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ABSTRACT: Te-modified platinum single-crystal surfaces in the [011] zone have = bare

been used as model electrocatalysts for oxygen reduction reaction (ORR). The results g ¢ withTe @ Pt
clearly show that (1) except for Pt(111), all other electrodes display enhanced ORR 8 (311) @ oxicized To
activity when Te is deposited on the surface; (2) the intrinsic ORR activity for Pt(hkl) %: & (100 Q reduced Te

decreases in the order of Pt(322) > Pt(755) > Pt(977) > Pt(111) > Pt(311) > = HO
Pt(100), while the enhancement factor for ORR with Te modification decreases in the ow e
order of Pt(100) > Pt(311) > Pt(977) > Pt(755) > Pt(322); (3) metallic Te and its [, C,%CCC CCC Cd%
charge transfer to Pt as well as the consequent lower d-band center and OH,4 binding & ,C( rgC.C( Y ,Q
energy are probably the reasons for the enhanced electrocatalysis for ORR with Te

modification; and (4) the inhibition of Te at Pt(111) as well as the smaller extent for the enhancement of Te at Pt(S)-[n(111) X
(100)] with longer terraces in the kinetic region for ORR are a result of partial oxidation of Te. The weaker electronic interaction of
Te with the Pt substrate is probably the origin of its facile oxidation at lower potential. Our results imply that modification of Pt with
species that can transfer electrons to Pt may be an efficient strategy to enhance the ORR activity.

H,0

KEYWORDS: oxygen reduction reaction, platinum stepped crystal planes, Te modification, electron transfer, OH,; binding energy

1. INTRODUCTION

Polymer electrolyte membrane fuel cells (PEMFCs) are
promising technologies for the extensive use of sustainable
energy due to their high energy conversion efliciency and the
wide range of potential applications with different power
density scales." ™ However, the high overpotential of oxygen
reduction reaction (ORR) at the cathode of PEMFCs requires
a high loading of precious Pt group catalysts which limits large-
scale application.”” Thus, developing cathode catalysts with
high electrocatalytic activity is of significant importance.’ For
that, it is necessary to understand the ORR mechanism and
factors that affect ORR kinetics on the electrocatalysts.”
However, the complex catalyst structure in practical electrode
materials limits the in-depth study of ORR kinetics.”~"" Single-
crystal electrodes with well-defined surfaces and a controlled
atomic arrangement'' ' are of great help in elucidating the
reaction mechanism and unraveling the structure—activity
relationship. Systematic studies of the platinum stepped
surfaces with different terrace widths have provided rich
information, such as the chemical properties of the electrode/
electrolyte interface at the atomic level and how these
properties affect its behavior.'”~*' The information gained
from such studies has shed important insights into real
electrocatalysts in PEMFCs.>*~**

Recently, the chemical modification of the model electrode
surfaces by foreign metals with special electronic properties has
been shown to significantly alter their electrocatalytic
behavior.”>™** The electrocatalytic properties of platinum

© XXXX The Authors. Published by
American Chemical Society

7 ACS Publications

single-crystal electrodes modified by underpotential deposition
(UPD)*** and chemical adsorption/deposition of other
foreign adatoms have been widely investigated and dis-
cussed,” ™7 especially in the field of electrocatalytic oxidation
of small organic molecules, such as glycerol,* formic acid,***’
and ethanol.*"** Spontaneous adsorption of foreign atoms
such as tellurium, sulfur, bismuth, and selenium on the Pt(hkl)
electrode surface upon immersion has proven to be a useful
method for constructing the modified model electrocata-
lysts.**** Moreover, information gained through modification
has been successfully employed for the rational design of
nanocatalysts with improved reactivity for electrochemical
energy substance conversion devices including PEMFCs.*~*
Recently, studies have reported that the oxygen reduction
reaction activity on platinum single-crystal electrodes and
nanoparticles can be substantially improved by the adsorption
of metals,””%°! amines,>*>* hydrophobic cations,”* ionic
liquids,55 and melamine.”**” Nevertheless, studies on the
modification of Pt(hkl) by oxygen group elements (VIA
group) such as tellurium and their ORR performance are rare.
A preliminary study by Feliu and co-workers found that Te
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modification of Pt(111) hampered the ORR performance.’”
To gain a comprehensive understanding of how Te
modification changes the electrode surface properties, this
study extends the research of the ORR behavior to Te-
modified Pt(100) and a series of platinum stepped surfaces
(Pt(S)-[n(111) x (100)]). Significant enhancement of ORR
performance at the Te-modified Pt(S)-[n(111) X (100)] is
observed, and the enhancement factor for ORR with Te
modification is found to decrease in the order Pt(100) >
Pt(311) > Pt(977) > Pt(755) > Pt(322). The mechanism for
the enhancement with Te, including how it tunes the electron
distribution,*® atomic arrangements, and binding energies of
the reaction intermediates for ORR, will be discussed.

2. EXPERIMENTAL SECTION

The platinum single-crystal electrodes used in the experiment
were prepared by melting the end of the platinum wire (@ =
0.5 mm) using H,/O, flame to form platinum beads with a
diameter of 2—3 mm following Clavier'’s method."" The Pt
beads were oriented using the diffraction spots obtained with a
laser, followed by cutting and polishing steps to expose the
desired planes in the [011] crystallographic region. This region
contains surfaces with n atom-wide (111) terraces and (100)
monatomic steps. Prior to all experiments, the platinum single-
crystal electrodes were annealed by inductive heating at 370 A
for 60 s (the selected current depends on the diameter of the
Pt electrodes) and then completely cooled in a reductive
atmosphere with Ar/CO (9:1) and transferred into ultrapure
water saturated with Ar/CO gas mixture. After that, the
platinum electrode was covered by a droplet of water, which
protected it from impurities in the air. Solutions were prepared
using perchloric acid (Aladdin, AR), TeO, (Sigma-Aldrich),
ultrapure water (18.2 MQ cm, from Milli-Q water system), and
Ar, O,, and Ar/CO gas mixture with a purity of 99.99%
purchased from Nanjing Shang yuan Industrial Gas Company.

The electrode potentials were controlled with a potentiostat
(Autolab 302N). Cyclic voltammetry (CV) experiments were
carried out at room temperature in a three-electrode all-glass
cell, which is equipped with a Pt wire as the counter electrode
and a Ag/AgCl electrode as the reference electrode. All
potentials used here are quoted against a reversible hydrogen
electrode (RHE) scale. For the preparation of Te-modified
platinum single-crystal electrodes, a freshly annealed electrode
was immersed in 0.1 M HCIO, + 107°—1077 M TeO, solution
for 5=30 s, during which Te could spontaneously adsorb on
the Pt electrode surface. To obtain different coverages of Te
adsorbed on the Pt(hkl) electrodes, the concentration of the
Te solution or the immersion time could be changed.
Afterward, the prepared Te-modified Pt(hkl) electrode
(denoted as Pt(hkl)@Te) was rinsed with large amounts of
ultrapure water to remove any Te species that were not
adsorbed on the surface. Finally, the Pt(hkl) @Te electrode was
characterized in Ar-saturated 0.1 M HCIO,. The activity of the
oxygen reduction reaction (ORR) was measured in an O,-
saturated 0.1 M HCIO, using the hanging meniscus rotating
disk electrode (HMRDE) configuration. For the case of the
ORR in O,-saturated 0.1 M HCIO, (pH = 1.2), the typical iR
drop® (which depends on the meniscus height) was ca. 100 Q.
Here, 90% ohmic compensation (90 ) was carried out during
all ORR processes. The deposition of Te on the electrode was
removed by immersion in concentrated nitric acid solution for
5—10 s. Then, the electrode was anneales to obtain a well-
defined surface.

3. RESULTS AND DISCUSSION

3.1. Voltammetric Behavior of Te-Modified Pt(100)
Electrodes. Figure 1 shows the different cyclic voltammo-
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Figure 1. Cyclic voltammograms of Te-modified Pt(100) with
different coverages in Ar-saturated 0.1 M HCIO,. The inset in (b)
shows the adsorption model for Te on Pt(100) at the 4-fold sites. The
inset in (c) shows the plot of the charge difference between the
unmodified electrode and the Te-modified electrodes from 0.06 to
0.75 V vs the charge of the redox process of Te adatoms. Scan rate: 50
mV/s. Potential region: 0.06—1.0 V.

grams (CVs) of the Te-modified Pt(100) electrodes in 0.1 M
HCIO,. As can be seen, the CV of the unmodified Pt(100)
surface agrees with that reported in the literature,”** which
confirms the quality of the electrodes used in this study.
Starting from 0.06 V, where the surface is completely covered
by adsorbed hydrogen, hydrogen initially desorbs at the defect
sites of the Pt(100) electrode. This results in a small peak at
about 0.3 V. Then, the broader peak around 0.38 V
corresponds to hydrogen (H) desorption on the well-ordered
(100) domains. Notably, the peak height ratios between 0.38
and 0.3 V are indicative of the electrode quality. Subsequently,
hydroxyl (OH) adsorption occurs on the Pt(100) surface
between 0.45 and 0.7 V.

For Te-modified Pt(100) electrodes, the CVs change
significantly compared with the unmodified electrode. The
decrease in the charge density under the hydrogen and
hydroxyl regions is apparent. In fact, the signals corresponding
to adsorbed hydrogen move to lower potential values and
those relating to adsorbed OH shift to higher values, indicating
that both processes are weaker on the Te-modified Pt(100)
surface. Furthermore, a new peak at ca. 0.93—0.95 V appears,”*
corresponding to the redox process on Te adatoms (eq 1)
previously reported®:

Pt(100) — TeOy(us) + 4H(tq) +de

< Pt(100) — Te(,q, + 2H,0 (1)
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The asymmetric oxidation and reduction peaks suggest that
the process occurring on Te is irreversible. DFT calculations of
the adsorption energy of Te on Pt(100) surfaces indicate that
the most favorable adsorption site is the 4-fold hollow site
shown in the inset of Figure 1b.°° To calculate the Te
coverage, we used the adsorption charges on the modified and
unmodified electrodes. It should be highlighted that the charge
density for the adsorption—desorption processes on the Te-
modified Pt(100) electrode was calculated as the integral area
between 0.06 and 0.75 V after subtraction of the apparent
double layer. This charge comprises the contributions for the
hydrogen and hydroxyl adsorption/desorption processes,
which cannot be separated. According to the redox process
in eq 1 and DFT calculations, a Te adatom on the (100)
surface occupies 4-fold hollow sites and exchanges 4 electrons
in the redox process. Using this stoichiometry, the maximum
Te coverage is estimated to be 0.5 ML.** However, the
maximum coverage of Te that can be obtained experimentally
is about 0.35 ML, which may be attributed to the lateral
interaction of Te adsorbed on Pt(100). Thus, the coverage can
be calculated as

_ Te
_ qH/OH qH/OH

Or. =
2% 94/0u (2)

e

where qy/01 and gifioy are the integrated charge between 0.06
and 0.75 V for the unmodified and Te-modified Pt(100)
electrodes, respectively. Unlike what is observed for the Te-
modified Pt(111) electrode (Figure S2a), there is no linear
relationship between the charge density of the Te (qr.) redox
process and the charge for the H/OH adsorption/desorption
processes on the Pt(100) surface(inset of Figure Ic). This
result can be a consequence of Te on the Pt(100) electrode
not just acting as a pure third-body but having an electronic
effect, which modifies the H,q and OH,q4 properties at Pt(100)
and induces changes in the surface catalytic properties. This is
also supported by the negative and positive shifts of the current
wave for H,y and OH,q (Figure 1), respectively.

Figure 2 shows the ORR polarization curves obtained on Te-
modified Pt(100) electrodes with different Te coverages. The
whole set of figures at different rotation rates is shown in
Figure Slab. In all cases, diffusion-limiting plateaus are
explicitly seen in the potential range of 0.3—0.6 V. The
diftusion-limiting current, j;, obeys the Levich equation:

) 2/3 -1/6. 1/2
j, = — 0.62nFD” v "o, (3)

where n is the number of transferred electrons for the ORR, F
is the Faraday constant, 96,485 C mol™}, D is the diffusion
constant, v is the solution viscosity, ¢, is the bulk concentration
of reactants, and @ is the rotation rate. This expression has
been deduced for electrodes enclosed in a protective shield. In
the present case, the electrode is in the hanging meniscus
configuration and the conditions are different from those of eq
3. However, it has been shown that for this type of small
electrode, limiting currents are still proportional to
nFD*?yV%¢, 02 In this case, as shown in the insets of
Figure S1, a straight line crossing the y-axis at 0 can be fitted to
the different j vs w'?, confirming previous results. Thus, the
Levich equation can be applied, and the only change from the
usual expression is the 0.62 factor. Thus, the theoretical current
density at 2500 rpm for the ORR according to eq 3 is —7.14
mA cm™? whereas the measured limiting current for the
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Figure 2. Linear sweep voltammograms for the ORR in hanging
meniscus configuration at 2500 rpm (positive scan direction) in O,-
saturated 0.1 M HCIO, for Te-modified Pt(100) electrodes with
different Te coverages between (a) 0.06 and 1.0 V and (b) 0.75 and
1.0 V. The inset in (b) shows the Tafel plots for different Te
coverages. Scan rate: 50 mV/s.

Pt(100) electrode is —8.2 mA cm™ It should be noted that
the meniscus height slightly affects the actual value of the
limiting current density. In all cases, the limiting current
density is nearly the same since it depends only on the
geometrical area of the electrode.

The value of the diffusion-limiting current allows to obtain
the ORR kinetic current (j,), which is the current that would

have been obtained in the absence of the mass transfer effect
66,67
as

i = Gy = D/G,A) ()
where j is the measured current density at a given potential.
Using this equation, the kinetic current density can be
calculated. Two elements are used in this study. First, the
plot of the log (ji) vs E will allow calculating the Tafel slope,
which is a parameter relevant to the ORR mechanism. On the
other hand, the value of j, (2500 rpm) at 0.9 and 0.85 V will
serve for the comparison of the activity of different electrodes.

The analysis of the ORR activity for Te-modified Pt(100)
electrodes reveals that the onset and half-wave potentials shift
positively with increasing Te coverage (fr.) (Figure 2b),
implying that Te modification enhances the ORR activity. The
same conclusion is reached when ji values are calculated (inset
of Figure 2b). Additionally, the Tafel slope is around —60 mV
regardless of coverage, which means that the reaction
mechanism remains unchanged. On the other hand, at lower
potentials (E < 0.35 V), there is a diminution in the current
density for ORR, associated with the inhibition of the further
reduction of hydrogen peroxide formed as an intermediate
during ORR. Studies with Pt(111) electrodes and Pt stepped
surfaces with (111) terraces have shown that this inhibition is
linked to the electrode charge and the presence of adsorbed
OH on the surface.®®®® Thus, at potentials negative to the local
potential of zero free charge (pzfc) (whose value for Pt(111) at
this pH is ca. 0.33 V) and in the absence of adsorbed OH on
the surface, the reduction of hydrogen peroxide is inhibited.
For the Pt(100) electrode, the potential of pzfc could not be
measured, but it is presumed to be located at lower values
compared to that at Pt(111), based on the work function
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values.”® For this reason, the extent of inhibition of hydrogen
peroxide reduction on Pt(100) at 0.2 V < E < 0.3 V is lower
than that on Pt(111).”" As can be seen, the inhibition effects
are more pronounced with higher Te coverage and the onset
shifts toward higher potential values. It has been demonstrated
that the deposition of adatoms on the Pt(111) increases the
potential of maximum entropy of the inter7phase, which is
related to the potential of zero free charge.””’” Consequently,
as the Te coverage increases, more negative charges
accumulate on the Pt sites at E < 0.2 V, leading to a larger
inhibition of hydrogen peroxide reduction.

The behavior of the Te-modified Pt(111) electrodes is
different. The ORR activity for the Pt(111) electrode decreases
with Te coverage, as indicated by the fact that the onset and
half-wave potentials shift to more negative values with Te
coverage (Figure S2a,b). The difference between the behaviors
of the Pt(100) and Pt(111) electrodes is related to the state of
Te. For Pt(100), the potential of the redox peak for adsorbed
Te is above 0.95 V, which means that adsorbed Te is always in
its reduced state during the ORR process. On the other hand,
the peak potential for the Te redox process on Pt(111) is ca.
0.83 V. This is in good agreement with DFT results, which
show that the dipole created on the surface due to the presence
of Te is larger on the Pt(111) surface than on the Pt(100)
surface.”” The larger dipole on the Pt(111) surface with the
positive part on the Te adatom favors OH adsorption on the
Te adatoms on the Pt(111) electrode. In a word, our results
indicate that Te on Pt(111) is in its oxidized state in the mixed
kinetic and mass transport potential region for ORR. Te
adatoms in the oxidized state act only as spectators, that is,
third-body effect, which blocks active sites and reduces the
ORR activity.”® However, a sharp increase in the ORR current
can be observed at the peak potential for the redox process of
Te on the Te-modified Pt(111) electrode (Figure S2b).
Conversely, Te adatoms in the reduced state catalyze the ORR
activity. The observed behavior of the Te-modified Pt(111)
and Pt(100) electrodes implies that enhancement of the ORR
depends on the substrate surface structure and the Te redox
state. DFT results show that there is a charge transfer from the
Te adatoms to the Pt surface.””’* The additional negative
charge on the Pt surface results in less favorable OH
adsorption on Pt, as demonstrated by the CVs in Figure 1.
Since the rate-determining step (RDS) is the OH desorption
step on Pt,”” this fact activates the ORR. Recent results using
D,O show that the activity for the ORR increases when the
interaction of adsorbed OD with the surface is weakened
compared to that of OH.”® However, the adsorption of OH on
the Te adatoms has a negative effect on the catalytic
enhancement. For the Pt(111) electrode, the peak potential
for the Te redox process is lower than that on Pt(100). The
presence of adsorbed OH on Te should alter the interfacial
properties, as demonstrated for the Pt(111) electrode in which
the presence of an adsorbed OH layer on the surface alters the
surface charge. In 0.1 M HCIO,, the electrode surface charge is
positive at the onset of OH adsorption (ca. 0.6 V) and the
surface charge becomes negative as the OH layer is
completed.”” This fact implies that the structure of the
interphase and especially the water adlayer is different, and
thus, an impact on the ORR is expected. Thus, the positive
effect for the ORR disappears when OH adsorbs on the Te
adatoms because it alters the interactions between the species
in the interphase (water, oxygen, and anions) and the Pt
surface.

3.2. Voltammetric Behavior of Te-Modified Pt(322).
In order to better understand the effect of the Te adatoms on
Pt electrodes for the ORR, Pt stepped surfaces with n atom-
wide (111) terraces and (100) monatomic steps were studied.
For simplicity, the discussion will focus first on the Pt(322)
surface, which consists of S atom-wide (111) terraces separated
by (100) monatomic steps. The whole set of results for the
Voltammetric behavior and ORR activity of other stepped
electrodes with different terrace widths can be seen in Figures
S3—5. For the Voltammetric behavior of the unmodified
Pt(322) electrode (Figure 3), hydrogen adsorption—desorp-

——Pi(322)-15(111)x(100
6y, =0.10 ML

0.0 0.3 0.6 0.9
E/V vs RHE

Figure 3. Cyclic voltammograms of Te-modified Pt(322) with
different coverages in Ar-saturated 0.1 M HCIO,. Scan rate: 50 mV/s.
Potential region: 0.06—1.0 V.

tion on the (111) terraces takes place at 0.06—0.3 V. The peak
at 0.28 V is assigned to the competitive adsorption of H 4 and
OH,4 on the (100) steps.”® The potential region between 0.6
and 0.85 V corresponds to the OH adsorption on (111)
terraces, and the asymmetry of the redox peaks indicates
irreversible OH adsorption—desorption. In the potential region
between 0.85 and 1.0 V, OH,4 is progressively transformed
into O,4. For the surfaces having n atom-wide (111) terraces
and monatomic (100) steps whose Miller indices are Pt(n + 1,
n —1,n — 1), the charge density on the (100) steps is given by
the expression according to the hard-sphere model””:

Pt(n+1,n—1,n—1) _ Iy cos(a)

e (n—1/3) (s)

where gp(;11) is the charge density measured for a process
occurring on Pt(111) transferring the 1 e” per platinum site
(241 uC cm™) and a is the angle between the (hki) surface
and the (111) plane. For the Pt(322) surface, n is equal to S,
cos(a) is 0.986, and the calculated charge using a hard-sphere
model for the step with a H,4 coverage equal to 1 is 50.4 uC
cm™2 The experimental charge density of species adsorption—
desorption at the step sites is obtained by integrating the area
of the peaks at 0.2—0.35 V and subtracting appropriate
baselines, which are 48.8 uC cm™ This value is consistent
with the expected hard-sphere model value, within the margin
of error, thus confirming the electrode’s quality.

It has been shown that the initial deposition of the adatom
on the step sites or terrace sites depends on the electro-
negativity of the adatom and substrate atom.*”> The electro-
negativity of Te is 2.10, which is smaller than that of Pt, 2.28.
Therefore, when Te adsorbs on platinum stepped crystal
planes, it tends to deposit initially on the lower part of the step
to later deposit on the terrace. The charge density under the
peak related to the (100) steps diminishes as Te is deposited,
whereas the diminution of the signal related to the terraces is
very small. In this respect, it should be noted that when Te is
deposited on the (111) terraces, a reversible peak at 0.83 V
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should appear, corresponding to the redox processes of the Te
adatoms deposited on the (111) terrace.”” The absence of this
peak indicates that the Te adsorption on the (111) terrace sites
is highly restricted. Additional changes upon the deposition of
Te are also observed in the voltammograms. The onset
potential of OH,4 on the (111) terraces shifts positively and
the total coverage of OH,4 decreases with Te coverage,
indicating that the presence of Te on the step affects the
adsorption of OH on the terrace. With increasing Te coverage,
the binding energy between the (111) terraces and OH,q
weakens, as evidenced by the positive shift of the onset
potential for OH adsorption on the (111) terraces. Also, a new
irreversibly peak appears at E > 0.9 V, whose charge increases
with the Te coverage. The potential of this peak is very similar
to that observed for the redox process of Te deposited on the
Pt(100), and thus, this peak should be related to the Te
deposited on the (100) steps. For the calculation of Oy, used in
this work, since Te is mainly deposited on the step sites, the
integral area of the peak from 0.2 to 0.35 V is used. Therefore,
coverage values refer to the coverages on the step sites. The
expression used will be the same as that used for the Pt(100)
surface.

The study of the ORR on the Te-modified stepped surfaces
is restricted to the Te coverages where Te is only deposited on
the step. As the studies with the Pt(111) surface demonstrate,
the deposition of Te on the (111) domains does not enhance
ORR activity, given that Te is in the oxidized state at E > 0.83
V, which is inactive for electrocatalysis. Compared with the
significant increase in the activity for Pt(100) induced by Te
modification, the enhancement of the ORR activity on the Te-
modified Pt(322) electrode is significantly smaller in Figure 4a.
Moreover, at potentials higher than the redox peak of Te
adatoms on the (100) steps (as marked by the dashed line in
Figure 4b), ORR currents at Te-modified electrodes are
smaller than that at unmodified Pt(332). At potentials lower
than the redox peak of Te adatoms, the ORR current increases

0
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Figure 4. Linear sweep voltammograms for the oxygen reduction
reaction on hanging meniscus configuration at 2500 rpm (positive
scan direction) in O,-saturated 0.1 M HCIO, for Te-modified
Pt(322) electrodes with different Te coverages at (a) 0.06—1.0 V and
(b) 0.87—1.0 V. The dashed vertical line shows the peak potential for
the oxidation of the Te adatoms in the positive scan direction. The
inset of (b) shows the Tafel plots at different Te coverages on
Pt(322). Scan rate: SO0 mV/s.

and becomes larger than that of the unmodified Pt(322). This
behavior is attributed to the combined effects of the oxidized
Te (which is inactive for the ORR) and OH adsorption
attenuation on the (111) terrace. A similar conclusion is
obtained for the calculated values of ji. The polarization curves
at different rotation rates are given in Figure Slc,d, and there is
almost no change in the transferred electrons during the ORR.
Additionally, from the Tafel plots of different 0y, of Pt(322)@
Te electrodes in the inset of Figure 4b, the curves shift
positively compared with the unmodified electrode, and the
Tafel slopes are in the range of —50 to —60 mV. Therefore, it
can be concluded that the reaction mechanism remains
unchanged.

3.3. Trends in ORR Activity with Te Coverage. It is
possible to elucidate the chemical nature of the reaction sites
by analyzing the changes in the ORR kinetic currents as a
function of @r,. This strategy has previously been used for the
ORR on Cu and Br-modified Pt(111) electrodes.””®" To
accomplish this aim, the ORR on Te-modified platinum single-
crystal surfaces is studied further by varying Te coverages, and
the results are presented in Figure 5. It is concluded that the
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Figure 5. ORR activities (ji) at 0.9 V (black squares) and 0.85 V(red
circles) with different Te coverages on (a) Pt(111), (b) Pt(322), and
(c) Pt(100). The obtained currents (j) are from the ORR polarization
curve at 2500 rpm and 50 mV/s. The dashed lines provide only a
visual guide on the evolution of the activities with the coverage.

ORR activity decreases when Te is adsorbed on the Pt(111)
electrode, and the overall ORR activity is enhanced when Te is
modified on the Pt stepped surfaces and the Pt(100) electrode.
DFT calculations have shown that Te adatoms downshift the
d-band center of Pt; this may lead to lower binding energy of
the ORR intermediates.”” The combination of both changes
should result in an increase in the ORR activity,” as confirmed
by the experimental results. For Te-modified Pt(111), Te
exists in the oxidized state on Pt(111) (Figure S2a) at the
sampling potentials where the activity of the ORR process is
analyzed. As the coverage of the oxidized Te increases and
blocks more active sites, the activity diminishes due to the

https://doi.org/10.1021/acscatal.3c04876
ACS Catal. 2023, 13, 16045—16054


https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04876/suppl_file/cs3c04876_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04876/suppl_file/cs3c04876_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04876?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04876?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04876?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04876?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04876?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04876?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04876?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04876?fig=fig5&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c04876?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

partial blockage of Pt and the lower activity of the remaining
free sites. For Te-modified Pt(100), the ORR activity increases
approximately linearly with an increase in Te coverage. Te
exists mostly in the reduced state and decreases the OH
binding strength. This results in an enhancement of the ORR
activity, overcompensating for the diminution in the number of
free Pt sites. A Te adatom interacts with 4 Pt atoms, and the
number of Pt atoms in the (100) domains that are affected by
Te adatom increases with increasing Te coverage. The
behavior of the Te-modified Pt(322) electrode is different
for the two sampling potentials. At 0.9 V, the activity is almost
independent of the Te step coverage for low and intermediate
values and slightly increases at higher values. However, at 0.85
V, a significant increase is observed for all of the coverage
values. As previously discussed, the peak potential for Te
oxidation on the (100) steps is ca. 0.91 V. Consequently, at 0.9
V, a fraction of the Te adatoms is already in their oxidized
state, and their contribution to the current enhancement is
small. On the other hand, at 0.85 V, Te adatoms are in their
reduced state and enhance the activity. It should be noted that
the ORR activity of the Pt(322) surface is significantly higher
than those of the Pt(111) and Pt(100) electrodes. The
increase is attributed to the presence of steps.”” Despite the
partial blockage of the steps caused by the Te adatoms, the
activity still increases with the Te coverage. Since Te is initially
deposited on the lower part of the step,* the activity of the Pt
sites adjacent to Te on the step should be very large so that
they can compensate for the blockage of the step site.

3.4. Trends in ORR Activity with Step Density. In order
to better understand the behavior of Te deposited on the steps
and how it modifies the catalytic activity for the ORR, we
analyzed additional stepped surfaces with (111) terraces and
(100) steps. The CVs and ORR polarization curves of other Pt
stepped single-crystal electrodes containing different atom-
wide (111) terraces are in the Supporting Information in
Figure S3 (Pt(311) — [2(111) X (100)]), Figure S4 (Pt(755)
— [6(111) x (100)]), and Figure SS (Pt(977) — [8(111) X
(100)]). The resulting changes in the CVs due to Te
deposition on platinum stepped crystal planes, Pt(755) and
Pt(977), are similar to that of Pt(322). In this regard, Te first
deposits at the lower part of the (100) steps. In contrast, the
behavior of Pt(311) is quite different from those of other
stepped crystal electrodes because it is the turning point in the
series. It can be described as a surface containing 2 atom-wide
(111) terraces separated by (100) monatomic steps or 2 atom-
wide (100) terraces containing (111) monatomic steps.
Starting from 0.06 V, the signals between 0.06 and 0.2 V are
related to the H desorption on (111) sites, and the two peaks
in the potential region 0.2—0.4 V are related to the H
desorption and the OH adsorption on the (100) sites.”* When
Te adsorbs on Pt(311), all the signals diminish, and the two
peaks at 0.2—0.4 V merge into one. In addition, a new peak
arises around 0.8 V, which is characteristic of the redox process
of Te deposited on the (111) sites. Due to the small size of the
terrace and the relatively large size of Te, in this case, it is not
possible to distinguish between Te deposited on the steps and
terrace sites in this case.

The ORR activity of different Pt stepped crystal planes in
the [011] zone in Figure 6a is the same as that reported by
Feliu®>® and Hoshi and co-workers®” and follows the order as
shown in Figure S7: Pt(322)([S(111) x (100)]) > Pt(755)
([6(111) x (100)]) > Pt(977)([8(111) x (100)]) > Pt(111)
> Pt(311)([2(111) x (100)]) > Pt(100). Bandrenka
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Figure 6. (a) ORR activities (ji) at 0.9 V on the bare and Te-modified
Pt electrodes containing n atom-wide (111) terraces and (100) steps,
plotted against the number density of steps per unit length. (b)
Enhancement factor of the ji of Pt(hkl)@Te compared with Pt(hkl).

attributed the trends of activity with step density to the
binding energy of the oxygenated species.** Thus, the Pt(111)
surface is located on the side of the volcano curve for which
OH adsorption energy is too strong, in this case, 0.1 eV,
greater than the optimal value.”> When introducing the (100)
steps into the (111) domains, OH,qy on the (100) steps
interacts with OH_; on the (111) terraces, and then, the
hydration network structure between OH,4 on the hydrated
terrace and the H,O in the electrolyte is broken. Thus, the
ORR activity increases, since it destabilizes OH adsorption.
However, this interpretation poses a problem that the ORR
activity of the Pt(311) surface, which can be considered a
surface with high step density, is lower than that of Pt(111).
The terrace width is so short that the adsorption of oxygenated
species on the (100) step can interact with those on the (111)
terraces. Moreover, due to the Smoluchowski effect,*® which
implies an electron density redistribution over the step, the
energetics of the different sites tend to converge, thereby
diminishing the differences between them. This problem is
absent in the Pt-stepped single-crystal electrodes with relatively
long (111) terraces, such as Pt(322), Pt(75S), and Pt(977),
and thus, the step reduces the OH adsorption energy on (111)
terraces. For this reason, the Pt(322) electrode is the most
active of all the stepped crystal planes used in the present
study.

As for the oxygen reduction reaction on the Te-modified
electrodes, an enhanced ORR activity is observed for all of the
Pt stepped surfaces. More specifically, the onset and half-wave
potentials of Pt(311) shift noticeably to higher values. On the
other hand, for the surfaces with a low step density, that is,
Pt(322), Pt(75S), and Pt(977), the enhancement is less
significant. Nevertheless, the maximum activity is still present
in the Pt(322) electrode, and the activity order is consistent
with that of the unmodified electrodes. When calculating the
relative enhancement of the current due to the modification of
Te (see Figure 6b), we observe the maximum improvement in
the activity in Pt(100), with about 134% increase in kinetic
current at 0.9 V. Leaving aside the Pt(111) electrode, because
the Te adatoms would only increase their activity at E < 0.8 V,
when the adatoms are in the reduced state on Pt(111), for the
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remaining sites, a positive effect is observed. For the Te-
modified Pt stepped surfaces, the enhancement ratio
diminishes as the step density increases up to the Pt(322)
electrode. The activity for these surfaces can be considered as
an averaged contribution of the step and terrace sites, in which
the activity of the step sites is significantly larger than that of
the terrace sites. Since the presence of Te adsorbed on the
steps only increases the activity of the terrace sites, it would be
expected that the higher the step density, the higher the
relative activity increases. However, this is not the case, since
for the Pt(322) electrode, the relative increase is the smallest
for the whole series of stepped surfaces. This fact implies that
other effects, not related to the electronic modification of the
surfaces, are affecting the behavior. In this sense, the
modification of the water structure near the adatom may also
play a role. Thus, the disruption of this water structure brought
about by the presence of steps on the (111) terraces may be
intensified in the case of the surfaces with long terraces. For
surfaces with short terraces, the addition of Te adatoms on the
steps does not increase this process because the adlayer is
already fully disrupted. However, the behaviors of the Pt(311)
and Pt(100) electrodes are similar. On these surfaces, the
relative enhancement is larger and all the sites participate in
the enhancement. Chronoamperometry was also used to
determine the stability of the ORR catalytic activity and
structure-sensitive effects. Figure S8 shows that Te modifica-
tion can slow the decay of ORR current and enhance the ORR
activity of Pt electrodes by the currents at 0.9 and 0.85 V.
However, the current of the Te-modified Pt(322) is initially
smaller than that of Pt(322) for the first 10 s but then increases
rapidly when applying potential at 0.9 V. This phenomenon is
probably associated with the oxidation state of Te. In the
beginning, Te exists mostly in the oxidized state and then
gradually changes to the reduced state and enhances the ORR
activity, which agrees with the previous conclusions.

3.5. Voltammetric Behavior of Te-Modified Pt(hkl)
Electrodes after ORR. For practical applications, it is
important to establish the stability of the Te adatoms under
operative conditions. Therefore, the CVs of Te-modified
platinum electrodes before and after ORR in the supporting
electrolyte are displayed in Figure 7. It is evident that CVs of
Te-modified Pt(111) and Pt(100) show a diminution of the
amount of Te adsorbed on the surface after the ORR.
Conversely, this diminution is less significant for the Te-
modified Pt(322) surface. In Figure 7a for Pt(111), it is
evident that the peak current at 0.83 V decreases after ORR,
indicating partial desorption of Te from the surface during the
ORR experiments. This may be due to the instability of Te in
the presence of oxygen and the sweep to high potentials (1 V).
In addition, Te interacts weakly with the closely packed
Pt(111) surface, as seen from the longer Pt—Te bond length
compared with that of Pt(100) by DFT calculations.®® There is
a strong interaction between Pt(100) and adsorbed Te.
However, the desorption of Te from the Pt(100) surface is
also observed, as demonstrated by the reduced area of the Te
redox peak at 0.9—1.0 V in Figure 7c. This phenomenon may
be due to the instability of Te in the presence of oxygen and
surface disorder during ORR. In contrast, the changes in the
CV of Te-modified Pt (322) after ORR are significantly
smaller. As mentioned before, the most favorable site for Te
deposition is the step site, which stabilizes the adatom on this
site and impedes Te desorption. Therefore, Te modification on
the (100) step sites can protect low-coordinated sites from
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Figure 7. Cyclic voltammograms of Te-modified (a) Pt(111), (b)
Pt(322), and (c) Pt(100) in Ar-saturated 0.1 M HCIO,. The red solid
line and blue dashed line indicate the CVs of Te-modified Pt(hki)
recorded before ORR and after ORR, respectively. Scan rate: S0 mV/
s. Potential region: 0.06—1.0 V.

reconstruction and enhance the stability of the surface
structure of Pt(hkl)@Te.

4. CONCLUSIONS

A series of platinum stepped crystal electrodes containing
different (111) atom terrace widths and (100) monatomic
steps modified by tellurium has been used to study the effects
of Te modification on the ORR performance. Except for
Pt(111), all other surfaces display enhanced ORR activity with
Te modification. Besides, the Pt(322) electrode has the best
ORR activity, and the Pt(100) electrode has the largest ORR
activity enhancement factor. The improvement of the ORR
activity can be related to the intermediate binding energy and
the state of Te. These results imply that the modification of Pt
with species that transfer electrons to Pt can be an eflicient
strategy to enhance its ORR activity and stability. The results
presented here indicate that the presence of Te enhances the
ORR provided that Te is in its reduced state; that is, OH is not
adsorbed on the Te adatoms. The charge transfer from Te to
the Pt surface results in less favorable OH adsorption. Since
the OH desorption is the RDS in the ORR mechanism, a
catalytic effect is observed. However, the oxidation of the Te
adatoms, which implies the adsorption of OH, deactivates the
positive effect, probably due to the reordering of the water
adlayer around the adatoms. Thus, elements that could transfer
charge to the Pt electrode and destabilize OH adsorption can
have a positive impact on the electrocatalysis of the ORR,
provided that they do not modify the water structure by
adsorbing OH on them, which may pave the way for further
evolution of Pt-based catalysts for PEFCs. In this respect,
further efforts in the characterization of submonolayer
amounts of foreign metals deposited on surfaces are required
to fully understand their effect on the ORR.
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