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ABSTRACT: The valence band structures (VBS) of eight
transition metals (Fe, Co, Ni, Cu, Pd, Ag, Pt, Au) were
investigated by photoelectron spectroscopy (PES) using He I,
He II, and monochromatized Al Ko excitation. The influence
of final states, photoionization cross-section, and adsorption of
residual gas molecules in an ultrahigh vacuum environment are
discussed in terms of their impact on the VBS. We find that
VBSs recorded with monochromatized Al Ka radiation are
most closely comparable to the ground state density of states
(DOS) derived from quantum mechanics calculations. We use
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the Al Ka-excited PES measurements to correct the energy scale of the calculated ground-state DOS to approximate the “true”
ground-state d-band structure. Finally, we use this data to test the d-band center model commonly used to predict the electronic-
property/catalytic-activity relationship of metals. We find that a simple continuous dependence of activity on d-band center
position is not supported by our results (both experimentally and computationally).

1. INTRODUCTION

Many industrial catalysts for the production of valuable
chemicals and extraction of energy from fuels involve transition
metals.' > These catalysts have mostly been developed
empirically, that is, without guidance from the detailed
electronic structures likely to play an important role in the
selectivity and activity. A promising tool to provide such
detailed electronic structural information is photoelectron
spectroscopy (PES), which has been widely used to provide
experimental information of the electronic structure of
transition metals.*"® A particularly important application is
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for polymer electrolyte membrane fuel cells (PEMFCs), in
which platinum (Pt)-containing catalysts are often employed to
catalyze the oxygen reduction reaction (ORR). The high
costs”® of PEMFC are mainly associated with the expense of
the Pt-containing catalysts,” currently required to obtain
satisfactory performance. Indeed, the limited efficiency and
lifetimes’ of these catalysts are currently the main barriers to
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commercialization. This has triggered vast research efforts to
find a catalytic material that combines high catalytic activity
with low cost and high stability. A multitude of pathways to
improve current catalysts and to explore novel -catalytic
materials has been pursued, ranging from the reduction of
the utilized amount of Pt'>"> to the synthesis of non-noble
catalysts'® and nanocatalysts of particular shape'* and/or with a
deliberate mixture of nonplatinum metal constituents.>~"
These developments have often been guided by theoretical
calculations to predict the catalytic activity of a particular
surface."® ™% Most notably, Hammer and Nerskov developed
the “d-band center model” that correlates the electronic
structure of a (transition) metal, through calculation of the
weighted mean energy of its d-band (“d-band center”), to its
reactivity.'®**?*?¢ Indeed, this model is in excellent agreement
with some experimental results,” ~>° while some authors find
significant differences.”>***" The criticism typically relates to
the poor correlation between the d-band center and reactivity
measures (or changes in the reactivity measures) inconsistent
with the model predictions, while the published d-band center
values are often uncontested. Centroid values reported in the
literature, however, often suffer from poor correlation between
experimental and theoretical® values. Furthermore, the proper
definition, experimental determination, and analysis of the d-
band center is unclear and varies throughout literature, both for
computational®* and experimental results.

It is hence the purpose of the present paper (1) to perform a
careful and detailed analysis of photoelectron spectra recorded
with various lab-based excitation sources for a range of metals
relevant to catalysis, (2) to compare these with theoretical
ground state density-of-states (DOS) calculations, (3) to
combine the experimental data and DOS calculations to derive
the “true” valence band structures (VBS) and thus to refine
their d-band center energies, (4) to provide a detailed
discussion on the methodology of measurement and analysis
of d-band centers and compare them to values reported in the
literature and, finally, (S) to compare these d-band centers to
published catalytic activities, thereby providing an experiment-
based analysis of the validity of the “d-band center model”.

In section 2 we outline various details of the experimental
and theoretical methodologies. The results are analyzed and
discussed in section 3, and d-band centers for all eight metals
are determined and compared to published catalytic activities.
Finally, conclusions are presented in section 4.

2. EXPERIMENTAL AND THEORETICAL METHODS

2.1. Experimental Methods. Polycrystalline metal foils
(purity of 99.9% or higher) were cleaned by Ar* ion sputtering
using ion energies between 0.5 and 5 keV. Surface cleanliness
was verified by recording Mg and Al Ka-excited PES detail
spectra of the C 1s and O 1s energy region. Sputtering was
continued until no or only trace amounts of carbon and oxygen
could be detected on the sample surface. Valence band PES
measurements were performed using He I (hv = 21.22 eV) and
He II (hv = 40.82 eV) ultraviolet excitation lines (ultraviolet
photoelectron spectroscopy, “UPS”) and monochromatized Al
Ka (hv = 1486.58 €V) X-ray radiation (X-ray photoelectron
spectroscopy, “XPS”). The UPS spectra were excited with a
Vacuum Generators (VG) He discharge source and recorded
with a SPECS PHOIBOS 150 MCD electron analyzer. For
UPS, a negative bias voltage of 12 or 15 V was applied to the
sample to accelerate electrons of low kinetic energy and
therefore to allow for an accurate determination of the
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secondary electron cutoff. The XPS spectra were excited with
a Scienta MX650 X-ray source (consisting of an SAX-100 X-ray
source and an XM-780 X-ray monochromator) and recorded
with a Scienta R4000 electron analyzer. The energy scale of the
two electron spectrometers was calibrated using the kinetic
energy positions of the most prominent photoemission lines of
copper, silver, and gold.*® The experiments were performed in
two connected ultrahigh vacaum (UHV) systems at base
pressures of 5 X 107" mbar or better.

2.2. Computational Methods. Periodic quantum mechan-
ics (QM) calculations were carried out with the SeqQuest
code,*** which employs Gaussian basis functions at the
optimized double-{ plus polarization level rather than the
plane-wave basis often used in periodic systems. We used the
Perdew—Becke—Ernzerhof (PBE) flavor®® of density functional
theory (DFT) in the generalized gradient approximation
(GGA)**® and allowed the up-spin orbitals to be optimized
independently of the down-spin orbitals (spin-unrestricted
DFT). All calculations were performed with spin optimization.
We used small core pseudopotentials with angular momentum
projections.”’40

The d-band structures were analyzed with the SeqQuest
Post-Analysis Code® and further broken down into to deg
(dxl_yl, d2_) and dig (dxy, d,, d,,) orbitals. The DOS was
broadened by convolution with a 0.5 eV fwhm Gaussian
function to approximate the experimental and lifetime broad-
ening of the spectra. Furthermore, the DOS was multiplied with
the Fermi function at 300 K to limit the description to occupied
electronic states. Additional modifications to the energy axis of
the DOS were performed, as described in detail in the Results
and Discussion section.

3. RESULTS AND DISCUSSION

3.1. Sample Preparation. XPS survey spectra of pure iron
(Fe), cobalt (Co), nickel (Ni), copper (Cu), palladium (Pd),
platinum (Pt), silver (Ag), and gold (Au) metal foils, cleaned
by Ar*-ion sputtering, are shown in Figure 1 (all spectra were
normalized to the height of the most prominent peak). Vertical
dashed lines indicate the common binding energies for
adventitious carbon (284.8 eV)*' and oxygen (531.0 eV).*!
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Figure 1. Monochromatized Al Ka XPS survey spectra of Ar'-
sputtered polycrystalline metal samples.
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The absence of spectral intensity along these lines shows that
the samples were successfully cleaned. XPS spectra of the C 1s
and O Is regions taken after the UPS measurements (not
shown here) reveal a small carbon contamination for all metal
surfaces (Pt ~ 5—8, Fe ~ 3, Ni & 1-2, Co ~ 3—6, Pd ~ 0, Ag
~ 0—1, Au & 0—3 atom %). Furthermore, the oxygen-related
signals were found to be low on all metals (Pt & 0—S5, Fe = 4,
Ni~ 0—1, Co~ 2—7,Pd » 0, Ag ~ 0—1, Au ~ 0 atom %). The
remaining adsorbates are attributed to the adsorption of
residual gases at background pressures of 107'° mbar**** and/
or to carbon and oxygen atoms embedded in the surface of the
foil. As will be discussed later, such adsorbates can influence the
spectral weight distribution of photoemission spectra, in
particular when taken in a very surface-sensitive mode (i.e.,
using UPS).

In addition to monitoring surface cleanliness using XPS core
level spectra, UV excitation was employed to determine the
secondary electron cutoff and thus the work function of a set of
similarly cleaned metal foils. The presence of small amounts of
contaminants generally impacts the surface dipole and hence
the work function significantly (see, e.g, refs 44 and 45). Table
1 lists the work functions of the metals as determined by UPS

Table 1. Work Functions (WF) of Polycrystalline Metal
Foils, as Derived from Secondary Electron Cutoffs of He I-
Excited Photoemission Spectra®

metal ~ WF (eV)

Fe 468 + 0.10  4.5,* 4.67 (100),”* 4.71 a-phase'®® 4.81 (111)*7*
Co  492+0.10 489 a-phase,'*® 5.077%
Ni 521 +0.10 504 (110),% 5.15,* 522 (100),*” 5.35 (111)*’

Cu 444 +010 446, 448 (110),* 4.53 (112),%” 4.65,*° 4.94 (111)
27 5.10 (100)*”

Pd 519 +010 522,2% 56 (111)%
Ag 430+ 010 426, 4.52 (110),”7* 4.64 (100),””* 4.74 (111)>"*

Pt 559 +0.10  S.12 (331),%7 5.22 (320),%7 5.27,'° 5.5,% 5.64,%7
5.84 (110),*7* 5.93 (111)*"*

Au 526 +0.10 5.1,% 531 (111),*”* 537 (110),** 5.47 (100)*"*

“Literature values are listed for single crystals (with surface
orientations given in parentheses) and polycrystalline samples.

literature values (eV)

using He I excitation. We find that the work functions of all
metals are well within the range of literature values (third
column in Table 1). The good agreement of the work functions
with reported values suggests that the here-studied surfaces can
serve as “clean” model systems to derive the electronic valence
structure.

3.2. Derivation of d-band Centers and the Impact of
Photon Energy Variation and Surface Adsorbates. For a
proper comparison of the various PES-based approaches to
study the electronic structure of transition metals, it is necessary
to review the inherent experimental challenges, such that the
most meaningful method for evaluation of the d-band structure
can be derived. We start by comparing the VBS of the metal
foils, as measured by UPS and XPS, in Figure 2. Panels a and b
give the valence band spectra taken with He I and He II
excitation, respectively, while panel ¢ shows the spectra taken
with monochromatized Al Ka radiation. Stars mark spectral
contributions associated with adsorbed species on the metal
surface (as will be discussed below), and short vertical lines give
the weighted average energy of the VBS (error bars are in the
range of +0.05 to +0.25 eV and will be given in more detail in
conjunction with Table 2 and Figure S). This energy, which is
commonly associated with the d-band center (since s- and p-

contributions to the VBS are relatively small), is derived using
the procedure outlined in ref 27. Since this procedure includes
integrals over the valence band region, the procedure for
defining background boundaries can lead to significant
variability in the derived average energy. The contribution of
the background that lies within the integration boundaries is
shown as a thin line underneath each spectrum; its
determination will be discussed in the following.

We start the discussion of proper quantification of the d-
band center by addressing the experimental challenges. A closer
look at Figure 2 reveals substantially varying spectral weight
distributions that reflect the energies and occupation of the
valence bands of the different metals and also the significant
influence of the excitation energy. For example, all He I-excited
spectra (Figure 2a) and some of the He Il-excited spectra
(Figure 2b) exhibit a strong secondary electron background,
which is noticeably reduced for the XPS spectra in Figure 2c.
The region of interest, that is, the binding energy range of
catalytically active states, is thus superimposed on the slope of
the background, leading to challenges to properly separate
actual states and background intensity. Furthermore, the
spectral weight distributions obtained from He I, He II, and
XPS reveal pronounced changes for all samples. This raises the
question of which experimentally determined VBS is the best
choice to determine the true d-band center for correlation with
electrochemical performance. As will be discussed below, we
conclude that the use of X-ray excitation spectra is preferable
over UV-based approaches.

Photon-energy-dependent changes of the VBS can arise for
several reasons. First, variations in the single-electron final state
(ie., free electron state vs band-like character) can have a
significant impact—VBSs generally change in width and relative
intensity ratios with excitation energy (see, e.g., ref 46 for a
study of Cu). In the UPS regime, the VBS is often discussed in
terms of final-state effects, which are responsible for the
observed line positions and intensities determined by
transition-matrix-element modulations,*” both because of the
angular and radial parts of the transition matrix element.** Also,
the nature of the integration over the Brillouin zone (BZ) is
important. In UPS, the low photon energies (and thus the low
photon momentum) require the availability of suitable final
states for transitions that are vertical in momentum space.49 In
XPS, in contrast, the kinetic energy and thus the momentum
(uncertainty) of the photoelectrons is so large that the
experiment probes the entire BZ in the final state, since
transitions no longer need to be vertical. Furthermore, at these
high energies, the significantly larger number of states that are
reduced back into the BZ will allow the transition to a final
state at essentially any k-value. We further note that all foils
studied are of a polycrystalline nature, and thus no predominant
crystal orientation is expected. If present, such an orientation
could lead to (significant) variations in the VBS, because
transitions become dependent on the band structure (in
particular the availability of a suitable one-electron final state)
along the respective crystal orientation.** Again, this effect is
more pronounced for lower photon energies (lower photon
momenta). In addition, particular surface orientations have
been found to strongly influence the catalytic activity due to
changes in the number of available adsorption sites and their
geometry (see, e.g., ref S0 for the case of Pt).

Second, cross section effects can also play a significant role in
the variation of the VBS. For example, “atomic-type” cross-
section effects, where the cross-section varies strongly over a

dx.doi.org/10.1021/jp303276z | J. Phys. Chem. C 2012, 116, 24016—24026



The Journal of Physical Chemistry C

Normalized Intensity
- 9/ @? 2/ >? =
%
2 D T z

UPS

-

>

o
o
/

/

(@)
o
*

*
*
(@)
o

-
(]
e
()

;
#

>
c

!
il

/J
| / /
|

~ XPS
AIK

' UPS
He Il

>
@

/

(@]

[
o
~
N
o
o

N
N
o
(o]
o
N
N
o

Binding Energy (eV)

Figure 2. Valence band spectra of different Ar*-sputtered polycrystalline metal samples collected using He I (a), He I (b), and monochromatized Al
Ka (c) excitation. The average energies of the valence band spectral weight (i.e., the d-band center position), derived after subtraction of the
background (shown as thin lines underneath each spectrum) and integration, are marked by vertical bars. Adsorbate state contributions are marked

with a star (%).

small energy range at low photon energies, are well-known for
4d-group and Sd-group elements (e.g, below 150 eV for
Ag46’51).

Third, as already briefly mentioned, the spectral background
(slope and curvature) of inelastically scattered electrons also
greatly influences the VBS and any numerical integration
thereof. The thin lines underneath each spectrum in Figure 2
represent the background determined in the following manner.
For spectral features with kinetic energies well above the
secondary electron peak, a Shirley background (whose intensity
depends on the selected energy range) was subtracted from the
measured spectrum.27 For spectra measured with He I,
however, the overlap of the spectral features with the secondary
electron peaks becomes strong, and hence an additional
background subtraction is necessary. In our case, we have
subtracted an exponential background prior to the removal of a
Shirley background, adding several additional (somewhat
arbitrary) parameters in the spectral analysis.

Fourth, variations of the photon energy and hence the kinetic
energy of the probed photoelectrons also leads to a variation of
the electron inelastic mean free path (IMFP). This, in turn,
varies the probed sample volume and the ratio of the sample
surface and bulk contributions to the overall spectrum.

For polycrystalline and/or macroscopically disordered
samples, it is not likely to find true surface states or even
surface resonances—these are generally only found on single-
crystalline surfaces with long-range lateral order. In contrast,
surface defects might be present and play a role on all surfaces,
in particular those of polycrystalline samples (as studied here)
and nanoparticles (as most commonly found for real-world
catalysts). Hence, the VBS of the here-studied surfaces
primarily refers to the bulk states, which exponentially decay
into the vacuum at the surface, augmented by contributions
from surface defects and, possibly, adsorbates. If surface
adsorbates are present (see below), then photoemission

experiments with kinetic energies near the minimum of the
IMFP distribution®®™>> will contain a larger contribution of
such spurious surface effects.

It is important to note that both UPS and XPS measure the
bulk states that exist throughout the c?rstal and also dominate
the electronic structure at the surface.’*™>® In other words, the
DOS at the surface is made up of contributions originating
from the outermost surface layer, as well as deeper-lying layers
due to the delocalized nature of electrons in the valence band
(for completion, we note that, in contrast, “surface core level
shifts” indeed originate from localized core levels at the
outermost surface but do not involve delocalized valence
states). For the first atomic layer of metals, a narrowing of bulk
bands due to the reduced number of neighboring atoms has
been reported,*”® while the second layer is often regarded as
representative of the bulk.®’ In PES measurements, which
effectively consist of an exponentially weighted integration over
the probing depth, the first atomic layer accounts for the largest
fraction of the overall signal, while the contributions of
subsequent atomic layers are (exponentially) attenuated.
Hence, VBS measured with PES is most closely related to
the surface DOS responsible for the catalytic activity of a
material.

Finally, adsorbates such as residual carbon and oxygen
species on the surface need to be considered. In comparing the
He I and He II UPS spectra with published spec-
tra® 42444562775 of lean and adsorbate-covered surfaces,
adsorbate states can be identified (marked with a star in Figure
2a,b). For example, comparison with literature shows that the
main adsorbate contributions in Fe and Co can be ascribed to
the oxygen species, and in Ni, Pd, and Pt to carbon monoxide
or similar species. On Pt, we further find resonances that can be
ascribed to OH groups. For the spectra presented herein, no
adsorbate-related peaks were found for Cu, Pd, Ag, Pt, and Au.
We find that all adsorbate-induced states are located at binding

dx.doi.org/10.1021/jp303276z | J. Phys. Chem. C 2012, 116, 24016—24026
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Table 2. Metal d-Band Centers (eV)”

element He I He II Al Ka TDOS
Fe 1.06 +0.20/—0.25 1.13 +0.15/ 1.55 +0.10/-0.10 2.14
—0.20
Co 1.08 +0.15/—-0.20 1.05 +0.10/ 1.54 +0.10/-0.10 2.54
—0.10
Ni 1.14 +0.20/-0.20 1.01 +0.10/ 1.20 +0.05/-0.10 2.35
—0.10
Cu 2.93 +0.10/—0.10 3.04 +0.05/ 3.05 +0.05/-0.05 3.02
—-0.05
Pd 1.68 +0.20/—0.15 1.74 +0.05/ 2.09 +0.05/-0.10 2.44
—-0.10
Ag 5.19 +0.10/-0.15 5.27 +0.05/ 5.28 +0.05/-0.05 4.31
—-0.05
Pt 2.14 +0.20/-0.20 2.83 +0.05/ 2.94 +0.05/—0.10 3.37
—-0.05
Au 4.32 +0.10/-0.15 4.30 +0.05/ 4.45 +0.05/-0.05 4.06
—-0.05

TDOS d-

refined tog e sum

1.86 1.57 1.71 1.62

theo” exptb
0922022

1.77 144 153 148 1.17,9%220%

1.49 139 116 130 129°*
1.48,'8 1.7%

3.29 314 300 3.09 24*267'%

2.44 243 213 230 183 183°%%

5.30 542 530 537 4.0 4302

3.77 372 318 349 225272243 23567 2.54,73.45%
2.75'8 3.98% 4.77°°

4.62 456 440 449 35373562972 427%
391"

“Values derived from photoelectron spectroscopy (for different excitation energies), theory [total DOS (TDOS), refined TDOS, refined symmetry-

resolved (t,, and e,), and refined summed d-band contributions], and literature [theory (theo) and experiment (expt)]. The

“«, » “« o«

+” an values give

the estimated errors in determining the d-band center values. bCitations: Ref 18, d-band center of (111) metal surfaces; Ref 22, d-band center of
most close-packed surface of each metal; Refs 32, 81, 29, and 84, approximate values taken from Fig. 4 in ref 32, Fig. 8 in ref, Fig. 7 in ref 29, and Fig.

3 in ref 84.

energies larger than the VBS integration window of the metal,
that is, the influence of these states on the valence band spectral
region (and the d-band center determination) is negligible.
However, they are accompanied by a reduction of the DOS
close to the Fermi en(erg}769’71 and can be interpreted as a
charge transfer due to the formation of metal-adsorbate
bonds.*”®” We expect such a redistribution of spectral weight
to shift the center of mass (and hence the derived d-band
center values) toward higher binding energy for all UPS spectra
in which adsorbate states are found. Nevertheless, since the
observed adsorbate intensities are estimated to correspond to
submonolayer coverages, we suspect that this shift is generally
rather small and that it decreases with increasing excitation
energy. In Pd, for example, peaks around 8 and 11 eV can be
found after prolonged storage in UHV, which may be derived
from the So- and lz-orbitals of adsorbed carbon mon-
oxide,**’%”? and the associated difference in d-band center
position was found to be 0.1 eV (see Figure Sl in the
Supporting Information). To minimize adsorbate-induced
effects, X-ray instead of UV excitation can be used, because
the IMFP (and the associated information depth) increases
approximately with the square-root of the kinetic energy of the
photoelectron.”>~>*

Taking into account the aspects discussed above, we argue
that the determination of the energetic position of d-band
centers from XPS spectra appears most favorable, in that it
mitigates several experimental (e.g, surface adsorbates) and
spectroscopic (e.g, final state effects) complications for a
straightforward comparison with such a ground-state property.
To analyze this argument more quantitatively, we have
determined the d-band center position of the valence band
for each metal using He I, He II, and Al Ko excitation. Table 2
lists these experimentally determined values, together with our
theoretically determined d-band centers, and a comparison with
theoretical (“theo”) and experimental positions (“expt”) from
the literature. The columns with our theoretical results list the
bulk d-band center derived from the total DOS (“TDOS”), the
refined TDOS (“TDOS refined”), the partial contributions
from the bands with t,, and e, symmetry, and the sum of these
two bands (“d-sum”).

24020

When the experimentally derived d-band center positions
with the published theoretical and (where available) exper-
imental values are compared, we find significant differences.
There are several possible reasons for the observed differences.
First, we note that different calculation approaches can lead to
variations in the DOS and/or the associated energy scale.””
Even for a given (fixed) DOS, the calculation of the d-band
center value requires the definition of upper and lower
integration limits, the choice of which significantly impacts
the derived value. To circumvent such complications, some
authors have chosen constant (but somewhat arbitrary) limits,
for example, 10 eV for occupied states*”’® and 15 €V for
unoccupied states®> or considered infinite cutoff energies (e.g,,
refs.19 and 77). In many publications, additional details would
be needed to judge the analysis approach, such as integration
limits or background shape (e.g., refs.18, 20, 22, 29, 31, and
78—81). As the d-bandwidth significantly varies for the metals
under study, we have followed a different approach, namely to
vary the upper (high binding energy) integration limit such that
only those states are taken into account that are actually
resolved by the measurement. For this purpose, we (visually)
determined the high energy tail of the d-bands as measured
using the three different excitation energies and compared these
values with the d-band widths reported for PES studies of clean
metals.**>*##962=75 T estimate the variance of this procedure,
the d-band center was determined additionally by varying the
upper integration limit by +0.2—1.0 eV (depending on
excitation energy, direction of variation, position of features,
and background shape). The resulting error bars (which are
asymmetric) are listed in Table 2 (and will also be shown in
Figure 5).

We find that, for a given metal, the such-derived d-band
center positions vary up to = 0.5 eV, depending on the
excitation energy used. Values determined from the XPS VBS
were found to be the highest because the higher-binding-energy
states of the VB are more pronounced in this case. Despite
significant shape changes in the VB, the differences between the
He I- and He II-derived values lie well within the error bars for
most metals. The d-band centers of the metals with filled d-

dx.doi.org/10.1021/jp303276z | J. Phys. Chem. C 2012, 116, 24016—24026
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Figure 3. Comparison of experimental XPS valence band spectra after subtraction of a Shirley background (solid black lines) with theoretical DOS
(TDOS and symmetry components) of the investigated metal samples, as calculated.

shells (Cu, Ag, Au) vary noticeably less than, in particular, the
ones of Fe and Co.

For bulk metals, only experimental d-band centers for Pt and
Au have been published to our knowledge.** The measure-
ments of Pt were obtained using photon energies of 90
eV and 1486.6 eV,*° respectively. Two of the four values
obtained with 90 eV (2.356 €V’’ and 2.54 eV?’) are
comparable to our UPS-derived results, while the other two
reported values for 90 eV excitation (3.45 eV and 3.98 eV*>?)
significantly exceed this range. We note that, due to the low
photon energy employed, all of these experiments face the same
experimental challenges described above. Lastly, the value of
477 eV for Pt determined by Hwang et al.*® using
monochromatized Al Ka radiation is significantly larger than
those reported with 90 eV excitation, and also larger than our
value of 2.94 (+0.05/-0.10) eV (unfortunately, neither the
spectrum, nor the integration limits or background subtraction
information is given, and thus the reason for the large deviation
is unknown).

For Au, the value of 4.27 eV*? measured with 60 eV photon
energy was obtained after subtraction of a Shirley background
and using the inflection points of the d-band boundaries as
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integration limits. On the basis of the comparable data analysis
method of the authors we find their values to agree well with
ours [4.32 (+0.10/-0.15) eV for He I and 4.30 (+0.05/-0.05)
eV for He II excitation]. Our XPS-based value of 4.45(+0.05/-
0.05) €V is slightly higher due to the (improved) determination
approach at higher excitation energies.

In summary, thus, we find that experimentally determined d-
band centroids are most often determined using photon
energies in the UPS regime””**7*%183%% and frequently
information on the exact treatment of the background and
the selection of integration limits is lacking. In contrast, for the
reasons discussed earlier, we favor XPS-based measurements to
overcome the challenges associated with low-excitation-energy
spectra. Poor correlation of published results using the same
photon energy further suggests that a uniform data analysis
method is needed for proper comparison.

Comparing our results with previously published DFT-
derived d-band center positions, we find rather large deviations,
presumably due to the well-known shortcomings of DFT to
accurately describe the energies of (localized) d-band states.®
An in-depth discussion of differences in the computational
models will be published elsewhere.** We focus here on
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Figure 4. Comparison of experimental XPS valence band spectra (solid black lines) with theoretical DOS (TDOS and symmetry components) of all

investigated metal samples after refinement of the calculations.

comparing the theoretical values reported in the literature. The
former typically refer to the d-“band” center position of the first
atomic layer (the same is true for synchrotron-based photo-
emission studies with kinetic energies near the minimum of the
IMFP curve®®). UPS (even lower kinetic energies) and
especially XPS (high kinetic energy) measurements average
the VBS over a larger volume. Thus, we expect our PES-derived
centroid values to be closer to the d-band center calculated for
the bulk of the metals (“TDOS”), listed in Table 2. The latter
exclude influences of the surface, such as surface defects and the
narrowing of surface d-bands, which is considered to be a rather
small effect.’”®” We find the TDOS centroid (i.e., the d-band
center) of Fe, Co, Nj, Pd, and Pt to be higher, the one of Cu to
be similar, and the ones of Ag and Au to be lower when
compared to the experimentally derived values. The deviations
are mainly due to variations in the relative intensity of bands
with different symmetries, and in the energy scale between the
TDOS and XPS. This can be easily seen in Figure 3, which
presents the calculated TDOS along with the symmetry-
resolved contributions of the s, p, d—eg, and d—tzg partial DOS of
all metals, and compared to the respective measured XPS VB.
When comparing the relative intensities between theory and
experiment of the metals in Figure 3, it is noticeable that the
VBS at higher binding energies has higher relative intensity in
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the calculations than in the XPS experiment. This finding has
been reported for numerous transition metals and has been
linked to variations of the photoionization cross-section across
the d-band.®®~"> Moreover, Nemoshkalenko et al. found that
electrons with e, symmetry have higher transition probability
than those with t,, symmetry.”” This explains the larger TDOS
d-band center positions of Fe, Co, Ni, Pd, and Pt and shows
that theoretical calculations are necessary to obtain the correct
intensity distribution in the VBS. For Ag and Au, the energy
axis of the TDOS appears to be compressed when compared to
the XPS VB. This is not surprising, as DFT is commonly
known to underestimate and in some cases also to overestimate
the band widths (and band gaps).”*~'*" Therefore, experiments
are needed to be able to obtain the correct energy axis. Finally,
in the case of Cu, the centroid values of XPS and TDOS are
almost identical mathematically, while the visual correlation is
quite poor.

Aside from the above-mentioned influences, we expect the
omission of surface effects in the TDOS calculations to lead to
a slight upward shift of the d-band center, as it is typically
narrower at the surface due to the reduced coordination
number. This in part explains why the TDOS d-band center
values are higher than published DFT results, which take

surface effects into account. However, as mentioned earlier, this
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effect is rather small, as a comparison of surface d-band centers
and bulk d-band centers shows.*®

3.3. Comparison of the Experimental Spectra with
Theoretical DOS, Refinement of the Theoretical Energy
Scale. To approximate the true d-band center of the ground
state, we have used the experimental energy axis to correct the
energy axis of the theoretical DOS. For this purpose, we have
refined the calculated DOS by variation of the e, to t,, ratio in
order to achieve the best visual agreement between experiment
(after subtraction of a Shirley background) and theory (see
Figure 4; this procedure allows for variation in photoionization
cross-section between the two symmetries). Furthermore, the
energy axis of the DOS spectra was stretched or compressed to
visually reconcile the position of prominent features on the
binding energy axis. This is a commonly used approach to
correct the above-mentioned shortcomings of DFT to
determine correct band widths and gaps.93_ °! For Fe, Co,
and Ni, we noticed a shift of the theoretical Fermi position as
compared to the experimentally observed position. In these
three cases an offset correction was performed. In order to rule
out instrumental calibration errors, we have, in addition to our
standard three point calibration of the XPS energy scale,
verified the Fermi position of the Fe, Co, and Ni XPS VB by
referencing the binding energy scale to the position of the Au
4f,, peak at 83.96 eV.*> No deviation between the two
calibration methods was found (within the error of the
measurement). We therefore believe that the deviation is due
to an upward shift of the theoretical DOS, as previously
reported in the case of Fe.'” The various parameters used to
adjust the theoretical DOS are outlined in Table S1 of the
Supporting Information.

Overall, the refined theoretical DOS of all metals (Figure 4)
fits reasonably well with the experimental spectra (note that this
approach still does not include matrix elements and their
associated variation of the absolute spectral intensities). The d-
band center positions determined in the above-described
manner are presented in Table 2 and will be discussed in the
following section.

3.4. Comparison of d-Band Center Position with
Catalytic Activity. Figure Sa presents a summary of all d-
band center positions determined in this work. The bottom half
displays the experimentally determined centers, together with
the error bars listed in Table 2, while the top half shows the
refined calculated d-band center positions of states with e, and
ty, symmetry, as well as their sum (“d-sum”). As mentioned
above, we find that the positions determined with He I and He
II excitation deviate less than 0.15 eV from each other for all
metals (except for Pt, which deviates by 0.7 €V) and are
consistently lower than the ones derived by XPS. For reasons
discussed earlier, we focus on the comparison between XPS and
theory. For the theory portion we only consider the sum of the
d-states of e, and t,, symmetry (“d-sum”) to derive a “true” d-
band center energy, while the experimental d-band center also
includes contributions from s- and p-states. The influence of
the latter is generally rather small: in the case of Cu 3d/Cu 4s
and Pt 5d/Pt 6s, the cross section ratios are approximately 44:1
and 75:1, respectively.103 When comparing the XPS d-band
center positions with the values determined for the refined
DOS, it is apparent that the XPS d-band center positions of all
metals, except for Fe, are most closely related to their respective
e, center. This supports the work by Nemoshkalenko et al,
who found higher photoemission transition probabilities for
electrons with e, symmetry than for those with t,, symmetry.”>
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Figure S. (a) Summary of all derived d-band center positions:
experimental (bottom three rows, as a function of excitation energy),
and calculated (top three rows, refined and symmetry-selected). (b, c)
Calculated activity (taken from ref 26) versus (b) experimental and (c)
refined theoretical d-band centers. Black and orange dashed lines in b)
are intended as a guide to the eye. The blue dashed in line in c)
connects the d-sum data points.

Consequently, the XPS d-band center results have to be
regarded as a weighted sum of the two symmetry contributions,
with a stronger weight given to the e, component.

Regarding the calculated (and refined) results, we observe
that the centroid values for t,, symmetry are higher than for e
symmetry for all metals with face-centered cubic (fcc) crystal
structure (Ni, Cu, Pd, Ag, Pt, Au), and lower only for Fe and
Co, which form a body-centered cubic (bcc) and hexagonal
close-packed (hcp) lattice, respectively.

It is important to note that the experimentally determined d-
band center position of Pt is lower than that of Cu, while the
theoretical results predict the reverse order. Furthermore, the
experimental Pt center values vary significantly as a function of
excitation energy and are lower in value than the theoretical
ones. Since Pt is the most active metal for the ORR and its d-
band center is often used as a reference or target value, an
accurate determination of the Pt d-band center is crucial, and
the large deviation between experiment and theory is therefore
particularly noteworthy (if not outright worrisome).
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Overall, we identify the d-band center values for the refined
DOS sum as the best approximation for the true ground-state
d-band center, as it combines both the experimental energy axis
and the theoretical ground state prediction. In the final section,
we will now use these values for comparison with calculated
and experimental catalytic activities to provide an experiment-
based analysis of the validity of the “d-band center model”. As
mentioned, commonly, the dependence of the activity on
various garameters like the d-band center,”® oxygen binding
energy,2 194 d-orbital vacancies,'®* etc., yields volcano-shaped
curves (so-called “volcano plots”). The various catalytic models
are not without controversy, as pointed out by several authors
(e.g, Lu et al,* Hyman et al,'® and Barteau et al.wé).
However, none of these studies critically assess the influence of
variations in the d-band center. Here, we strive to examine the
impact of the refined d-band centers on the commonly used
volcano curve dependency rather than to give a detailed
discussion of volcano plots and their relevance to catalysis.

Hence, we plotted the experimental and theoretical d-band
center positions in Figure 5 panels b and ¢, respectively, against
the calculated ORR activity (taken from Nerskov et al.*°). In
the following we focus on addressing the correlation of activity
with the d-band band center based on a comparison of our
experimental and refined theoretical results with published data.
In our case, the dashed curve of a somewhat “flattish” volcano
(at first sight) appears to give a good description (black, short-
dashed line in Figure Sb). However, closer inspection reveals
that the trend of the XPS-derived data (black stars in Figure
5b) for Ni, Co, and Fe is not well described, and likewise, that
Au and Ag show an inverted trend. Furthermore, the Cu value
is a complete outlier. In fact, an “N”-shaped (zigzag) curve
gives a better description (orange, long-dashed line in Figure
Sb), with a (volcano-type) maximum at lower d-band center
values and an additional increase in activity at the higher d-band
center value of Ag. Furthermore, by simply connecting the d-
sum data points in order of their d-band center position (blue,
short-dashed line in Figure Sc), a complex (apparently random)
dependency emerges. The Pt—Cu discrepancy is not
surprising—both exhibit similar d-band center values, but the
overall d-band structure (including the overall width and the
density of states near the Fermi energy) is vastly different (see
Figure 2).

To take into account possible differences on the activity scale
between theory and experiment, we have also included
experimental activities measured in alkaline electrolyte by
Lima et al. on single crystal metals (Pd, Pt, Au, and Ag)78 in
Figure Sc. To align the ordinate scales of the works by Nerskov
et al.?® and Lima et al,”® we have aligned the Pt and Au data
points (for d-sum), assuming a linear relationship between the
theoretically determined and electrochemically observed
activities. Thus, only two experimental electrochemical data
points are visible in Figure Sc (for Pd and Ag), while the Pt and
Au data points coincide with the “d-sum” data points (per
construction). With this additional modification, we find that
both the Pd and the Ag experimental activities are lower than
theoretically predicted (compared to the Pt and Au reference
activities indicated by double-headed arrows in Figure Sc), and
that modifications to the original volcano shape introduced by
our d-band centers persist.

Furthermore, as suggested by Hyman et al.'® in a theoretical
study, one would expect the DOS near the Fermi energy to
influence the adsorption energy of the O species. They noted
that, in cases where there was a lack of correlation between

shifts of the d-band center energy and the binding energy of O
species, the cause was a lack of correlation between the d-band
centers and the DOS near the Fermi energy. Indeed, based on a
reduction of intensity at the Fermi energy, previous studies
(e.g, refs 46 and 107) suggest that ty, states located near the
Fermi energy are important for adsorption. This is corrobo-
rated by our findings for almost all metals studied herein: the t,,
states clearly dominate this region of the DOS (see Figure 3).

To gain improved insight into the correlation of the
electronic structure and activity, experimental and theoretical
efforts should be combined to extract catalytically active states.
To summarize this discussion, we thus reason that there is no
simple direct relationship between the energy of the d-band
center and the ORR catalytic activity of transition metals. In
particular the proximity of the d-band center positions of Fe,
Co, and Ni, as well as of Pt and Cu (despite the large
differences in activity of these metals) suggests that the position
of the d-band center alone is not a representative measure to
evaluate the ORR activity.

4. CONCLUSIONS

To test the validity of models relating the catalytic activity and
the single parameter “d-band center position”, we have
investigated the valence band structure of various noble and
transition metals by photoelectron spectroscopy (PES) using
He I, He II, and monochromatized Al Ka excitation. Our
results show that final states effects, the photoionization cross-
section, and adsorption of residual gas molecules in an ultrahigh
vacuum environment strongly influence the valence band
structure. We find that valence bands recorded with
monochromatized Al Ka radiation are most closely comparable
to the ground state density of states. We demonstrate that the
XPS-derived energy scale can be used to correct the DOS
calculations in order to draw conclusions about the true
ground-state d-band structure. Our data show that the
dependence of ORR activity on d-band center position is
more complex than a simple continuous (volcano-plot)
distribution.
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