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Changes induced by transition metal oxides in Pt
nanoparticles unveil the effects of electronic
properties on oxygen reduction activityf
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Although the relevance of electronic effects in the electrocatalysis of the oxygen reduction reaction has
been recognized, the impossibility of separating the effects of composition and particle size for Pt-
based materials has hindered establishing clear activity—property relationships. Herein, we report
a systematic study based on induced changes via the interactions of pure Pt nanoparticles with
transition metal oxide/carbon supports (Pt/MO,/C catalysts, MO, = CeO,, SnO,, TiO,, ZrO, and
WOz3). A thorough analysis of aberration-corrected HR-STEM images demonstrated that Pt particles
are similar in size and shape for all catalysts, while the direct probing of electronic properties by in
situ X-ray absorption spectroscopy evidenced charge transfer between Pt and the supports. This
approach allowed ascribing the changes in electrocatalytic activity for oxygen reduction solely to the
variations in the electronic vacancy of the Pt 5d band resulting from the interactions between the
metal nanoparticles and the supports containing different transition metal oxides. Oxygen reduction
was studied in acid and in alkaline solutions, and linear correlations between the kinetic current
densities and the Pt 5d band vacancy of pure Pt nanoparticles were found in both media. Possible

first steps of the reduction of oxygen are discussed to explain the trends observed. The results,
Received 5th November 2018

Accepted 18th December 2018 evidencing that enhanced ORR activity on Pt particles is promoted by a lower 5d band vacancy in

acid solutions and by a higher one in alkaline medium, provide new insights on the fundamental
DOI: 10.1038/c8tal0642h aspects of oxygen reduction, and open up new possibilities to develop catalysts with enhanced

rsc.li/materials-a activity for fuel cell cathodes by tuning their electronic properties.

Pt-based systems, such as PtCo,"* PtFe,>>” PtNi,"**° PtCu,*'*"

Introduction o
PtCr,>"™ and PtV,>"*® that generally exhibit enhanced ORR

The oxygen reduction reaction (ORR) is one of the most relevant
electrochemical processes in energy conversion. Despite the
progress made regarding the performance of low temperature
fuel cells, the ORR, which takes place at the cell cathode, has
remained a cause of large voltage losses that result from its very
sluggish kinetics even on Pt, which is the most active metal for
this reaction in acid solutions. Research aiming to develop
high-performance ORR catalysts has been quite intense over the
last few decades, and many papers were devoted to the study of
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activity as compared with Pt/C. Over the years, the ORR activity
enhancement promoted by the addition of a second metal has
been attributed to more favorable Pt-Pt nearest-neighbor
distances," to structural and electronic properties,*** and to
a reduction of coverage of the Pt surface by OH species."*>* The
particle size, shape, structure and composition of Pt-based
bimetallic catalysts also influence considerably the ORR
activity.”® The analysis of the individual effects of those different
properties is, however, a long-standing difficulty because, more
often than not, they are interdependent for nanoparticles. For
instance, varying the composition of PtFe nanoparticles of
similar sizes not only alters the lattice parameter and, thus, the
Pt-Pt distance but also promotes changes in the electronic
vacancy of the Pt 5d band,** while variations in size and alloying
produced by heat treatments also affect the electronic proper-
ties of Pt.*'® Improvements in ORR activity were also reported
for Pt nanoparticles on different supports, such as oxides*>*
and carbon-oxide hybrids.?***** Strong metal-support interac-
tions (SMSI)* inducing electronic effects were invoked to
explain the effects of supports on ORR activity,>*** even though
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compressive strain®* and alloy formation®” were also proposed.
In most cases, however, the enhanced ORR activity promoted by
different supports is attributed to electronic effects although,
more often than not, on a merely speculative basis because
experimental data on electronic properties are seldom reported.
Recent reviews on the ORR on Pt-based catalysts**** and on
support effects are available.***¢

Oxygen reduction is a complex process and no agreement
has been reached regarding the details of the reaction mecha-
nism and the rate-determining step. Nonetheless, a consensus
seems to have been reached regarding the two main pathways,*’
the direct 4-electron reduction to water and the peroxide
pathway:

O, + 4H" + 4¢~ — 2H,0 (direct pathway) (1)
0O, + 2H" + 2¢~ — H,0, (peroxide pathway) (2)

The H,0, formed in reaction (2) can be further reduced to
water or disproportionate:

H,0, + 2H* + 2¢~ — 2H,0 (3)
2H,0, — 2H,0 + O, (4

The equivalent reactions in alkaline solutions are:
O, + 2H,0 + 4e~ — 40H  (direct pathway) (5)
O, + H,O + 2¢~ — HO,™ + OH™ (peroxide pathway)  (6)
HO,™ + H,O +2¢~ — 30H™ (7)
2HO,™ — 20H™ + O, (8)

The experimental data gathered over several decades suggest
that the ORR on Pt and Pt-based alloys takes place through
parallel direct and peroxide pathways, with the reaction going
mainly through the 4-electron route, in both media. Several
series-parallel mechanisms were proposed.**~>

The fundamental challenge of developing highly active
ORR catalysts is still strongly dependent on advances
regarding property-activity correlations. Clearly, changes in
the electronic properties of an active metal might modify the
strength with which different species adsorb on its surface
and, in turn, alter the catalytic activity of that metal for elec-
trochemical reactions involving adsorption of reactants and/
or intermediates, as in the ORR. Unfortunately, experimental
measurements for direct assessment of electronic properties
are still rare. Herein, we present a systematic assessment of
the effects of the electronic properties of pure Pt nanoparticles
on the ORR activity by tuning the 5d band electronic vacancy
by incorporating transition metal oxides into the support. It is
demonstrated, for the first time, that the ORR kinetically
controlled current densities on Pt nanoparticles of similar size
and shape, i.e., in the absence of composition and particle size
and/or shape changes, vary linearly with the Pt 5d band elec-
tronic occupancy.

J. Mater. Chem. A

View Article Online

Paper

Experimental
Preparation of catalysts

Pt nanoparticles were synthesized in dioctyl ether by a modified
polyol process** by reducing the metal precursor with 1,2-
hexadecanediol in the presence of commercial nanopowders of
transition metal oxides. Concisely, 80.7 mg of platinum(u) ace-
tylacetonate (Sigma-Aldrich, 97%) and 16.1 mg of 1,2-hex-
adecanediol (Sigma-Aldrich, technical grade, 90%) were
dissolved in 10 mL of dioctyl ether (Sigma-Aldrich, 99%) and
kept constantly stirred under an Ar atmosphere. The solution
was then heated up to 110 °C and then 32.0 mg of nanopowder
of the transition metal oxide dispersed in 5 mL of dioctyl ether
was added. After 5 minutes, 273 uL of oleic acid (Sigma-Aldrich,
technical grade, 90%) and 394 pL of oleylamine (Sigma-Aldrich,
technical grade, 70%) were added. After the addition of the
capping agents, the temperature was kept at 110 °C for 15
minutes and then it was raised until reflux (about 298 °C). After
30 min under reflux to complete the reduction of Pt, the heating
was stopped and the system was left to cool to room tempera-
ture. The solid (Pt/MO,) was flocculated adding ethanol and
separated from the reaction medium by centrifugation (9000
rpm). The Pt/MO, material was then redispersed in a hexane +
ethanol mixture and centrifuged again. These last steps (redis-
persion and centrifugation) were repeated until obtaining
a colorless supernatant. In sequence, a dispersion of the Pt/MO,.
powder in hexane was mixed with a dispersion of carbon
powder (Vulcan XC-72, Cabot Corp.) in isopropanol. This
mixture was kept under stirring overnight. Then, the obtained
Pt/MO,/C catalyst was separated by filtration and washed thor-
oughly with ethanol, acetone and water. Subsequently, the Pt/
MO,/C material was dispersed in ethanol another time, filtered
and washed again with ethanol, acetone and water. This
procedure was repeated twice. Finally, the catalyst was dried in
an oven at 80 °C for 2 h.

All Pt/MO,/C catalysts were prepared with 20 wt% Pt loading
and with a transition metal oxide to carbon proportion of
20 : 80 wt%. The particle sizes of commercial nanopowders of
transition metal oxides (Sigma-Aldrich) were <50 nm for CeO,
and TiO, and <100 nm for ZrO,, SnO, and WO;.

Catalyst characterization

XRD measurements were done with Rigaku Ultima IV equip-
ment, model Ru200B using Cu Ko radiation (1.5406 A) and
recorded at 0.5 degrees per min for 26 values between 20° and
100°.

The catalyst morphology was investigated by the acquisition
of high-resolution images using an aberration corrected trans-
mission electron microscope FEI Titan Themis Cubed 60-300
operating at 300 kv. The images were acquired in scanning
mode (HR-STEM). The samples were prepared by directly
applying the catalyst powder onto standard Cu TEM grids.

XPS spectra were collected with a K-ALPHA surface analysis
spectrometer (Thermo Scientific, Inc.) using monochromatic Al
Ko (1486.7 €V) as the photon source, in constant energy analyzer
mode with an energy pass of 30 eV and energy steps of 0.1 eV. A
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sample of Au/C was also analyzed to estimate the instrumental
broadening, which was later used for the deconvolution of spectra
of all other samples. In all cases, a Shirley background was sub-
tracted and spectra were corrected using the C 1s core-line (284.5
eV) as the reference. For deconvolution, a Lorentzian function was
used for all non-metallic components and a Doniach-Sunjic
function (i.e., asymmetric)***®> was used for all metallic compo-
nents. For the fitting procedure the asymmetry parameter, oDS,
was left to vary between 0.18 and 0.22, based on reported values
for Pt.***” The full width at half maximum (fwhm) for each
component was determined for the Pt/C material and the values
obtained were used for all the Pt/MO,/C catalysts.

In situ X-ray absorption spectroscopy (XAS) experiments were
carried out around the Pt L3 edge (11 564.25 eV, 2pz, — 5d
transitions) at the XAFS1 beamline of the Brazilian Synchrotron
Light Laboratory (LNLS). Measurements were carried out using
the catalyst as the working electrode in a spectroelec-
trochemical cell similar to that described in the literature.*® For
that, a mixture of 30 mg of catalyst powder and 400 pL of
Nafion® solution (Aldrich, 5 wt% in a mixture of alcohols and
water) was pressed on a carbon cloth. All working electrodes
were prepared with a Pt loading of 6 mg cm 2. A Pt mesh and
a reversible hydrogen electrode were employed as auxiliary and
reference electrodes, respectively. Spectra were collected while
the catalysts were kept polarized at a constant potential (0.55,
0.80 and 0.90 V vs. RHE) in acid (0.5 M H,SO,) and in alkaline
(0.1 M KOH) solutions. Normalization of spectra was done with
the program Athena of the Demeter software package,* which
was also used to determine the Pt L3 edge energy of all raw
spectra from the zero crossing of the second derivative.

Electrochemical measurements

A conventional three-compartment electrochemical cell was
used for all the experiments. Cyclic voltammetry (CV) experi-
ments were carried out in the potential range of 0.05 V to 1.0 V
in argon-saturated solution (0.5 M H,SO, and 0.1 M KOH) at
a scan rate of 50 mV s~ . The electrocatalytic activity for the ORR
was studied in O,-saturated solution using the rotating ring
disk electrode (RRDE) technique. The RRDE electrode consisted
of a glassy carbon disk (0.247 cm?) and a platinum ring (0.187
ecm?®) and had a collection efficiency of 0.37 (Pine Research
Instrumentation).

The catalysts were used in the form of an ultrathin layer,
which was obtained by depositing 13 pL of catalyst ink on
a glassy carbon disk. The catalyst ink was prepared with 2.9 mg
of catalyst powder, 1.0 mL of isopropanol and 15 pL of Nafion®
solution. The metal load on the working electrode was 28 g
cm 2. A platinized platinum wire was used as the counter
electrode and potentials were measured against a reversible
hydrogen reference electrode. The ORR polarization curves were
recorded in the potential range of 0.1 V to 1.0 V at different
rotation rates and a sweep rate of 5 mV s~ ', while the hydrogen
peroxide formed during the reduction of oxygen was monitored
by its oxidation current on the Pt ring, which was kept polarized
at 1.2 V. All electrochemical measurements were carried out at
room temperature.

This journal is © The Royal Society of Chemistry 2019
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Results and discussion
Catalyst properties

X-ray diffraction analysis showed for the Pt/C catalyst the
signals typical of the face centered cubic (fcc) structure of Pt
(JCPDS 4-802) at 2¢ about 40, 46, 67 and 81° as well as the one
characteristic of the carbon support at 26 around 25°. For Pt/
MO,/C catalysts, several of those signals overlap with those of
the transition metal oxide. However, comparison of the
diffraction patterns of Pt/MO,/C catalysts and Pt/C showed that
the 26 position could be compared with minimal interference of
the oxide signals for at least one Pt diffraction signal, as illus-
trated in Fig. 1 for Pt/CeO,/C. In this case, it is seen that no
signals of CeO, appear in the region of the diffraction peak of
the [111] planes of Pt (26 about 40°). Comparisons of diffraction
patterns like that of Fig. 1 are shown for Pt/TiO,/C, Pt/SnO,/C,
Pt/ZrO,/C and Pt/WO;/C in Fig. S1.T From the positions of the Pt
diffraction peaks less affected by the signals (at 26 about 40, 46,
or 67° depending on the catalyst) it is apparent that the Pt
signals appear at the same 26 values, allowing to rule out the
formation of the PtM alloy.*” Additionally, these comparisons
suggest that Pt nanoparticles have similar crystallite sizes.

Thus, the average crystallite diameter (D) was estimated for
Pt/C using the Scherrer eqn:

b 09 o)

w cos 6

where 1 is the X-ray wavelength (1.54056 A) and 6 is the angle of
the Bragg reflection. The crystallite mean size was found to be
2.5 nm.

The images obtained by HR-STEM showed that for all cata-
lysts, most of the Pt nanoparticles are deposited on the transi-
tion metal oxide forming small aggregates, as shown for
Pt/ZrO,/C and Pt/CeO,/C in Fig. 2. As can be seen, Pt nano-
particles seem to have similar sizes. In general, some Pt parti-
cles are also seen on the carbon support for all materials.
Images of other catalysts are shown in Fig. S2.7

The average particle diameter was estimated from a size
distribution histogram for Pt/C and it was found to be 3.1 +
0.4 nm (Fig. S31). Close examination and comparison of several

J ’ | CeO,
e
Pt/C

20 40 60 80 100
20

Fig.1 Comparison of diffraction patterns of Pt/CeO,/C with those of
Pt/C and CeO..
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Fig.2 HR-STEMimages obtained in the bright field for Pt/ZrO,/C (top)
and Pt/CeO,/C (bottom).

images taken for each material revealed that Pt nanoparticles
have a similar shape and size (about 3 nm) for all the Pt/MO,/C
catalysts and Pt/C, as exemplified by Fig. 3, which shows Pt
particles on Pt/C and on the carbon of the Pt/ZrO,/C catalyst.

The XPS Pt 4f spectra of all materials were fitted using one
component corresponding to Pt’ and two components corre-
sponding to oxidized states (Pt""). The fitted curves are depicted
in Fig. 4. The shifts of the Pt"" components with respect to Pt°
are 1 eV and 1.7 eV. These components have been attributed in
the literature to Pt>" and Pt** species, respectively.®®

Binding energies, asymmetry parameters (o«DS) and the
calculated atomic percentages of Pt° and Pt"" species are given
in Table 1. It is interesting to note that the binding energy of all
Pt species does not change for the different transition metal
oxide supports. These results are in good agreement with data
reported for Pt particles on hybrid C-MO, supports,** but differ
from those reported for Pt/TiO,/C and Pt/WO;/C* and those

J. Mater. Chem. A

Fig. 3 HR-STEM images of Pt nanoparticles. Pt/C (top) and Pt/ZrO,/C
(bottom).

published for Pt/TiO,, and Pt/M-TiO, (M =V, Cr, and Nb)** that
showed a lowering of binding energy as compared with Pt/C. On
the other hand, the amount of Pt"" species is slightly smaller for
the Pt/MO,/C catalysts than for Pt/C.

Cyclic voltammetry of Pt/MO,/C catalysts

The CV curves recorded at 50 mV s~ in 0.5 M H,SO, solution
are shown in Fig. 5a, which evidences that curves for Pt/MO,/C
and Pt/C are alike. The electrochemically active area (EAA) of Pt
was calculated from the charge of oxidation of adsorbed
hydrogen (0.210 mC cm ™ 2), which was obtained by integrating
the anodic current up to ~0.35 V, after accounting for the
double-layer contribution. The obtained values (ca. 2 cm?
which corresponds to approximately 8.1 cm® of Pt per cm?® of
electrode geometric area) indicate that Pt EAAs for Pt/MO,/C

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Fitting of the Pt 4f photoemission spectra of Pt/C and Pt/MO,/C
catalysts. Components are Pt (violet) and Pt™* (green and pink).

Table1 Results obtained from fitting the Pt 4f photoemission spectra.
The values in parentheses correspond to the value obtained for the
asymmetry parameter (a.DS)

Pt 4f7/2 BE/eV

Catalyst and (aDS) Specie At%

Pt/C 71.3 (0.2) pt° 75.9
72.2 Pt 24.1
73.9

Pt/Sn0,/C 71.2 (0.2) pt° 83.0
72.2 P 17.0
73.9

Pt/TiO,/C 71.2 (0.19) pt° 82.7
72.2 Pt 17.3
73.8

Pt/ZrO,/C 71.1 (0.21) pt° 80.8
72.1 P 19.2
73.8

Pt/Ce0,/C 71.1 (0.21) pt° 82.4
72.1 Pt 17.6
73.9

Pt/WO5/C 71.1 (0.21) pt° 84.4
72.1 Pt 15.6
74.0

catalysts and for Pt/C are similar (within less than 10%), as
shown in Fig. 5b. These results are in good agreement with Pt
particles having similar sizes for all materials, as evidenced by
analysis of HR-TEM images.

Oxygen reduction in acid medium

A comparison of ORR polarization curves for Pt/MO,/C and Pt/C
catalysts is shown in Fig. 6. RRO polarization curves and the

This journal is © The Royal Society of Chemistry 2019
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Fig.5 (a) CV curves recorded for Pt/MO,/C and Pt/C catalystsin 0.5 M
H,SO4 at 50 mV s~ (b) Pt EAA values calculated from the charge of
hydrogen desorption for all catalysts.

currents of hydrogen peroxide oxidation were recorded at
different rotation rates for each catalyst (Fig. S47). A shift of the
ORR polarization curve towards higher potentials is clearly seen
in Fig. 6 for Pt/SnO,/C and Pt/CeO,/C. The behavior of a RDE
with its surface modified by nanoparticles was modelled by
Masa et al.®® that showed that a positive half-wave potential
(E1/2) shift could result not only from a catalytic improvement
(better intrinsic activity) but also from a higher electroactive
surface area. For the Pt/MO,/C catalysts studied in this work,
the Pt EAA is nearly the same (Fig. 5b) and, therefore, the E;,
shifts of ca. 20 and 40 mV observed, respectively, for Pt/SnO,/C
and Pt/CeO,/C as compared with Pt/C evidence enhanced elec-
trocatalytic activity.

The number of electrons transferred in the potential region
of mixed kinetic-diffusion control can be estimated using the
Koutecky-Levich equation:

1 1 1

i E + I (10)
where i is the measured current, i the kinetic current and iy, is
the diffusion-controlled or limiting current given by the Levich
equation

iL = 0.62nFADY3y V0 Cy'? (11)

J. Mater. Chem. A
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Fig. 6 ORR polarization curves measured at the disk electrode in O5-
saturated 0.5 M H,SO4 solution and H,O, yield. Scan rate: 5 mV st
Rotation rate: 2500 rpm. Currents normalized by the geometric area of
the disk electrode (0.247 cm?).

where 7 is the number of electrons transferred in the reaction, A
is the disk electrode area, D is the diffusion coefficient of the
reacting species, n is the kinematic viscosity of the electrolyte,
C, is the bulk concentration of electroactive species, w is the
rotation rate in rad s~ ', and F is the Faraday constant. In the
region of mixed kinetic-diffusion control, the so called Kou-
tecky-Levich plots (i * against w~*/?) showed parallel lines with
slopes close to the expected value for 4 electrons, in good
agreement with the literature for Pt materials.”” Some Kou-
tecky-Levich plots are shown in Fig. S5.7

The hydrogen peroxide yield (% H,0,) was calculated with
eqn (12).

H,0,(%) = (%) x 100% (12)
where iy is the ORR current measured at the disk, i, is the
current of oxidation of H,0, measured at the ring electrode, and
N is the RRDE collection efficiency (0.37). Another advantage of
the RRDE as compared with the RDE is that it allows obtaining
the number of electrons (n) as a function of potential directly

from the measured currents at the disk and ring electrodes
using eqn (13):5¢°
4ig
n=\|———— 13
<id +i/N > (13)

Thus, the peroxide yield and the number of electrons are
related as:***

H,0(%) = 100 x <4 - ”) (14)
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As seen in Fig. 6, for all catalysts, the H,O, yield is smaller
than 1% between 0.9 and 0.7 V and it stays below 5% even in the
potential region where the ORR current is diffusion-controlled.
The number of electrons calculated from the RRDE currents is
shown as a function of potential in Fig. 7, which clearly
evidences that the RRO proceeds predominantly through the 4-
electron pathway.

The kinetic currents were calculated from the measured and
diffusion limited values using eqn (10). In order to compare
intrinsic activities, current densities were obtained by normal-
izing by the Pt EAA. Fig. 8a and b show the ORR kinetic current
densities at 0.90 V and 0.8 V, respectively. At both potentials,
higher values of kinetic current density are obtained for the
ORR on Pt/CeO,/C and Pt/SnO,/C catalysts while the values for
Pt/WO;/C and Pt/C are similar.

Fig. 9 shows the mass-transport corrected Tafel plots for Pt/
Ce0,/C and Pt/ZrO,/C, which exhibit slopes of —60 mV dec™*
and —120 mV dec " in the regions of low and high currents,
respectively. This slope variation is well known for poly-
crystalline Pt,*” Pt low index surfaces,***” and carbon-supported
Pt and Pt alloys.**® Although a Tafel slope change would be
expected if the rate-determining step changes, there is
a consensus that this is not the case for the ORR on Pt and the
change is attributed to the potential dependence of the coverage
of adsorbed oxygen-containing species.*”®® Similar Tafel plots
were obtained for other Pt/MO,/C materials (Fig. S61). Thus,
considering that all Tafel plots are alike, the ORR rate-
determining step is likely to be the same on all catalysts.

Electronic properties

Normalized in situ XAS spectra taken around the Pt L3 edge in
0.5 M H,S0O, solution are shown in Fig. 10a. In general, spectra
show that the intensity of the absorption peak varies for the
different Pt/MO,/C catalysts. In order to compare the electronic
properties on a more quantitative basis, the XANES (X-ray
Absorption Near Edge Structure) region of the spectrum was
fitted combining a Lorentzian curve with an arc tangent curve,
as proposed by Shukla et al,” to account for transitions to
bound states and to the continuum, respectively. To make
comparisons of the Pt 5d band electronic vacancy, the Lor-
entzian curve fitted is then integrated (a larger electronic
vacancy leads to higher absorption and, consequently, larger

4.00 "'fi"l""“'
[22]
c
S PYC
® PUCeO,/C
9 395 PYSNO,/C
2 PYWO,/C
[} 3
Q "
o PUTIO,/C
3 PUZr0,/C

3.90 ; : i ;

0.2 0.4 06 058 1.0

E/V vs. RHE

Fig.7 Number of electrons calculated from RRDE currents measured
in 0.5 M H,SO, solution as a function of potential.

This journal is © The Royal Society of Chemistry 2019


http://dx.doi.org/10.1039/c8ta10642h

Published on 18 December 2018. Downloaded by Tulane University on 1/20/2019 7:47:31 PM.

Paper
(a)
& 0.2
o
£
(3]
<
S
>
= -
®
© 0.1
<
o
5
o
Q
©
£
X
0.0- T 3
O O O O O
\ \ A\ \
QO O R % Q9 Q9
QS N N @
(b)
o x 21
IS
[3)
<€
€
2
‘@
=
3 14
=
o
5
[3)
0
©
=
X
0 O
O O O O O
& by /Do\m \§O\% & Qo\m O@o\m
SR A &S

Fig. 8 (a) Kinetic current density of the ORR at the different Pt/MO,/C
and Pt/C catalysts at 0.90 V. (b) Results at 0.80 V.

values of the integral of the Lorentzian curve'®®). The results
obtained from treating the XANES region of spectra collected at
three different applied potentials are depicted in Fig. 10b.

For all catalysts, the growth of the integral of the fitted Lor-
entzian curve as the applied potential is raised indicates an
increase in the Pt 5d band vacancy, in agreement with previous
literature reports for carbon supported Pt'*’*"* and Pt alloys.'*”*
This electronic vacancy increase with applied potential has been
interpreted as due to the effect of oxygenated species adsorbed
on the Pt surface.’®* We must point out that XAS data for the Pt/
WO;/C catalyst were not included in Fig. 10 because the prox-
imity of the W L2 absorption signal prevents treatment. As
observed for other catalysts, the rise of applied potential
promotes an increase in the absorption intensity around the Pt
L3 that evidences an increase in the Pt 5d band vacancy. In
contrast, no significant changes were seen for the W L2
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Fig. 9 Tafel plots for Pt/CeO,/C and Pt/ZrO,/C catalysts. The lines
correspond to —60 mV dec™! and —120 mV dec™ L. Kinetic current
densities obtained by normalizing by the Pt EAA.

absorption (Fig. S7t). Altogether, Fig. 9 reveals that the elec-
tronic vacancy of the Pt 5d band is lower for Pt/CeO,/C and Pt/
SnO,/C and higher for Pt/TiO,/C and Pt/ZrO,/C, as compared to
Pt/C."** Thus, there is charge transfer to the Pt 5d orbital for
Sn0,/C and CeO,/C supports, and from the Pt 5d orbital to TiO,/
C and ZrO,/C.

It is noteworthy that direct probe of the Pt 5d band electronic
vacancy by XAS evidences that changes induced by the inter-
action of the Pt particles with the MO,/C supports promote
a shift in the Fermi level of Pt that results in new electronic
states (vacant or filled). Comparison with XPS data discussed
above, however, clearly demonstrates that not always these
electronic changes are enough to promote variations of binding
energies, in agreement with previously published data.®

Electronic effects in oxygen reduction

Data depicted in Fig. 8 demonstrate that the transition metal
oxide incorporated into the support influences the ORR activity
of Pt nanoparticles, while results shown in Fig. 10 indicate that
there is also an effect on the electronic occupancy of the Pt 5d
band. Several papers have attributed the changes in ORR
activity on Pt-based catalysts, such as PtFe, PtNi and PtCo, to the
variation of electronic properties with the second metal
content."?* Although ORR results showed a correlation with the
electronic properties, the variation of composition of the cata-
lysts also involved changes in the lattice parameters that, in
turn, could alter the adsorption of the O, molecule. For
instance, for a set of Pt alloy catalysts Mukerjee et al.*® observed
a volcano-type dependence of the logarithm of the ORR current
density at 0.90 V with the Pt-Pt distance as well as with the Pt d-
band vacancy of Pt, concluding that the catalysts at the top of
the curve have the best combination of electronic properties
and geometric parameters. For Pt-based catalysts, Toda et al.*®
observed a volcano-type variation of the ORR kinetic current
density with the atomic percentage of Fe, Co and Ni, which was
interpreted in terms of changes of the d-band vacancy with
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Fig. 10 (a) Normalized in situ XAS spectra of Pt/MO,/C and Pt/C
catalysts obtained in 0.5 M H,SO,4 at 0.90 V. Inset: region of maximum
intensity enlarged. (b) Values of the integral of the Lorentzian curve
adjusted to the XAS spectra measured at different applied potentials.
Pt/ZrO,/C (green), Pt/TiO,/C (light blue), Pt/C (gray), Pt/SnO,/C (blue),
and Pt/CeO,/C (red).

composition. Keeping in mind that surface as well as electronic
properties are relevant in electrocatalysis,” the variation of
properties other than the electronic vacancy of the Pt 5d band is
likely to be the cause of opposite explanations for ORR
enhanced activity, which was attributed, at least partially, to
a higher'*** and to a lower'>”* Pt d-band vacancy.

Thus, it is pertinent to emphasize again that Pt/MO,/C
catalysts studied in this work have the same loading of pure Pt
nanoparticles with similar sizes and shapes, minimizing
variations of surface properties, and that the Pt EAA is nearly
the same. The kinetic current densities of oxygen reduction at
0.80 V and 0.90 V show a good linear correlation with the
values of the integral of the Lorentzian curve adjusted to the
in situ XAS spectra measured at those potentials, as illustrated
in Fig. 11. The change in kinetic current density is about
twofold at both potentials, revealing that a decrease in the
electronic vacancy of the Pt 5d band enhances the ORR
activity.
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Fig. 11 Kinetic current densities of oxygen reduction at (a) 0.90 V and
(b) 0.80 V against the values of the integral of the Lorentzian curve
adjusted to the in situ XAS spectra measured at those potentials in
0.5 M H,SOyq. Larger values of integral of the Lorentzian curve corre-
spond to a higher Pt 5d band electronic vacancy. Pearson's coeffi-
cients of linear fit: 0.976 (0.90 V) and 0.986 (0.80 V).

The results reported for Pt/C and Pt-Co/C catalysts showed
a linear correlation between the ORR activities at 0.9 V
determined from measurements in a PEM fuel cell at 80 °C
and the electronic properties assessed from the Pt L3 XANES
region,” but the particle size and Pt-Pt distance (alloying) in
the catalysts studied had a simultaneous variation. The
correlation found for Pt/C and Pt-Co/C catalysts evidenced
that lowering the Pt 5d band electronic vacancy resulted in
higher ORR currents, which were attributed to a reduced OH
adsorption on Pt sites.” Also, Ho et al.>® observed a signifi-
cantly enhanced ORR activity for Pt on the Tiy ;MO0 30,
support at the time that from XAS measurements at the Pt L3
edge concluded that this support produced a decrease in the
Pt 5d band vacancy. Thus, it must be highlighted here that
results shown in Fig. 11 show, for the first time, how the ORR
activity on pure Pt nanoparticles depends on the 5d band
electronic vacancy.

There are different views regarding the rate-determining step
of the ORR. Some authors propose that the reaction begins with
the O, adsorption (O, — O,gs)-*” The rate-determining step
could be the breaking of the O-O bond. In this case, a strong
interaction with the surface would promote a weakening of the
bond and favor its scission. Sawyer and Seo’ proposed in 1977
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that the first step in the reduction of oxygen would be the one-
electron reduction to the superoxide anion

02 +e — 027 (15]

According to the authors' analysis of the experimental
evidence available at that time, the formation of the superoxide
anion would be reversible and independent of the electrode
material. In other words, it would be an outer-sphere electron
transfer to an O, molecule. A superoxide adsorbed state was also
considered as well as the possibility of an equilibrium of
adsorbed and in solution O, , particularly in alkaline media.”
Some authors have proposed that the reaction might be initi-
ated by the formation of superoxide (eqn (15)) and it has been
considered that the ORR rate-determining step in the low and
high current density regions would be the first electron transfer
with formation of superoxide.®® Some evidence of the formation
of superoxide was obtained more than 30 years ago, for
example, by analyzing solutions with an electron spin reso-
nance spectrometer, with the ORR taking place in a flow-type
thin layer cell.”> Spectroscopic evidence of adsorbed O, was
reported later by Shao et al.”® Another possibility often consid-
ered is the concomitant electron and proton transfer

O2(ads) + HJr +e — H02 (16)

The ORR data presented above evidence that the reaction
takes place mainly through the direct 4-electron reduction of O,
to H,0, with the peroxide pathway occurring to a small extent.
In addition, Fig. 10 demonstrates that the ORR activity is higher
for materials with a higher electronic occupancy of the Pt 5d
band. Different O, adsorption energies were considered the
cause of the different ORR activities of Pt low index surfaces,®
attributing the higher activity to a strong interaction of O, with
the surface and the resulting lowering of the activation energy
for dissociative adsorption. From that viewpoint, a stronger
interaction of O, with Pt favoring the O-O bond breaking seems
improbable as the cause of the enhancement of ORR activity on
Pt/MO,/C catalysts exhibiting a higher d-band electronic occu-
pancy. A more likely scenario would be that a less vacant d-band
resulting in an inhibition of OH adsorption would contribute to
keep Pt sites available for O, adsorption. However, that being
the case, to consider that the bond breaking is the rate-
determining step it would be necessary to assume that the
same changes in the d-band vacancy responsible for the varia-
tions of OH coverage would have only a minor effect on the
strength of the interaction of O, with Pt. This hypothesis seems
questionable.

Now, let us consider the formation of O, as the rate-
determining step. First, we can rule out an outer-sphere reac-
tion, which is not influenced by the electronic properties of the
catalyst. Adsorbed O, was detected for the ORR on Pt in
alkaline solution by surface-enhanced infrared reflection
absorption spectroscopy (SEIRAS).” The formation of adsorbed
O, from an adsorbed species was inferred from the depen-
dence on the potential of the band ascribed to the stretching
mode of the O-O bond.” These authors observed no signal
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indicative of adsorbed O,  in acid solution and that was inter-
preted as likely due to a rapid protonation of O,  causing
a considerably shorter lifetime. In the present case, the forma-
tion of O,  as cause of the influence of the d-band electronic
vacancy on the ORR Kkinetic current density depicted in Fig. 11
seems, therefore, unlikely.

Thus, we should consider simultaneous electron and proton
transfer. In the case of a less vacant Pt 5d band, a weaker
interaction of adsorbed O, could favor a rate increase of the
reaction. This hypothesis seems compatible with the drop in
activity with the increase in the Pt 5d band vacancy depicted in
Fig. 11.

In summary, our data for Pt/MO,/C catalysts having an
identical loading of similar pure Pt nanoparticles evidence quite
clearly that the ORR takes place with formation of small
amounts of H,0,. Tafel plots are alike suggesting that the
reaction goes mainly through the same pathways on Pt/C and
Pt/MO,/C catalysts. Electronic changes are induced by the
interactions of the metal particles and hybrid supports,
differing only in the transition metal oxide used, and have
a significant effect on the activity for the ORR on Pt
nanoparticles.

Oxygen reduction in alkaline solution

Measurements similar to those described above were also
carried out in 0.1 M KOH solution and RRDE data are shown for
all catalysts in Fig. S8.f The number of electrons transferred
calculated from Koutecky-Levich plots for the different catalysts
was found to be in the range of 3.7 to 4. Some Koutecky-Levich
plots are depicted in Fig. S9.1 A comparison of ORR polarization
curves and H,0, yields is shown in Fig. S10.1 Fig. 12 depicts the
kinetically controlled current at 0.90 V calculated with eqn (10).
Comparison of values with those of Fig. 8a evidences that the
catalysts are significantly more active in alkaline solution than
in acid medium. On the other hand, differently than in an acid
environment, in alkaline solution all Pt/MO,/C catalysts are
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Fig. 12 Kinetic current densities of the ORR at 0.90 V in 0.1 M KOH.
Kinetic current densities obtained by normalizing by the Pt EAA.
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more active than Pt/C. The hydrogen peroxide yields in alkaline
solution are somewhat higher than in acid medium. Nonethe-
less, for all catalysts the % H,O, remains below 3% above
0.80 V, ie., until the beginning of the diffusion-controlled
region. Consequently, the number of electrons (Fig. S117) is
very close to 4 in the region of interest for application (between
0.8 and 1.0 V) and higher than 3.75 in the limiting current
region.

As observed in acid solution, the Tafel plots for Pt/C and Pt/
MO,/C catalysts are alike, as illustrated in Fig. 13, but the slopes
are significantly smaller. The Tafel slope is —30 mV dec ™ in the
region of very low currents and at higher currents it is —60 mV
dec™'. Slopes of —30 mV dec™' changing to higher ones
(ranging from —60 to —80 mV dec™') were reported for other
systems in alkaline solution.” The results obtained suggest that
the mechanism of the ORR in alkaline solution is the same for
all catalysts although it seems to be different from the one in
acid medium.

The in situ XAS measurements around the Pt L3 edge per-
formed in 0.1 M KOH solution showed that for all Pt/MO,/C
catalysts the d-band vacancy is larger than that for Pt/C (Fig. S121),
contrasting with data taken in acid solution (Fig. 10b). The trend
observed in alkaline solution is likely due to dissimilarities in the
surface density of OH species adsorbed on the different transition
metal oxides associated with diverse values of zeta potential. In
principle, OH species adsorbed on the oxide surface could favor
a drawing of electronic density from the oxide itself that, in turn,
would promote a charge transfer from the Pt particles to the
oxide. The relationship between the ORR kinetically controlled
current density and the d-band vacancy is linear, as shown in
Fig. 14, and reveals that the catalytic activity gets better as the Pt
5d band vacancy increases.

As discussed above, adsorbed O, was detected for the ORR
on Pt in alkaline solution, which appeared to be formed from
adsorbed O,.”° For the ORR in alkaline media, Ramaswamy and
Mukerjee” suggested that in alkaline media the adsorption of
OH species not only blocks the sites for the adsorption of O, but
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Fig. 13 Tafel plots for Pt/SnO,/C (blue) and Pt/C (black). The lines
correspond to —30 mV dec™! and —60 mV dec™™. Kinetic current
densities obtained by normalizing by the Pt EAA.
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Fig. 14 Kinetic current densities of oxygen reduction at 0.90 V against
the values of the integral of the Lorentzian curve adjusted to the in situ
XAS spectra measured at those potentials in 0.1 M KOH. Pearson'’s
coefficient of linear fit: 0.969.

also leads to an outer-sphere electron transfer mechanism.
According to these authors, for Pt in alkaline media the outer-
sphere charge transfer would take place only in the region of
oxide formation and depending on the coverage of OH both
inner- and outer-sphere mechanisms coexist for the ORR. Based
on theoretical calculations for the ORR in alkaline solutions on
Au and Ag surfaces, Ignaczak et al.”® concluded that the more
favorable path for the formation of adsorbed O,  from O, is
through an outer-sphere charge transfer, and that O,  species
adsorbed and in solution coexist at the equilibrium potential.
However, extending the analysis to Pt(111) these researchers
suggested that the adsorption of O, (O, — Oj(ads)) and forma-
tion of adsorbed O, (Oz(ads) + € — O3 (ads)) could take place
simultaneously, and that the latter is probably more favorable
than the outer-sphere reaction.”

Data depicted in Fig. 14 show an enhancement of ORR
activity as the Pt 5d band vacancy increases. The donation of 2p
electrons from adsorbed O, (or adsorbed O, ") to Pt would make
the interaction stronger. As mentioned above, a stronger
interaction would weaken the O-O bond easing its breaking and
resulting in a higher reaction rate.®

Altogether, the results obtained in this work show that
taking advantage of the changes induced by the interactions
between the metal and transition metal oxides incorporated in
supports it is possible to explore the effects of the electronic
properties of pure Pt nanoparticles on the ORR activity. In the
absence of composition and size and/or shape variations, it was
demonstrated that the electrocatalysis of the ORR on Pt parti-
cles is favored by a lower 5d band vacancy in acid solutions and
by a higher one in alkaline medium. The new understandings
shed some light on the fundamental aspects of the electro-
catalysis of the ORR on Pt particles and give new bases for
developing catalysts with enhanced activity for fuel cell
cathodes.

Conclusions

The properties of pure Pt nanoparticles with similar sizes and
shapes were explored taking advantage of the changes induced
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by the interactions between the metal and different transition
metal oxides in the support, in the systematic study of Pt/MO,/C
catalysts having the same Pt loading (20 wt%). These materials
were characterized by several techniques. XPS analysis showed
that the binding energy of Pt species does not change for the
different transition metal oxide supports. In situ XAS measure-
ments demonstrated that the interactions of the Pt particles and
MO,/C supports induced changes in the Pt 5d band vacancy. In
acid solutions, data show that the ORR takes place predomi-
nately through the direct 4-electron pathway for all Pt/MO,/C
catalysts. Tafel plots are alike for all materials, with slopes of
—60 mV dec ' and —120 mV dec ' in the regions of low and
high currents, respectively. The Pt 5d band electronic vacancy
variations have a significant impact on the ORR activity. The
kinetic currents evaluated at 0.90 and 0.80 V show a linear
decrease as the Pt 5d band vacancy increases. In alkaline solu-
tion, ORR Tafel plots are also alike for all Pt/MO,/C catalysts,
but slopes at low and high currents are, respectively, —30 mV
dec™" and —60 mV dec™ . The dependence of the ORR kinetic
current is also linear, but in contrast with results for acid
solution, the enhancement of activity follows an increase in the
Pt 5d band vacancy. The effect of band vacancies on the ORR
kinetic current density observed in acid solution is compatible
with simultaneous electron and proton transfer upon oxygen
adsorption being the rate-controlling step. In alkaline solution,
the linear increase in catalytic activity with the Pt d-band
vacancy can be ascribed to the stronger interaction of adsor-
bed O, (or O, ) with the surface promoting the breaking of the
0-0 bond. Overall, the results presented unveiled the relevance
of the electronic properties in the electrocatalysis of the ORR on
Pt nanoparticles.

The results reported contribute not just to increase our
current understanding of the fundamental aspects of the ORR
but also provide new bases for developing efficient catalysts for
fuel cell cathodes by tuning their electronic properties. In this
context, exploring the effects on the Pt d-band vacancy of
supports containing other transition metal oxides as well as
other compounds, such as carbides, seems highly desirable.
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