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Increasing the efficiency and stability of bimetallic electro catalysts is particularly important for future

clean energy technologies. However, the relationship between the surface termination of these alloys and

their catalytic activity is poorly understood. Therefore, we report on fundamental UHV-SPM, LEED, and

DFT calculations of the PtsTi(111) single crystal surface. Using voltage dependent imaging the surface

termination of PtsTi(111) was studied with atomic resolution. Combining these images with simulated STM

maps based on ab initio DFT calculations allowed us to identify the three upper layers of the PtsTi(111)
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Introduction

The development of clean energy production and storage
methods is one of the most important issues of current scien-
tific investigations. Among others, hydrogen based energy
systems, like proton exchange membrane fuel cells, seem to be
a promising approach for future applications. At present
however, there is a great need for improved Pt-based cathode
catalysts for the oxygen reduction reaction (ORR), so that the
Pt loading can be reduced." A well-known option to develop
high efficient electro catalysts is alloying two or more metals.
This often leads to newly arising surface phenomena, which
are important for their catalytic properties.

In this connection employing Pt-alloys with 3d and 4d-tran-
sition metals (Pt;M with M = Ni, Co, Fe, Ti, V, Y, Zr) leads to
‘volcano-type’ electro catalytic trends.>* The maximum in the
catalytic activity in Ptz;M alloys is due to the interplay between
the adsorption of reactive intermediates and the efficiency of
the electron transfer to adsorbates. That is, if cathode catalysts
bind O, too strongly the ORR rate is limited by the desorption
rate of the reduced species, otherwise the ORR rate is limited
by the electron transfer rate to the oxygen species.
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single crystal and their influence upon the surface electronic structure. Our results show that small
changes in the composition of the second and third atomic layer are of significant influence upon the
surface electronic structure of the PtsTi electro catalyst. Furthermore, we provide relevant insights into
the dependence of the surface termination on the preparation conditions.

In the series of Pt;M alloys the ‘volcano-type’ trend in the
catalytic activity of the ORR across the periodic table can be
correlated to the surface electronic structure.”™ Since the
metal-adsorbate interaction depends on the coupling between
the oxygen 2p-states and the metal d-states, the d-band center
corresponds in the same way as the chemisorption energy to
the kinetic of the ORR and thus, can be used as measure for
the electro catalytic activity of the respective Pt-alloy. Conse-
quently, the rules for the development of efficient electro cata-
lysts, based on experimental and calculated data given in
literature® seem to be clear. The d-band center of an ideal
electro catalyst should be shifted —0.2 eV relative to the one of
Pt and the catalyst should bind oxygen about 0.2 eV weaker
than Pt does it.

However, while the influence of the 3d and 4d-transition
metals on the ORR rate is obvious, the production of an ideal
electro catalyst is experimentally complex. One issue is the
enhanced dissolution of the transition metal in aqueous solu-
tions with respect to Pt which can cause an increase of Pt in
the surface region.® Another aspect are surface segregation
effects depending on the exact stoichiometry of the alloys.
These segregation effects turn out to be an important source
for changes in the surface electronic structure of Pt;M alloys.>”
It could be shown experimentally and theoretically that the
bulk-like termination consisting of 75% Pt and 25% M atoms
and the Pt-skin termination, that is a pure Pt outermost layer
covering a bulk Pt;M alloy, differ considerably in ORR rate, che-
misorption energy and d-band center. Moreover, it was theoreti-
cally predicted that a strong segregation of Pt to the outermost
layer will occur in alloys, especially Pt;Ti, whose Pt concen-
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tration is above 75%.° Indeed currently, it is largely believed,
mainly based on low-energy ion-scattering spectroscopy (LEIS)
and tensor low-energy electron diffraction (LEED) measure-
ments, that after the usual preparing conditions of Pt;M-crys-
tals (sputtering/annealing cycles in ultrahigh-vacuum (UHV)) a
Pt-skin covers the atomic layers underneath and in addition,
acts as protective layer.>”® This is especially of importance
with respect to a high corrosion resistance of the alloy. The
challenge is to prepare a Pt;M alloy and tune the surface segre-
gation process in such a way that the above mentioned pro-
perties of an ideal electro catalyst are achieved. So far however,
contradictory assumptions about the surface segregation
process exist, e.g. it is not clear whether the Pt;M-layer beneath
the Pt-skin is Pt-depleted or not.*>°*! Since the binding ener-
gies of adsorbates on the alloy surface show a strong sublayer
dependence,'®'? the task to develop an improved electro cata-
lyst is demanding and theoretical predictions are difficult.

Due to the fact that there is a great need for the identifi-
cation of the fundamental segregation mechanisms at the
surface we use a well-characterized single crystal material and
examine the surface properties at the nanoscale. In detail, we
focus on Pt;Ti, a stoichiometric intermetallic phase, which
crystallizes in the CusAu-type with a cubic face centered struc-
ture and a lattice constant of 0.3906 nm, which is only 0.4%
smaller than the value for pure platinum.® This results in an
interatomic distance of 0.276 nm on the hexagonal (111) orien-
tated surface. LEED studies indicate a titanium induced
p(2 x 2) superstructure with respect to the p(1 x 1) spots of a
pure Pt(111) crystal.”*®'* On the other hand, one real space
study of the surface morphology using scanning tunneling
microscopy (STM) could verify the p(2 x 2) but not the p(1 x 1)
structure.®

The high stability of the Pt;Ti crystal structure, indicated by
its high melting point of 2213 K, is caused by a strong inter-
action of the Pt 5d and the Ti 3d bands in the bulk and makes
it interesting for catalytic applications."*™*® In addition, recent
DFT calculations indicate a significant lowering of the acti-
vation energy for the rate determining step in the ORR com-
pared to the Pt(111) surface."”'” Furthermore, due to its highly
defined surface structure the Pt;Ti-surface is even suitable for
the controlled growth of thin titanium oxide films, which
stand out by their high degree of surface order and reproduci-
bility.'® The surface oxidation process is accomplished by the
diffusion of Ti from the bulk to the surface at elevated tem-
peratures. Depending on the growth conditions several
different oxide phases can be formed, which differ in their
stoichiometry, symmetry and thickness.'*

These results offer a wide range of possible applications of
Pt;Ti and oxidized Pt;Ti surfaces as tunable electro catalysts
once the surface segregation mechanism is fully understood.
Therefore, we apply here a methodologically sound approach
which is suitable to reveal surface transformations in the sub-
nanometer range. We will evidence the true nature of the clean
Pt;Ti(111) single crystal surface by combining UHV-SPM
methods, especially voltage-dependent imaging, which will
allow us to characterize the surface layer of the electro catalyst
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with atomic resolution, with simulated STM maps based on ab
initio DFT calculations assuming different crystal termin-
ations. This combination will allow us to identify the outer-
most surface layer and the layers underneath together with
their influence upon the surface electronic structure.

Methods

Sample preparation

A Pt3Ti(111) single crystal was purchased from MaTecK and
has been prepared by several sputtering/annealing cycles
under UHV conditions. Sputtering was performed with an IQE
11 ion gun (Specs, Germany) operating at 1 keV for 10 minutes
under normal incidence with a neon pressure of 1 x 10> mbar
(1 pA sample current) for sample 1 (S1) and with 3 x 107°
mbar neon pressure (3 pA sample current) for sample 2 (S2).
In order to heal out the crystal surface the sample has been
annealed to 1200 K for 25 minutes after each sputter cycle.
The cleanliness of the surface has been checked by LEED and
STM.

STM measurements

All experiments were carried out in a Createc low temperature
STM, which was operated at a working pressure of 1 x 107°
mbar. The UHV system consists of a stainless steel vessel and
is additionally equipped with a combined MCP-LEED/Auger
spectrometer, a sputter gun for surface preparation and a
mass spectrometer for rest gas analysis. All UHV-STM and STS
measurements were performed in constant current mode at
liquid nitrogen temperature using electrochemically etched
tungsten tips. Some measurements were performed in the so
called multiple voltage mode. In this mode images are taken
parallel line by line, each line with a different bias voltage
applied, so that a series of images is measured in one scan.
The d7/dV spectra were measured with lock-in technique, using
a small ac modulation voltage (amplitude = 40 mV, frequency
= 476 Hz) added to the sample bias, while the feedback loop
was deactivated. All spectroscopy data shown here are averaged
over 4 to 20 individual curves recorded within 15 seconds
(see text).

LEED measurements

The LEED images were taken with an OCI BDL80OIR-MCP
LEED system using a filament current of 2.55 A and a screen
voltage of 3 keV. Due to the use of two microchannel plates the
electron beam current never exceeded a value of 200 nA, so
that a beam induced surface damage can be excluded.

DFT calculations

Our density functional theory (DFT)" simulations were per-
formed using the all-electron frozen core projector augmented
wave method®® as implemented in the VASP code.”’** The
clean Pt3Ti(111) geometry was modeled by a slab consisting of
5 atomic layers using the theoretical lattice parameter of
3.949 A, while the one and two Pt overlayers on Pt;Ti(111) were
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Fig. 1

(a) UHV-STM image of the PtsTi surface with one atomic step and a screw dislocation (sample 1 = S1). Furthermore, some surface defects

and adsorbates are visible (57.5 nm x 57.5 nm, 2.31 V; 0.01 nA). (b) High-resolution image with one surface defect. The Ti induced p(2 X 2) super-
structure is clearly visible (S1, 6.25 nm X 6.25 nm, 1.3V, 0.11 nA); (c) UHV-STM of the PtsTi surface after repeated cleaning cycles with atomic resolu-

tion (S2, 2.50 nm x 2.50 nm, 0.006 V, 7.9 nA, (low pass filtered)).

obtained by replacing the surface atoms with Pt ones. In all
our supercells calculations, ie., for the bulk terminated
Pt;Ti(111), one and two Pt overlayers on Pt;Ti(111), and one Ti
overlayer on Pt;Ti(111), we always relaxed three surface layers
while two atomic Pt;Ti layers were kept fixed. Additionally, our
first-principles calculations employed the Perdew-Burke-
Ernzerhof exchange correlation functional,> an energy cut-off
energy of 500 eV, a Brillouin zone sampling by a mesh of
8 x 8 x 1, and the relaxed geometries were obtained when
the calculated Hellmann-Feynman forces acting on the two
surface layers were less than 1 mev A",

Results and discussion
Surface termination of Pt;Ti(111)

As a typical representative of a binary metal alloy with CuzAu
structure the unreconstructed hexagonal Pt;Ti(111) surface
should be build up by ABCABC... stacked layers, all consisting
of three Pt atoms and one Ti atom per unit cell. In this case the
Ti atoms form a p(2 x 2) superlattice with respect to the p(1 x
1) lattice of a pure Pt(111) surface. The LEED pattern was taken
of the clean Pt;Ti(111) single crystal surface at 180 eV beam
energy after an extensive surface preparation using Ne gas sput-
tering and subsequent annealing cycles (see Fig. S1 in ESIf}).
The expected spots of a p(2 x 2) superstructure can be clearly
detected and the determined unit cell vectors are 0.554 nm and
0.276 nm (see Fig. S1bt) due to the nearly identical atom radii
of Pt and Ti. Therefore, the LEED image is in accordance with a
bulk-like surface with a Ti related p(2 x 2) superlattice and a Pt
related p(1 x 1) sub unit cell (see Fig. S1ct).

However, it is known that LEED has only a limited surface
sensitivity. The penetration depth of scattered electrons with
kinetic energies between 100 and 200 eV, which is a typical range
for LEED measurements, is in the order of 0.5-1 nm.** Conse-
quently, the LEED image indicates that the Pt;Ti(111) single
crystal surface is well-ordered in the surface region, but cannot
provide distinct information about the topmost surface layer.

Since scanning probe methods are surface sensitive in the
sub nanometer range and reveal both, morphological changes
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and variations in the electronic surface structure, we apply this
method to get further insights into the Pt;Ti(111) single
crystal surface. Fig. 1(a) shows the UHV-STM image of the
Pt;Ti(111) surface with one atomic step and a screw dis-
location, which is also characteristic for Pt(111) surfaces. The
step height was estimated to be around 0.23 nm and is in
accordance with crystallographic data. Furthermore, very small
adsorbates, presumably hydrogen which cannot be removed
completely from the UHV-system, and even smaller surface
defects are visible. A close-up view of the Pt;Ti(111) surface is
given in Fig. 1(b). It reveals clearly the hexagonal symmetry
and the unit cell of the Ti related p(2 x 2) superstructure with a
cell constant of 0.56 nm. In addition, one defect can easily be
identified by the changed contrast in the middle of the STM
image, which will be discussed later in detail.

So far, the UHV-STM investigations of the Pt;Ti(111)
surface exhibit the periodicity of the bulk crystal. However,
since STM images are a convolution of the surface morphology
and the electronic structure this does not necessarily indicate
a bulk-like termination of the Pt;Ti single crystal. Moreover,
the pronounced sublayer dependence of the binding energies
of adsorbates should be taken into account.'®'* This means
that the d-band center and also the electronic structure of the
surface, which is probed here, depends at least on the topmost
and the second surface layer.

In order to achieve an even higher resolution of the
Pt;Ti(111) surface we varied the STM parameters and the
preparation conditions of the single crystal surface. Finally, as
a result of intense optimization we obtained the UHV-STM
image shown in Fig. 1(c). The atomic resolution of this image
of the Pt;Ti single crystal surface reveals three positions with
equivalent electron density forming a triangle and one posi-
tion which seems to be isolated. The key question is: Does this
UHV-STM image with atomic resolution show the bulk-like
termination of the Pt;Ti single crystal? On one hand the 3:1
relation of atomic identities and the surface symmetry points
to a bulk-like termination. On the other hand, the apparent
height differences in Fig. 1(c) amount at most to 40-50 pm,
which is in the size-range of surface corrugation effects. More-
over, a Pt-skin surface, like introduced above, would also show

This journal is © The Royal Society of Chemistry 2016
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the same symmetry resulting from the surface electronic struc-
ture due to the underlying bulk structure.

To complicate the situation even more, we noticed that the
appearance of the Pt;Ti single crystal surface depends strongly
on the used bias voltage (Vp,s) during the STM measurements
and in addition on the preparation conditions, i.e. the clean-
ing/annealing cycles of the sample. At this point a thorough
systematic investigation was started. We prepared the Pt;Ti
single crystal in two distinct ways, i.e. method 1 (S1) with a soft
Ne'-sputtering at 1 x 107> mbar and method 2 (S2) with a
more intense sputtering at 3 x 10”> mbar, respectively, using
the same sputtering time and acceleration voltage. The anneal-
ing step was kept constant. The differently prepared Pt;Ti
single crystal surfaces, S1 and S2, were characterized with STM
using the same series of Vi, settings in two different modes.
In one mode we collected the whole series of STM images at
different Vi, in one scan (multiple voltages mode). This
series is useful to determine the lateral shift of appearing fea-
tures in the STM image. From Fig. S2 in ESI{ it can be
deduced, that indeed a lateral shift of the dominant features
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appears in S1 between 0.58 V and 1.3 V, while for S2 the shift
takes place between 1.3 V and 1.96 V. Subsequently, the Pt;Ti
surface structure was characterized with high resolution at the
same Vpias settings. Cutouts of the obtained STM images at
selected Vj,i,s for both samples, S1 and S2, respectively, are dis-
played in Fig. 2. Only Vy,i,s values in the positive voltage range,
imaging unoccupied electronic states of the Pt;Ti surface, have
been selected, since the thus obtained STM images are the
most characteristic ones.

Comparing both series of STM images directly points to the
fact that they are characteristic for both samples, S1 and S2,
and thus, for the preparation conditions. However, an un-
ambiguous identification of the surface termination is only
possible with additional information, like simulated STM
maps deduced from ab initio DFT calculations of the Pt;Ti
single crystal with different topmost layers.

Regarding the Vj,;,s dependent sequence of the appearance
of the Pt;Ti(111) surface of the first sample in more detail (S1,
first row in Fig. 2) a distinct change in the features is observed.
While for Vs = 0.006 V slightly indefinite features are

Model 0.006V

0.580V 1300V 1.960V

STM
S1

STM
S2

PtsTi

Pt-PtsTi

2Pt-PtsTi

Ti-PtsTi

Fig. 2 Comparison of high-resolution UHV-STM images (1.5 nm x 1.5 nm, low pass filtered) and ab initio DFT calculations of the PtsTi(111) surface.
In the first and second row STM images of sample 1 (S1) and sample 2 (S2), prepared under different conditions (see text), are shown for selected
sample bias voltages, indicated at the top of each column. The calculated STM images corresponding to the respective bias voltages for four
different surface terminations, i.e. bulk termination, Pt layer termination, two layers of Pt termination and Ti layer termination, are shown in row 3 to

row 6. For the explanation of the colored triangles see text.
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received, there are clear triangles with the peak pointing down-
wards for Vpi,s = 0.58 V (marked in yellow). However, this
appearance changes in a reproducible way when Vy;,s is raised
to 1.3 V. Now the triangles point with their peaks upwards and
correspond to other atoms on the Pt;Ti surface. This appear-
ance is preserved also for Vpi,s = 1.96 V. Comparing this
sequence of bias dependent STM images of S1 with the calcu-
lated STM images a comprehensive agreement is found with
the Pt;Ti crystal surface covered by one monolayer of Pt atoms
(Pt-Pt;Ti, row 4 in Fig. 2), which has been proposed to be the
surface termination mainly based on LEIS and LEED.>™*”®
Especially the flip of the apparent triangle between Vji,s = 0.58 V
and 1.3 V in orientation and location can be identified in the
same way in the simulated STM maps. Moreover, the simu-
lated STM maps allow us to assign the triangles to the corres-
ponding atomic surface structure. While at 0.58 V the apparent
triangles correspond to three Pt atoms with direct contact to
one Ti atom in the second layer (yellow) the triangles observed
at 1.3 V are located above a Ti atom in the third layer (blue).
Thus, by applying our method to gather a series of bias depen-
dent STM images and compare them with simulated STM
maps based on ab initio DFT calculations, we come to the con-
clusion that the mildly sputtered Pt;Ti crystal surface (S1) has
a Pt-Pt;Ti termination.

Applying the same methodology to the crystal surface S2,
which has been sputtered in a more intense way, its surface
termination can be identified straightforward. The bias depen-
dent STM images of S2 are given in Fig. 2 row 2. Here, the
most striking STM image of the Pt3Ti(111) crystal surface,
which shows atomic resolution, was obtained at Vj,,5 = 0.006 V.
When using higher bias voltages again triangular features
are obtained. However, in this case the orientation and
location of the triangle stays constant over the range of 0.58 V
< Vpias < 1.3 V (magenta), with only a change in contrast, and
flips if Vyias is further increased (green). A comparison of this
sequence of bias dependent STM images with the simulated
ones points to an all-embracing conformity with a termination
of the Pt;Ti single crystal with two Pt layers (2Pt-Pt;Ti, row 5
in Fig. 2). All observations from the experimentally obtained
STM images, the atomic resolution at low bias, the triangles
with varying contrast at medium bias, and the flip of the tri-
angle in orientation and location at high bias are reflected and
can now be used to describe the surface electronic structure at
the atomic scale. The triangle built by three Pt atoms of the
surface layer located over a Ti atom in the third layer (green) is
observed at Vpias = 0.006 V in atomic resolution and at Vi, =
1.96 V. On the other hand the apparent triangle in the range of
0.58 V < Vpias < 1.3 V (magenta) corresponds to three Pt atoms
in contact with one Pt atom in the second layer at the center of
the triangle. This result indicates that these states are mainly
unoccupied states corresponding to the Pt termination. Thus,
our results point unambiguously to the fact that sample S2 is
formed by two layers of Pt on top of the bulk Pt;Ti single
crystal.

It is worth to note at this point that all STM data have been
checked several times on different samples prepared with the
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“S1 method” and the “S2 method”, respectively, on different
places on the sample, and varying the bias voltage back and
forth. Thus, clearly the reproducibility of these two surface ter-
minations is proved and their dependence on the here selected
preparation conditions. The finding, that soft sputtering at 1 x
107> mbar leads to one monolayer of Pt as surface termination,
Pt-Pt;Ti (S1), and more intense sputtering at 3 x 10~ mbar to
a termination built by two layers of Pt (S2), is a strong evidence
that the sputtering procedure has a tremendous influence on
the surface termination of bimetallic alloys. Indeed, it is a
well-known fact that ion bombardment of alloys can alter the
composition of near surface regions, i.e. it can lead to prefer-
ential sputtering of one component.**>® Thus, the component
with the lower sputtering yield becomes enriched on the
surface. For the pure elements, Pt and Ti, the sputtering yields
(atoms/incident ion) are 0.70 and 0.45, respectively, when sput-
tered with Ne'-ions at 0.6 keV (for sputtering yields with other
noble gases see Table S1 in the ESI).>® This would imply that
Ti is enriched in the near surface region. However, there are
some alloys, especially those with a large mass difference, that
show an enrichment of the heavier component at the surface
region.”® Pt with an atomic mass of Mp, = 195.0 u is more than
four times heavier than Ti with an atomic mass of My =
47.8 u. In addition, the surface binding energy of the pure
elements is of importance, which is Up; = 5.86 eV and Uy; =
4.89 eV.* The ratio of the yield for two elements (RYxp), here
Pt and Ti, can be expressed by the following formula:

MPt 2m UPt 1-2m
RYri/pt ~ (MTi) Ui (1)

The term m is proportional to the power cross section used
in Sigmund’s theory and has a value between 0 and 0.2.*%°"
Consequently, the sputtering yield is favored for the element
with the lighter mass and the smaller binding energy, which is
in both cases true for Ti and should be in the range of 1.2 and
1.5, using the values above. In addition, AES measurements
gave values of RYyp, = 1.4 for Ar'-ion bombardment at 0.5 keV
and RYqype = 1.1 for Ar'-ion bombardment at 1.5 keV.*? There-
fore, an enrichment of Pt in the surface region due to preferen-
tial sputtering is expected. According to the predictions made
by Duan et al. this would directly induce surface segregation
processes leading to a Pt outermost layer.” However, what we
have identified here is even more sophisticated. The amount
of sputtering determines the termination of the Pt;Ti(111)
single crystal, i.e. termination by a monolayer of Pt (Pt-Pt;Ti)
or by two layers of Pt (2Pt-PtTi).

Surface electronic structure of Pt;Ti(111)

Scanning tunneling spectroscopy (STS) measurements and
ab initio PDOS (projected density of states) calculations were
performed on Pt;Ti(111) crystal surfaces terminated by a
monolayer (S1, Pt-Pt;Ti) or by two layers of Pt (S2, 2Pt-Pt;Ti),
respectively. STS measurements taken on Pt-Pt;Ti at three
different set points corresponding to three tip-sample dis-
tances are presented in Fig. 3(a). A comparison of the resulting

This journal is © The Royal Society of Chemistry 2016
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STS curves reveals an increase in the background current with
an increase of the tunneling voltage for each curve. This
increase in the background signal depending on the tunneling
voltage and in addition on a reduced tip-sample distance is
due to the exponential dependence of the transmission factor
on these variables.*® In addition, the absolute values of the
peaks in the differential conductance (dI/dV) spectra increase
with decreasing tip-sample distance. While the blue curve,
corresponding to the largest tip-sample separation, exhibits
only small features, the black curve shows distinct peaks,
which can be clearly related to surface states.

Moreover, additional states, presumably located close to the
metallic surface, become clearly visible in the green curve at
around Vi, = 0.15 V. It is known that STS of metal surface
states is distance dependent and that the energetic position of
peaks in the conductance spectra may shift to a small extend
depending on the tip position.>*?> The different electron
bands contribute to the differential conductance spectra
within the electron decay length, but the spectrum gets more
and more featureless for larger tip-sample distances.*®?’

a) | JN A B S B S A B R |
012 — 1, =1410A <

= —  0810A

2 r ——  041nA 7

c

> 008

| &

e

8

o=

L 004

ks

0.00
-10 -05 00 05 10 15 20
Sample Bias (V)

b) LI R A | LN B N A

0.09 |- N\ — PtPLTi =
= | \3 2PEPLTI
= L 3 3
=)
-,5- 0.06 |- M
& A ;
>
Ro0sf i
©

000 (] " [ A l A [ A (] A [ A (]
40 05 00 05 10 15

Sample Bias (V)

Fig. 3 (a) UHV-STS recorded on the Pt—Pt;Ti termination at different
heights above the crystal defined by the STS set-point parameters: Ve,
= =110 V, st = 0.41 nA, averaged over 10 single curves (blue), Vet =
—1.10 V, Isey = 0.81 nA, averaged over 4 single curves (black), Vser = —1.10
V, lset = 1.41 nA, averaged over 20 single curves (green). (b) Comparison
of UHV-STS curves taken from Pt—PtsTi (Voer = —1.10 V, I = 0.81 nA,
averaged over 4 single curves (black)) and 2Pt—Pt3Ti (Vser = —1.00 V, /et
= 0.69 nA, averaged over 10 single curves (orange)), respectively. The
resolution of the STS data in (a) and (b) is around 60 meV due to tem-
perature and applied modulation voltage.
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In general, the decay length of electrons in d-bands is expected
to be shorter than the decay length of electrons in sp-bands.
Therefore, d-band states can be recorded only at short tunnel-
ing distances. Furthermore, states from the boundaries of the
Brillouin zone contribute more at smaller tip-sample dis-
tances, whereas states near the center of the Brillouin zone
and the boundary along the smallest reciprocal vector are only
dominant at large tip-sample distances.*®

In Fig. 3(b) the differential conductance spectra, obtained
on Pt-Pt;Ti (black) and on 2Pt-Pt;Ti (orange) using compar-
able set-point parameters, are depicted. Clear differences
between both spectra, corresponding to energetically signifi-
cant differences in the surface electronic structure, can be
identified at around Vs = —0.5 V, +0.25 V and +1.2 V. The
energetic differences at positive bias, Vpjas = +1.2 V, refer to the
dominant triangles in the STM images of Pt-Pt;Ti and
2Pt-Pt;Ti located at different surface places (Ve = +1.3 V,
Fig. 2). On the other hand, the surface images of Pt-Pt;Ti and
2Pt-Pt;Ti resemble each other in appearance at Vg, = +0.58 V
and +1.96 V. This is also in accordance with the differential
conductivity curve (Fig. 3(b)).

In order to ascertain the potential influence of the different
possible surface terminations of the Pt;Ti(111) crystal on their
electrochemical activity, we have determined the total d-PDOS
(see Fig. 4) and the average energy of the d-states on the
surface atoms ( = d-band center). Note that the d-band center
is defined as:

_ [fio en(e)de

' n(e)de

(2)

€d

where ¢ represents the Kohn-Sham eigenvalues, n(e) is the
calculated total d-PDOS and Er denotes the Fermi energy.

Our calculated d-band center (¢4) of the modeled surfaces
(Table 1) agree well with those reported in ref. 5. Note that
other simulations reported in literature®* using different
methods or models assuming the second crystal layer to be
composed of 50% Pt and 50% Ti atoms"* result in different
d-band center energies for the Pt-Pt;Ti(111) termination and
Pt(111). The difference between the d-band center of the bulk
terminated Pt;Ti(111) surface and the pure Pt(111) surface
obtained from our calculations, Ad-band = 0.43 eV, also corres-
ponds to the experimentally obtained values**® pointing to the
relevance of our model.

In view of the ‘volcano-type’ trend in the catalytic activity of
the ORR in dependence of the d-band center, the Pt-Pt;Ti(111)
termination would meet the assumed ideal shift of —0.2 eV
relative to the d-band center of Pt(111). Indeed the
ORR activity of this termination is increased relative to the
bulk termination as proved experimentally.” However, it does
not meet the top of the volcano. This does not mean, that
there is no correlation between the ORR activity and the
d-band center or the related oxygen adsorption energy of the
respective catalytic surfaces. In contrary, this correlation is
theoretically and experimentally justified as far as alloy sur-
faces produced in the same way are compared.>*'” Though it
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Fig. 4 (a) Total d-PDOS used to calculate the d-band centers (e4) for

Pt3Ti, Pt—PtsTi, 2Pt—Pt3Ti and Pt(111)-substrates (see Table 1). (b) Com-
parison of the total d-PDOS of the simulated terminations in the energy
range around Eg.

Table 1 Calculated values of the d-band center (g4) of the modeled
(111) oriented surfaces in eV

This work Ref. 1 Ref. 4 Ref. 5
Pt,Ti —2.85 -2.87
Pt-Pt;Ti —2.62 -3.13 —3.05 —2.62
2Pt-Pt;Ti —2.41
Pt —2.42 —-2.72 —2.62 —-2.41

points to the fact that the details of the surface termination
depending on the production process of the electro catalysts
are still poorly understood. Based on our findings the differ-
ences in the catalytic activity of assumed equal catalysts pro-
duced by different methods can be attributed to different
surface terminations. Since the d-band center shifts dramati-
cally if only one additional monolayer of Pt is added to the
surface (see Table 1), the production process has to be moni-
tored in more detail. It is essential to identify unambiguously
the topmost three atomic layers of an alloy to be able to
predict the electro chemical activity.
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For practical application the optimization of the ORR
activity, especially of dispersed nanoparticles, is of rele-
vance."* Here, UHV-STM methods are not applicable.
However, Pt segregation to the outermost layer of the Pt;Ti(111)
alloy is likely for Pt concentrations slightly higher than 75 at
%.> Moreover, based on our work, it can be assumed that this
Pt segregation can be enhanced with increasing Pt concen-
tration and a post-annealing step. Consequently, a possible
optimization procedure for the ORR activity of any Pt;M alloy
in any habit can be: change the composition of the alloy very
carefully while the fabrication procedure is kept absolutely
constant and measure the resulting ORR activity. Then the
ORR activity should peak at one composition of the alloy that
causes a distinct termination corresponding to an optimal
d-band and thus, an optimal electro chemical activity.

Moreover, the d-band center is a reliable first measure, but
it is not sufficient to describe all facets of the catalytic activity,
since both, e.g. 2Pt-Pt;Ti and Pt, exhibit the same d-band
center (see Table 1) but differ in ORR activity and stability."*>®
As described in very recent publications, especially the LDOS
near the Fermi level (0.5 eV < E — Eg < 0.5 eV) for the surface
Pt atoms is of importance for the oxygen adsorption energy
and thus, for the ORR activity.”® This relationship is also in
accordance with the total d-PDOS close to Ep observed here:
Pt;Ti < Pt-Pt3Ti < 2Pt-Pt3Ti(111)~Pt(111). In Fig. 4(b) small
differences between the d-PDOS of 2Pt-Pt;Ti(111) and Pt(111)
close to the Fermi-level can be observed though similarities
exist. In general, the density of states close to the Fermi level
seems to be a superior measure for the catalytic activity of a bi-
or trimetallic alloy than the d-band center.*!

However, it is of great importance that the total d-PDOS
close to the Fermi level (see Fig. 4) and the d-band center of
Pt-alloys with 3d-transition metals depend on their exact
surface termination, i.e. the composition of the three topmost
layers of an alloy. Consequently, the surface electronic struc-
ture can be tuned intentionally by the surface termination.
This opens up a new way to optimize the electrochemical
activity of bi- or trimetallic catalysts.

Surface defects and segregation effects

As a result of our preparation conditions, that is, soft Ne'-sput-
tering at 1 x 10~ mbar and subsequent annealing at 1200 K
according to method 1, we obtain a termination of the Pt;Ti(111)
single crystal by a monolayer of Pt, ie. Pt-Pt;Ti (S1). Like
already mentioned above, we receive large terraces with a
homogeneous termination (Fig. 1). Due to the high regularity
of the surface pattern defects with an apparent height of only
5-15 pm can be identified (Fig. 5). Two characteristic defects,
a bright defect (D1) and a dark defect (D2), are shown in Fig. 5
at Vpias = 0.58 V and Vy,s = 1.30 V, respectively. In consequence
of D1 the triangles built by three Pt atoms in direct contact
with a Ti atom in the second layer appear brighter at Vi, =
0.58 V, while at V},s = 1.30 V the triangles located above a Ti
atom in the third layer appear brighter. At the latter bias
voltage mainly unoccupied delocalized electronic states at
higher energy contribute to the apparent STM image. Thus, it

This journal is © The Royal Society of Chemistry 2016
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0.58V 1.30V

Fig. 5 Two different characteristic surface defects on S1 (Pt—Pt3Ti), D1
and D2 (0.58 V, 0.48 nA; 1.30 V, 0.11 nA; low pass filtered; 1.7 nm X
1.7 nm).

is possible that here a defect in the third layer is monitored,
which results in a lower energy of the unoccupied surface elec-
tronic states, like e.g. a Ti atom at the position of a Pt atom.
The dark defect is also monitored at Vj;, = 0.58 V and Vias
=1.30 V. In this case, the contrast in the STM image changes
clearly due to D2 only at Vj;,s = 0.58 V, while D2 is almost not
visible at V},;45 = 1.30 V. At low positive bias unoccupied surface
states mainly located near the surface are monitored. However,
the apparent height difference between D2 and the surround-
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ing features is so small that a defect in the topmost layer can
be excluded. In consequence, a defect in the second layer
causing a shift in the surface electronic states to higher ener-
gies can be assumed, like substitution of a Ti atom by a Pt
atom or a vacancy. Thus, these STM images of defects recorded
on the Pt-Pt3Ti surface confirm that the surface electronic
structure is significantly influenced by small changes of the
atomic composition in the second and third layer.

A defect in the topmost layer of the Pt-Pt;Ti surface is
shown in Fig. 6. This sequence of STM images was taken at
77 K with a time difference of 170 s between two successive
images. Although it is not possible to identify exactly the
atomic transpositions since every bright feature corresponds to
three Pt atoms, valuable insights into the segregation mechan-
ism can be obtained from this STM sequence. First of all, it is
remarkable that the segregation mechanism takes place even
at a temperature of 77 K. This points to a large driving force
for this process based on an energy gain related to a perfect
Pt-Pt;Ti termination. Second, this segregation mechanism
involves more than one layer, indicated by the contrast
changes of the features in the topmost layer (see ¢t = 3 and ¢ =
4) due to transpositions in the second or third layer. Third,
multiple small steps are involved in order to create a perfect
Pt-Pt;Ti termination pointing to a thermodynamically acti-
vated process involving several equilibrium conditions. Thus,
the Pt-Pt3Ti termination can be identified as thermo-
dynamically stable surface state of a Pt;Ti single crystal with a
small deficiency of Ti atoms.

Conclusions

In conclusion, we introduced a method, combining voltage
dependent imaging and simulated STM maps based on

Fig. 6 High-resolution UHV-STM images of Pt—PtsTi (2.1 nm x 2.1 nm) showing the healing process of a defect by restructuring (T = 77 K). Time
difference between two following STM images: At = 170 s (0.94 V; 0.08 nA, low pass filtered).

This journal is © The Royal Society of Chemistry 2016

Nanoscale, 2016, 8, 13924-13933 | 13931


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5nr08420b

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 25 January 2016. Downloaded on 3/18/2026 4:12:15 PM.

Lo

[

Paper

ab initio DFT calculations that allows us to identify the exact
surface termination in the case of the bimetallic Pt;Ti alloy.
We could show that, depending on the crystal preparation by a
reproducible sputtering/annealing method, two distinct ter-
minations of the Pt;Ti(111) single crystal surface are created,
i.e. one monolayer of Pt (Pt-Pt;Ti(111)) or two Pt layers cover-
ing the bulk crystal (2Pt-Pt;Ti(111)). Furthermore, the surface
electronic structure, characterized by the d-band center and
the total d-PDOS close to the Fermi level, depends sensitively
on the exact surface termination. Thus, the catalytic activity of
the bimetallic alloy can be tuned intentionally by creating a
distinct surface termination. Even small changes of the atomic
composition in the second and third layer of the crystal result
in changes of the surface electronic structure as proven by our
STM images of defects. Based on our investigations we can
state that further insights into the relationship between pro-
duction procedures of bimetallic alloys and their respective
resulting surface termination are needed in order to systemati-
cally optimize their catalytic activity.
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