist was
carried into a quartz tube furnace using a nitrogen gas flow, where
pyrolysis occurred at 500 °C. The resulting carbon microspheres were
captured in a water bubbler, then isolated by filtration over a 0.45 pm nylon
filter, and finally washed thoroughly with deionized water, methanol, and
acetone. The synthesized particles were annealed under nitrogen:
particles were heated to 200 °C at 10 °C min™', then held for 30 min to
remove excess water and solvent, subsequently heated to 700 or 900 °C
at 10 °C min”', and finally held at these final temperatures for 60 min.
Following annealing the particles were cooled to room temperature under
nitrogen flow.

Structural characterization. Metal loading was determined using
thermogravimetric analysis (TGA, TA Instruments Q50). Samples were
heated in dry air to 900 °C at a rate of 10 °C min™', including a constant
temperature interval at 200 °C to ensure solvent desorption. At least 1 mg
of sample was used in all TGA measurements and masses were
normalized to the sample weight at 200 °C. Scanning electron microscopy
(SEM) was carried out on a Karl Zeiss Ultra-Field Emission SEM at 2-15
kV accelerating voltage and a working distance between 1 and 5 mm.
Transmission electron microscopy (TEM) was carried out on a JEOL JEM
model FEI Titan at 200 kV. X-ray diffraction (XRD) patterns were collected
on a Bruker D2 Phaser with a Cu Ka source (A=1.5418 A) generated at 40
kV and 40 mA; data were recorded at 0.02 °/s for 20 values between 20°
and 70°. All Raman spectroscopy measurements were performed using a



Renishaw 1000 micro-Raman system (with a 488 nm excitation
wavelength from Ar* laser, a power of 5 mW and a spot size of
approximately 3 pym) X-ray photoelectron spectroscopy (XPS) spectra
were obtained on a VG Scientific ESCALab MKII system with an Al Ka X-
ray source (1486.7 eV). For survey scans, an analyser pass energy of 200
eV was used, whereas a pass energy of 20 eV was used to obtain core
level spectra. Analysis was carried our using commercial software
(CasaXPS); spectra were Shirley-background corrected and referenced to
the C 1s line at 284.6 eV, while peaks were fitted to Voigt line contributions.
Peak areas were used to calculate at% content after correction for relative
sensitivity factors (RSF(Pt)/RSF(C) = 17.6).

Electrochemical characterization. Electrochemical experiments were
performed with a potentiostat/galvanostat (Autolab Pgstat 302N) using a
standard three-electrode cell thermostated at 25 °C and a rotating disk
electrode (RDE, Pine). The counter electrode was a graphite rod, the
reference electrode was a Hydroflex electrode (Gaskatel) and the working
electrode consisted of a glassy carbon disk with the electrocatalyst under
study. The electrocatalyst was deposited on the previously polished glassy
carbon electrode via drop casting of 20 pL of an ink containing the
electrocatalyst in suspension. Inks were prepared using 1.8 mg of the
catalyst in 400 pL of Milli-pore water, 100 L of isopropyl alcohol and 10
uL of 5 wt.% Nafion 117 followed by ultrasonication; this resulted in a
catalyst loading of 0.36 mgcat cm™2 for all samples tested.

Prior to testing, working electrodes were cleaned via potential cycling from
0.05 to 1.1 V vs. RHE in Ar-saturated 0.1 M HCIO4 (20 cycles). ORR
polarization curves were obtained in Oz-saturated 0.1 M HCIO4 electrolyte
over the 0.05-1.05 V range at 10 mV s and at 400, 900 and 1600 rpm;
subsequently, cyclic voltammograms (CVs) were collected in Ar-saturated
0.1 M HCIO4 under identical conditions. Faradaic current densities (jr mA
cm2) were obtained by subtracting the capacitive current obtained in Ar-
saturated electrolyte from that obtained in Oz-saturated electrolyte under
identical experimental conditions. ORR kinetic currents ik (A) were
calculated as ik = ir x iim /( iim - i) where iim is the cathodic limiting current.
Finally, the ORR mass activity was obtained from iv = -ix/ mpt Where met is
the total Pt loading expressed in grams.[34® Stability tests were carried out
by cycling the electrode between 0.6 and 1.0 V at 50 mV s~ for 3000
cycles in Oz-saturated electrolyte without rotation. The ORR polarization
curves were collected before and after the stability tests following the
procedure described above.
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