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Strain and ligand effects in Pt-Ni
alloys studied by valence-to-core
X-ray emission spectroscopy

Jiatang Chen?, Y. Zou Finfrock?3, Zhigiang Wang* & Tsun-Kong Sham**

Experimental detection of the Pt 5d densities of states in the valence band is conducted on a series of
Pt-Ni alloys by high energy resolution valence-to-core X-ray emission spectroscopy (VTC-XES) at the
Pt L;-edge. VTC-XES measurements reveal that the Pt d-band centroid shifts away from the Fermi
level upon dilution, accompanied by concentration-dependent Pt d-band width. The competition
between the strain effect and ligand effect is observed experimentally for the first time. It is found that
the d-band widths in Pt;Ni and PtNi are broader than that of Pt metal due to compressive strain which
overcompensates the effect of dilution, while it is narrower in PtNi; where the ligand effect dominates.
VTC-XES is demonstrated to be a powerful tool to study the Pt d-band contribution to the valence
band of Pt-based bimetallic. The implication for the enhanced activity of Pt-Ni catalysts in oxygen
reduction reaction is discussed.

Pt-based alloys have been studied as one of the most promising catalysts for oxygen reduction reaction (ORR)
in proton exchange membrane fuel cells (PEMFCs)"**. Compared with pure Pt, which is a good ORR catalyst,
the introduction of a transition metal (Ni, Co, etc.) provides tunability for the Pt lattice constant (strain effect
due to size mismatch in a fcc random alloy or compound for example) and valence band (redistribution of Pt 5d
states) in the form of alloys (intermetallic interaction) or core-shell structures (strain effect due to size mismatch
of the core and the shell). In principle, the change of chemical environment (coordination species, interatomic
distance, etc.) of Pt results in the redistribution of 5d densities of states (centroid shift and band width change),
which directly determines the binding strength of the adsorbate species through bonding and anti-bonding
interactions with the catalyst. The configuration of the Pt d-band plays an important role in determining the
densities of states in the vicinity of the Fermi level, both occupied and unoccupied, hence its catalytic activity,
which normally exhibits a volcano curve behavior towards the adsorbate binding strength*. The tuning of the
Pt valence band to optimize the reactivity and selectivity is the most effective means towards Pt-based catalysts
engineering. The distribution of the Pt 5d character in the valence band of an alloy, however, cannot be easily
determined by conventional laboratory techniques. Ultraviolet photoelectron spectroscopy (UPS), for example,
can detect the total valence band of Pt-Ni alloys; it has little elemental sensitivity to distinguish between the Pt
and Ni character in the valence band and is surface sensitive.

In the past decade, valence-to-core X-ray emission spectroscopy (VTC-XES) has evolved to become a syn-
chrotron technique for valence band detection with elemental specificity, as sophisticated high energy resolution
X-ray crystal analyzers emerged. The elemental specificity is achieved by tuning the excitation energy across the
absorption edges (core levels) of interest and tracking the inelastically scattered X-rays (just below the edge) and
the fluorescence X-rays (when the core hole is switched on) using high energy resolution X-ray optics and area
sensitive detectors. This is the so-called high energy resolution fluorescence detected (HERFD) setup, which
uses either a cylindrically bent crystal with a dispersive geometry (von Hamos design)>®”® or a spherically bent
crystal analyzer (SBCA) in a Rowland circle”!?. This development was propelled by the interest in resonant
inelastic X-ray scattering (RIXS). RIXS is a concerted phenomenon of absorption and emission, has maximum
intensity at threshold and can circumvent core-hole lifetime broadening; all these however require high energy
resolution detection to be observed experimentally in the hard X-ray regime. As a result of the evolution of the
bright and tunable incident X-ray and high energy resolution detection, the valence band of heavy metal ele-
ments can now be experimentally determined from VTC-XES. This has been recently demonstrated by studies
of metal-ligand interactions for Ru complexes by Biasin et al.!!, Levin et al.'>, and Mn complexes by Hall et al."*.
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Figure 1. X-ray emission process associated with the Pt d band including the (a) RIXS, the decay of the
intermediate state and the shakeup process (valence excitation) are a concerted process; (b) VTC near Pt
L;-edge; and (c) VTC above Pt L;-edge. wyy and w,p represent the VTC X-ray emission with excitation near
resonance and above resonance, respectively as defined in the text.

In this study, VTC-XES is conducted at the Pt L;-edge with great signal/noise (compared with 1s excitation on
transition metals) due to high energy resolution and the dipole-allowed 5ds/, 3,,—2p3/, transition.

The X-ray emission process with the excitation energy scanned across the Pt L;-edge is illustrated in Fig. 1
in three energy regions: (a) RIXS, w resulting from an intermediate state and final state differentiated by the
excitation of a valence electron into the conduction band via energy loss (AE, = Q—w), by the incident X-ray,
Q; the process is enhanced by the proximity of the Pt 2p;, to 5ds, 5, dipole transition; (b) VTC above threshold
(E,, the point of inflection of the rising absorption edge) and near resonance (within the WL); and (c¢) VTC
above resonance (non-resonant XES). Figure la shows the RIXS region where the emission energy exhibits a
dispersion. The energy loss AE, (Pt 5d band maximum) is a constant as the excitation energy (€)) scans across
the adsorption edge until it reaches the threshold then the core hole is turned on and resonant X-ray emission
(fluorescence) takes place. In Fig. 1b where the excitation energy is above the threshold but not high enough
to excite the core electron into the continuum, the VTC emission, as the name suggests, originates from a Pt
5d electron in the valence band combining with a 2ps, core hole via dipole transition, emitting a fluorescence
photon. In Fig. 1¢, at a few eV above the resonance (whiteline maximum), the excited core electron has enough
kinetic energy to escape the Pt atom, and the VTC emission (w,g) is still tracking the Pt 5d in the valence band
but losing the advantage of enhanced intensity and core-hole lifetime broadening suppression. The absorption
and emission processes are no longer concerted.

In this study, the VTC emission of Pt-Ni alloys is studied with HERFD detection at the Sector 20-ID beamline
of the Advanced Photon Source (APS). A Si (311) SBCA using the (933) reflection (~ 1 eV resolution) is coupled
to a PILATUS 100 K-S 2D detector (DECTRIS Ltd., Switzerland) in a Rowland Circle, allowing for the simul-
taneous collection of the X-ray emission from the entire Pt 5d band. The incident (excitation) X-rays from the
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Si (111) monochromators provides an energy resolution of 1.4 x 10~* near the Pt L;-edge. Pt-Ni alloys including
Pt;Ni, PtNj, and PtNi; were synthesized by vacuum arc-melt method'. The crystal structure, local structure, and
electronic structure have been reported using X-ray diffraction, normal mode X-ray absorption spectroscopy,
ultraviolet photoelectron spectroscopy (UPS), and density functional theory calculation (DFT). Charge transfer
from Ni to Pt (by filling the Pt 5d holes) upon alloying has been established'*'. Experiment with elemental
sensitivity, however, is still in need to provide direct evidence of how the Pt valence band, especially the Pt 5d
states, changes upon alloying, which in turn determines its catalytic behavior. Herein, with the state-of-the-art
VTC-XES, we report the observation of chemical shifts and both broadening and narrowing of the Pt 5d band
in the Pt-Ni alloy valence band due to competing strain and ligand effects.

Results and discussion

Figure 2 displays the 2D and 3D plots of excitation vs emission X-ray energies across the Pt L;-edge with the
intensity color coded. In the emission panel, the energy of the emitted X-ray (collected by the area sensitive
detector) is very close to the excitation energy which will also appear in the spectrum as an elastically scattered
(ES) peak, as shown in the right column of Fig. 2. A clear trend of increasing intensity of the ES (diagonal) is
observed as Pt becomes more diluted in Ni. This is because Ni mainly contributes to elastic X-ray scattering
instead of absorption at X-ray energies near the Pt L;-edge. In PtNis, the most dilute case, the ES signal is strong
enough to partially overlap with the VTC emission, while it is least intense in Pt;Ni. Note that the Kapton tape as
the sealing material for the Pt foil and alloy samples also contributes to the ES peak. Also note that the quasi-Pt
5ds/, and 5ds;, band features are not resolved in the VTC emission spectra because the energy separation of the
5d spin-orbit derived features in the valence band is smaller than the energy resolution.

In the left panel of Fig. 2, wy, is the emission energy from excitation at whiteline (WL) maximum, wyg is from
excitation near the resonance within the WL envelope and w,, is beyond the WL They are marked with vertical
bars and tabulated in Table 1. The WL exhibits a trend consistent with Ni— Pt charge transfer upon alloying.
The VTC emission energies near the resonance wyy and above resonance wy result in the energy difference
AE| = wyg — wyg (1.0, 0.7, 0.5, 0.4, and 0.3 eV for PtO,, Pt, Pt;Ni, PtNi, and PtNi,, respectively), also shown in
Table 1. This difference is always positive as expected from the energy difference between the adiabatic and the
sudden regime in core hole screening; that is that the addition of the excited electron in the unoccupied Pt 5d
states above the Fermi level leads to a better screened core hole and a larger X-ray emission energy. Recall that
both wyy and w,y are the X-ray emission from the recombination of a valence electron of Pt 5d character and a
2ps,, core hole. AE, hence arises from the existence of the excited electron in the vicinity of the Pt atom. There is
a clear trend in the chemical systematic in that the more Pt 5d holes there are, the larger the AE,. This is reason-
able since more available 5d holes will lead to poorer screening, hence a larger chemical shift.

We also note that the emission centroid at the resonance wg (11,563.9, 11,563.3, 11,563.2, 11,563.1, and
11,562.8 eV for PtO,, Pt, Pt;Ni, PtNi, and PtNi,, respectively, see Table 1) is slightly different from wyg. This
is because of the interference of the RIXS signal, which spans along the energy transfer direction (diagonal in
Fig. 2) and associated chemical effect (5d hole population), resulting in the elongation and asymmetry of the
emission pattern near the resonance. The elongation effect is most evident in PtO, where Pt 5d electrons are
partially transferred to oxygen. Correspondingly, more 5d holes are available to accommodate the intermediate
states in the RIXS process, hence the XES pattern is elongated by the RIXS to the highest extent (see Figure S1).
In comparison, Pt attracts electrons from Ni in the Pt-Ni alloys to fill the d band, thus the elongation becomes
less severe than in pure Pt.

To obtain the precise Pt 5d distribution in the valence band, the XES spectra excited across the Pt L;-edge
WL for each sample are extracted (Fig. 3). Figure 3a—e show the VTC-XES for the five compounds as the excita-
tion energy scans across the WL. One can clearly see the dispersion of the ES (dash green curve), the RIXS (dash
blue curve) and the emergence of the fluorescence (solid blue line). Five XES recorded at the excitation energies
of 11,560.8-11,562.8 eV are fitted with a Gaussian profile (FWHM =3.0, 3.1, 3.1, 3.0, and 2.8 eV for PtO2, Pt,
Pt;Ni, PtNi, and PtNi;, respectively, determined from the ES signal at the excitation energy of ~ 11,555 eV for
each sample) and the RIXS signal (Pt d band). The results are shown in Table S2, Figure S4, S5, and summarized
in Fig. 3f where the green peak is the elastic peak (~ 11,562 eV), and the blue band is the Pt 5d component of the
VB of the alloy defined by a peak maximum and a band width. To check the validity of these values, we consider

the ES width and the Pt d band in quadrature (6.5 = /A%, + Al ), The observed 6.5 eV width yields a Pt 5d

band width A, of 5.7 eV, which is consistent with that observed in UPS and predicted by theory'*.

The energy transfer (3.3, 2.5, 2.8, 3.0, and 3.1 eV for PtO,, Pt, Pt;Ni, PtNi, and PtNi;, respectively), AE,=Q
- w, represents the energy loss to the excitation of the Pt 5d valence electrons to the narrow unoccupied d states
just above the Fermi level; in other words, it is the binding energy of the centroid of the Pt 5d states below the
Fermi level. For each sample, AE, is a constant. In the case of PtO,, a relatively large AE, of 3.3 eV is expected
because of the bandgap (> 1.0 eV)'!”!% In the cases of Pt metal and alloys, AE, shifts away from the Fermi level
as Pt becomes more diluted in Ni. The same trend is observed in the DFT calculation results of these alloys in
our previous study, attributing to the redistribution of Pt 5d states upon alloying with Ni'%, and also in good
agreement with the theoretical study by Matanovic et al., where the d-band centers of Pt were calculated to be
—2.01,-2.17, - 2.31 and — 2.56 eV for Pt, Pt;Ni, PtNi, and PtNij, respectively". Similar behavior is also observed
in the Au d band in Au-Cu? and Au-Pt alloys?'. The most exciting observation is in the full width at half maxi-
mum (FWHM): 5.8, 6.5, 6.8, 6.6, and 6.3 eV for PtO,, Pt, Pt;Ni, PtNi, and PtNi,, respectively. The results are
summarized in Table 1. The difference is significantly above uncertainty. Note that these excitation energies were
selected because they are in the RIXS region with an enhanced cross-section and suppressed core-hole lifetime
broadening, hence it will provide higher chemical sensitivity compared with the VTC emission at and above
the WL. The reason for this is further explained in Figure S1 which shows that the VTC becomes broader as the
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Figure 2. XES near the Pt L;-edge presented in two-dimensional and three-dimensional plots, showing the
normalized intensity of RIXS and ES. The vertical bar on the left panel tracks the position of the emission in
different energy region of excitation at (wg), near (wyg) and above (w,y) the resonance. The diagonal peak in the
right panel displays the relative intensity of the elastic peaks.

excitation energy moves across the threshold. For PtO,, a smaller width is observed because it is Pt (IV) with
depletion of Pt 5d electrons compared to Pt metal, and there is little Pt-Pt interaction in the nearest neighbors
hence a narrow Pt d band.
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FWHM* |FWHM"® |FWHM*

WNR WaR Wg
Sample (£0.1eV) | (£0.1eV) |(+£0.1eV) | AE,(eV) |AE,(eV) | (eV) (eV) (eV)
PtO, 11,564.0 11,563.0 11,563.9 1.0£0.1 3.3+0.1 5.8£0.2 6.1£0.1 8.1£0.2
Pt 11,563.4 11,562.7 11,563.3 0.7£0.1 2.5%£0.1 6.5£0.1 7.0£0.1 7.9+0.2
Pt;Ni 11,563.4 11,562.9 11,563.2 0.5+0.1 2.840.1 6.840.1 7.0£0.1 7.9+0.1
PtNi 11,563.3 11,562.9 11,563.1 0.4+0.1 3.0£0.1 6.6+0.1 7.0£0.1 7.9+0.1
PtNi; 11,563.2 11,562.9 11,562.8 0.3+0.1 3.1£0.1 6.3£0.1 6.8£0.1 7.8£0.1

Table 1. Summary of emission energies wyyg, War, W, energy difference AE,, energy transfer AE,, and FWHM
of the samples. The detailed analyses are shown in the SI. The step size of the raster scan is 0.5 eV (for both

the excitation and emission energies). The error analyses are based on the smoothed spectra, with uncertainty
of ~0.1 eV in emission energy. *Excitation energies are below resonance, at 11,560.8-11,562.8 eV. Averaged
values are displayed. Excitation energies are at resonance. Excitation energies are above resonance, at
11,578.5~11,580.5 eV. Averaged values are displayed.

We now focus on the difference in the band width between Pt metal and the alloys. We note that Pt;Ni
(6.8 eV) and PtNi (6.6 eV) show larger band widths than that of Pt (6.5 eV), while that of PtNi; (6.3 eV) is nar-
rower. At excitation energies near, at, and above the resonance, a similar trend is observed that the band widths
of Pt;Ni and PtNi are comparable to that of Pt, while PtNi; shows the narrowest, as shown in Figure S2, S3 and
Table S1. Note that near the resonance, the RIXS signal and VTC emission can partly overlap and broaden the
overall emission line, as indicated in Figure S1. At above resonance, the variance of the band widths is mitigated
because of the broadened feature although the interference from ES is excluded. Herein, PtO, at above resonance
shows an exceptionally wide emission band because of the broadening of the asymmetric feature (see Figure S3).
Among the metallic Pt, the anomaly of band width widening upon dilution, though has never been observed
before, can be rationalized. Let us return to the Pt catalysts engineering strategy discussed in the introduction.
We consider two competing effects: (1) the compressive strain effect arising from the smaller size of Ni, resulting
in shorter Pt-Pt bond in the compressed alloy lattice compared with Pt metal; compression of the Pt-Pt intera-
tomic distance will lead to a wider band (the Pt-Pt interatomic distance is 0.041 +0.005 A shorter in Pt;Ni, and
0.081+0.005 A shorter in PtNi compared to that in Pt metal)'%; and (2) the ligand (Ni) effect due to the presence
of Ni as a nearest neighbor of Pt reduces the Pt-Pt coordination number and is expected to result in a narrower
band. The conventional wisdom is that dilution of a transition metal in a metallic host will usually narrow the
d band, and the above-mentioned ligand effect often prevails. However, the strain effect, which is often seen
in core-shell nano-systems where Pt is the shell and a substrate with atoms of a smaller size is the core leading
to the compression of the shell and shorter Pt-Pt interatomic distance, should induce band broadening due to
repulsion. The competing strain and ligand effect have never been observed until now because it requires a bright
excitation source and a crystal analyzer with high energy resolution for both the incident and the emitted X-rays.
Compared with the width from the Pt foil (5.7 V), Asq, from quadrature analysis, Pt;Ni and PtNi show larger
d band width (6.1 and 5.9 eV, respectively), indicating that the strain effect dominates in the Pt;Ni and PtNi.
This phenomenon is supported by the theoretical study of the Pt(111) surface on subsurface Ni*2. It should be
noted that the trend of Pt 5d band width is slightly different from UPS results'*** which cannot separate the Pt d
band from Ni d band in the alloys. The overall trend from this study as well as the previous results indicate that
the Pt d-band center shifts away from the Fermi level regardless of the band width upon alloying with Ni. These
changes are expected to have an impact on the chemical activity when Pt-Ni alloys are used as the catalysts. For
example, in ORR where the binding strength of oxygen species on the Pt surface is slightly stronger relative to
the optimal condition, the above discussed Pt-Ni alloys are supposed to weaken the binding strength compared
with Pt. On one hand, a higher filled (electrons are transferred from Ni to Pt) Pt 5d states will result in a higher
filled Pt-O anti-bonding orbitals formed by Pt 5d and O 2p orbitals, which weakens the binding strength upon
surface adsorption. On the other hand, the shifting of the Pt valence states to higher binding energy (further away
from the Fermi level) is also expected to increase the filling of the Pt-O anti-bonding orbitals. This mechanism
may be responsible for the enhanced specific activity in ORR for Pt-Ni alloys with various compositions***2>2627,
Meanwhile, it is worth noting that the oxygen binding strength on Pt in ORR is not the weaker the better. In the
case of weak binding, the adsorption of oxygen as well as the subsequent protonation of oxygen will become the
limiting step of ORR and hence decrease the catalytic activity?®. Therefore, it is important to accurately charac-
terize the Pt valence states when establishing design strategies of future catalysts.

Conclusions

VTC-XES has been conducted with excitation near the Pt L;-edge with precision to provide direct experimental
evidence for the behavior of the Pt 5d distribution in the valence band upon alloying with Ni. The Pt 5d band
centroid is found to shift away from the Fermi level upon dilution in Ni. The variation of the Pt 5d band in the
Pt-Ni alloys compared with that of pure Pt is found to broaden in Pt;Ni and PtNi, and then becomes narrower
in PtNi;. The result is attributed to the competition between the strain effect and the ligand effect; that is that
in Pt;Ni and PtNi where the strain effect (shorter Pt-Pt bond length) has overcompensated the dilution effect
(reduction in coordination number), yielding a wider Pt 5d band in the alloy compared with the pure metal. The
chemical shift of the VTC as the excitation energy scans across the resonance is found to be associated with the
5d hole counts, which accounts for the improved activity in Pt-Ni catalysts. The VTC emission panel including
the RIXS provides rich information for the Pt 5d characters in the valence band of the Pt-Ni alloys. From these
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Figure 3. X-ray emission spectra from (a) PtO,, (b) Pt foil, and (c-e) Pt-Ni alloys collected across the Pt L,-
edge with the corresponding XAS collected in normal FY mode. The energy difference (AE,) between the RIXS
peak (blue dash line) and ES peak (green dash line) below WL is labeled for each sample, with the FWHM of the
inelastic peaks summarized in (f). AE, and FWHM are averaged numbers extracted from five spectra excited

at 11,560.8-11,562.8 eV. The VTC X-ray emission wyp is labeled in light blue straight line. The ES peak is fitted
using a Gaussian peak with the half width obtained from the ES signal at the excitation energy of 11,555 eV. The
detailed analysis is described in the SI.

results, VTC-XES in the hard X-ray range has been demonstrated to be a powerful technique to study the d
character of valence band of d band metals and alloys. This technique is especially useful for complicated systems
such as Pt based bimetallic core-shell nano catalysts, and in situ/operando studies where the valence band can
be altered by adsorbates, morphology, heterostructures, etc.

Received: 11 March 2021; Accepted: 14 June 2021
Published online: 01 July 2021

References
1. Liu, M., Zhao, Z., Duan, X. & Huang, Y. Nanoscale structure design for high-performance Pt-based ORR catalysts. Adv. Mater.
31, 1802234 (2019).
2. Lee, J. D. et al. Tuning the electrocatalytic oxygen reduction reaction activity of Pt-Co nanocrystals by cobalt concentration with
atomic-scale understanding. ACS Appl. Mater. Interfaces 11, 26789-26797 (2019).

Scientific Reports|  (2021) 11:13698 | https://doi.org/10.1038/s41598-021-93068-0 nature portfolio



www.nature.com/scientificreports/

3. Wu, J. B. et al. Truncated octahedral Pt;Ni oxygen reduction reaction electrocatalysts. J. Am. Chem. Soc. 132, 4984-4985 (2010).
4. Stamenkovic, V. et al. Changing the activity of electrocatalysts for oxygen reduction by tuning the surface electronic structure.
Angew. Chem. Int. Ed. Engl. 45, 2897-2901 (2006).
5. Mattern, B. A. et al. A plastic miniature X-ray emission spectrometer based on the cylindrical von Hamos geometry. Rev. Sci.
Instrum. 83, 023901 (2012).
6. Gallo, E. & Glatzel, P. Valence to core X-ray emission spectroscopy. Adv. Mater. 26, 7730-7746 (2014).
7. Bauer, M. HERFD-XAS and valence-to-core-XES: New tools to push the limits in research with hard X-rays?. Phys. Chem. Chem.
Phys. 16, 13827-13837 (2014).
. S4,]. et al. Resonant X-ray emission spectroscopy of platinum(II) anticancer complexes. Analyst 141, 1226-1232 (2016).
9. Mortensen, D. R. & Seidler, G. T. Robust optic alignment in a tilt-free implementation of the Rowland circle spectrometer. J.

Electron. Spectrosc. Relat. Phenom. 215, 8-15 (2017).

10. Jahrman, E. P. et al. An improved laboratory-based x-ray absorption fine structure and x-ray emission spectrometer for analytical
applications in materials chemistry research. Rev. Sci. Instrum. 90, 024106 (2019).

11. Biasin, E. et al. Revealing the bonding of solvated Ru complexes with valence-to-core resonant inelastic X-ray scattering. Chem.
Sci. 12, 3713-3725 (2021).

12. Levin, N. et al. Ruthenium 4d-to-2p X-ray emission spectroscopy: A simultaneous probe of the metal and the bound ligands. Inorg.
Chem. 59, 8272-8283 (2020).

13. Hall, E. R. et al. Valence-to-core-detected X-ray absorption spectroscopy: Targeting ligand selectivity. J. Am. Chem. Soc. 136,
10076-10084 (2014).

14. Chen, J. et al. Elucidating the many-body effect and anomalous Pt and Ni core level shifts in X-ray photoelectron spectroscopy of
Pt-Ni alloys. J. Phys. Chem. C 124, 2313-2318 (2020).

15. Chen, ], Finfrock, Y. Z., Wang, Z. & Sham, T.-K. High energy resolution fluorescence detection of the Pt L, ,-edge whitelines of
Pt-based bimetallic systems: Implications for the Pt 5ds,,,5/, density of states. J. Phys. Chem. C 125, 2327-2333 (2021).

16. Neff, H. et al. Structural, optical, and electronic properties of magnetron-sputtered platinum oxide films. J. Appl. Phys. 79, 7672
7675 (1996).

17. Aita, C. R. Optical behavior of sputter-deposited platinum-oxide films. J. Appl. Phys. 58, 3169-3173 (1985).

18. Yang, Y., Sugino, O. & Ohno, T. Band gap of -PtO, from first-principles. AIP Adv. 2, 022172 (2012).

19. Matanovic, I., Garzon, F. H. & Henson, N. J. Theoretical study of electrochemical processes on Pt-Ni alloys. J. Phys. Chem. C 115,
10640-10650 (2011).

20. Sham, T. K., Hiraya, A. & Watanabe, M. Electronic structure of Cu-Au alloys from the Cu perspective: A Cu L ,-edge study. Phys.
Rev. B 55, 7585 (1997).

21. Wang, D. N. et al. Electronic behaviour of Au-Pt alloys and the 4f binding energy shift anomaly in Au bimetallics- X-ray spectros-
copy studies. AIP Adv. 8, 065210 (2018).

22. Kitchin, J., Nerskov, J. K., Barteau, M. & Chen, ]. Modification of the surface electronic and chemical properties of Pt (111) by
subsurface 3d transition metals. . Chem. Phys. 120, 10240-10246 (2004).

23. Mun, B. et al. The study of surface segregation, structure, and valence band density of states of Pt;Ni (100), (110), and (111) crystals.
Surf. Rev. Lett. 13, 697-702 (2006).

24. Stamenkovic, V. R. et al. Improved oxygen reduction activity on Pt;Ni (111) via increased surface site availability. Science 315,
493-497 (2007).

25. Zhang, J., Yang, H. Z., Fang, J. Y. & Zou, S. Z. Synthesis and oxygen reduction activity of shape-controlled Pt;Ni nanopolyhedra.
Nano Lett. 10, 638-644 (2010).

26. Todoroki, N., Kato, T., Hayashi, T., Takahashi, S. & Wadayama, T. Pt-Ni nanoparticle-stacking thin film: Highly active electro-
catalysts for oxygen reduction reaction. ACS Catal. 5,2209-2212 (2015).

27. Hasché, E, Oezaslan, M. & Strasser, P. Activity, structure and degradation of dealloyed PtNi; nanoparticle electrocatalyst for the
oxygen reduction reaction in PEMFC. J. Electrochem. Soc. 159, B24 (2011).

28. Rossmeisl, J., Karlberg, G. S., Jaramillo, T. & Norskov, J. K. Steady state oxygen reduction and cyclic voltammetry. Faraday Discuss.
140, 337-346 (2009).

o

Acknowledgements

Research at the University of Western Ontario (UWO) is supported by NSERC (RGPIN-2019-05926), CFI, OIT,
OMRI and CRC (TKS). The TEM was conducted at Biotron, UWO. The authors Jiatang Chen and Zhigiang Wang
acknowledge the receipt of support from the CLSI Graduate and Post-Doctoral Student Travel Support Program.
This research used resources of the Advanced Photon Source, an Office of Science User Facility operated for the
U.S. Department of Energy (DOE) Office of Science by Argonne National Laboratory and was supported by the
U.S. DOE under Contract No. DE-AC02-06CH11357, and the Canadian Light Source and its funding partners.

Author contributions
T.K. supervised the project; T.K. and J. conceived the idea and contributed to writing the manuscript. J., Z., and
Y.Z. conducted the synchrotron X-ray experiment. J. performed the data analysis.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-93068-0.

Correspondence and requests for materials should be addressed to T.-K.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2021) 11:13698 | https://doi.org/10.1038/s41598-021-93068-0 nature portfolio


https://doi.org/10.1038/s41598-021-93068-0
https://doi.org/10.1038/s41598-021-93068-0
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021) 11:13698 | https://doi.org/10.1038/s41598-021-93068-0 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Strain and ligand effects in Pt-Ni alloys studied by valence-to-core X-ray emission spectroscopy
	Results and discussion
	Conclusions
	References
	Acknowledgements


