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Operando HERFD-XANES Investigation
of Pt during Cathodic Corrosion

Cathodic corrosion is a chemical etching phenomenon that likely occurs by forming a

metal-containing anion. Though such an anion would be consistent with all experiments

of cathodic corrosion, there is currently no direct evidence for its existence. The current

chapter aims to provide this evidence by using X-ray absorption spectroscopy (XAS). XAS

will be used to characterize platinum nanoparticles during cathodic corrosion in 10 M

NaOH. The chemical state of these particles is characterized using the X-ray absorption

near edge structure (XANES), which is recorded in the high-energy resolution �uorescence

detection (HERFD) con�guration. This experimental design can detect small changes in

the Pt sample during corrosion. These changes are quanti�ed and compared to theoreti-

cally simulated X-ray absorption spectra. This analysis supports the existence of Na2PtH6
during cathodic corrosion. As such, the presented work provides experimental results that

indicate the nature of the enigmatic cathodic corrosion immediate. In addition, the cur-

rent results are, to our best knowledge, the �rst measurements indicating the generation

of ternary metal hydrides in water.

5.1 Introduction

Cathodic corrosion is a chemical process that dramatically etches surfaces of many met-

als.1–4 Though this enigmatic phenomenon has been the subject of persistent fundamen-

tal characterization e�orts, its underlying reactionmechanism is still unknown. An impor-

tant reason for this lack of understanding is the short-lived nature of the main reaction

intermediate. This reaction intermediate cannot be isolated for ex-situ characterization;

instead, only cathodically corroded metallic surfaces (Chapter 2–4) or the metal (oxide)

nanoparticle products of cathodic corrosion have been studied.2,5–9 To characterize the

elusive reaction intermediate, it is therefore imperative to use operando techniques that

probe the intermediate while it is being generated during cathodic corrosion.

This chapter will form the basis of a manuscript that will be submitted to a peer-reviewed scienti�c

journal.
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Introduction

Typical operando or in-situ characterization techniques rely on spectroscopy to probe

either the oxidation state or chemical environment of a sample. In the present case, this

would allow for identifying whether the corroding species resembles a metallic anion or

perhaps a ternarymetal hydride, as suggested in Chapter 4. However, many spectroscopic

techniques are incompatible with the challenging electrode environment during cathodic

corrosion.

For example, a technique such as Fourier-transform infrared spectroscopy (FTIR) can

detect adsorbed species like hydrogen,10 but it is generally incompatible with hydro-

gen bubbles that form during cathodic corrosion.11 Hydrogen bubbles are less problem-

atic for techniques such as surface-enhanced Raman spectroscopy (SERS), but bubble-

compatible SERS requires the use of atomically thinmetallic layers that will likely degrade

quickly during cathodic corrosion.12,13 A third spectroscopic technique is Mössbauer spec-

troscopy, which can detect oxidation state changes of elements such as gold,14 but cannot

detect dissolved species such as the species of interest during cathodic corrosion.15

A more suitable spectroscopic technique for studying cathodic corrosion is X-ray ab-

sorption spectroscopy (XAS).16 XAS and, more speci�cally, X-ray absorption near edge

structure (XANES) experiments can generate a wealth of information on both the oxida-

tion state and presence of adsorbates of the sample of interest: in-situ XANES studies of

Pt samples have previously been used assess the Pt d-band �lling, Pt oxidation state and

the presence of adsorbed species like *H, and *CO.17–21 XANES can also be used during

electrochemical measurements if the experimental setup is carefully designed.22–26

Operando XANES is therefore used in this chapter to study Pt nanoparticles during ca-

thodic corrosion. These experiments are carried out in a �ow cell, to reduce interference

by bubble formation during experiments. Furthermore, the experiments are performed

in the high-energy resolution �uorescence detection (HERFD) con�guration, which sig-

ni�cantly improves important features in the XANES spectrum.21,26 In doing so, we can

detect a subtle shift in the absorption edge position and decrease in white line inten-

sity during cathodic corrosion. Further analysis of these spectral changes and theoretical

modeling of XANES spectra suggests the existence of Na2PtH6 during cathodic corrosion.

Though de�nitive proof of Na2PtH6 during cathodic corrosion requires further theoretical

and experimental e�orts, the results presented here support the “ternary metal hydride”

hypothesis for cathodic corrosion.
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5.2 Materials and methods

5.2.1 Operando XANES measurements
Operando HERFD-XANES experiments of the platinum LIII edge were carried out at beam-

line 6-2 of the Stanford Synchrotron Radiation Lightsource (SSRL). At this beamline, the

incoming photon beam was passed through a double-crystal Si(311) monochromator. Af-

ter the monochromation, the beam was re�ected by a Rh-coated mirror. This parabolic

mirror rejected harmonic photons from the beam and focused the beam onto the sample

with a beam height of 420 µm full width at half maximum (FWHM) and a beam width of

129 µm FWHM. The incoming beam and the sample were aligned in grazing incidence,

with the electric �eld vector of the beam parallel to the sample surface. The beam energy

was calibrated before measurements with respect to a metallic Pt foil; for calibration, the

�rst in�ection point of the Pt LIII edge was assigned a value of 11563.7 eV .

After absorption of the X-rays by the sample, the �uorescent Pt Lα1 X-rays with an

energy of 9442 eV were detected with a Johann-type X-ray spectrometer.27 These X-rays

were selectively di�racted onto the X-ray detector by using the (660) Bragg re�ection

of �ve Ge(110) crystals with a radius of curvature of 1 m . This setup had a combined

monochromator and detector resolution of 1.0 eV .

5.2.2 Electrochemical XANES cell
For the operando XAS measurements, a home-made �ow cell was used. In this cell, dis-

played in Fig. 5.1, the working electrode was the lowest point, such that the incoming

beam (shown in red) could hit the sample unimpaired. Similarly, the detected outgoing

Pt Lα1 X-rays (shown in grey) were able to travel towards the detector without hitting

parts of the cell. More detailed descriptions and schematic drawings of the cell are given

in Appendix B.

The working electrolyte was 10 M NaOH (Merck, Suprapur), which was stored in a

�uorinated ethylene propylene (FEP) bottle and pumped into the cell through per�uo-

roalkoxy alkane (PFA) tubing. The electrolyte was pumped through the cell with a peri-

staltic pump (Ismatec IP-N), which was �tted with� = 3.17mm phthalate-free polyvinyl

chloride (PVC) tubing and operated at a �ow rate of 10mL · min−1.

Within the cell channel, a thin Pt (Mateck, 99.9%) counter electrode strip was placed

alongside the working electrode and a Gaskatel ‘HydroFlex’ reversible hydrogen elec-

trode (RHE) was placed downstream from the working electrode. The working electrode
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Materials and methods

Fig. 5.1 | Schematic view of the operando XANES cell. The ingoing X-ray beam is indicated by the
thin red line, while the detected outgoing �uorescent X-rays are visualized in grey.

consisted of a � = 3 mm gold (Alfa Aesar, 99.9985%) disk. The electrode contained

a 22.5 µg loading of surfactant-free Pt nanoparticles, which was drop-casted onto the

electrode from a 0.5mg ·mL−1 solution in water. These nanoparticles were dried under

a helium stream.

5.2.3 Nanoparticle preparation
The nanoparticles were prepared through cathodic corrosion,2 by applying a 100 H z

square wave potential with −5V /+2V vs. RHE potential limits. This potential program

was 85% IR corrected and applied by a Bio-Logic SP-300 potentiostat (connected to a

2A/30V booster board), using a HydroFlex RHE electrode (Gaskatel) and a graphite rod

(Alfa Aesar, Ultra “F” purity) counter electrode. The corrosion electrolyte was 5 M KOH

(Sigma-Aldrich, 99.99% trace metals basis), held within an FEP container. Using this con-

�guration, a � = 0.1 mm Pt wire (Mateck, 99.99%) was immersed for 1 mm and cor-
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roded until the entire wire was consumed. This step was repeated twice, after which the

nanoparticles were puri�ed through ultracentrifugation: the particles were centrifuged

and the supernatant was replaced with clean water. The latter step was repeated until

the supernatant pH was neutral.

5.2.4 Cleaning and experiment preparation

The abovementioned electrochemical setups were cleaned by storing the relevant parts

overnight in a solution of 1 g · L−1 KMnO4 (Fluka, ACS reagent) and 0.5M H2SO4 (Fluka,

ACS reagent). This solution was removed before experiments, and any KMnO4 residues

were decomposed with dilute H2O2 (Merck, Emprove exp). This solution was then also

removed, after which the parts were boiled �ve times in water. All water used in this

work (resistivity > 18.2 MΩ · cm , TOC < 5 ppb) was cleaned using a Millipore MilliQ

system. During operando experiments, all potentials were 85% IR corrected and applied

by a Bio-Logic SP-300 potentiostat. Use of a booster board was not necessary.

5.2.5 Data processing and normalization

Using the aforementioned cell and preparation procedure, X-ray absorption spectra could

be measured during electrochemical experiments. Low-noise spectra were achieved in

absence of gas evolution on the working electrode, such that only four spectra needed

to be recorded and averaged to yield the presented spectra. More spectra were recorded

during signi�cant gas evolution (−0.4 V vs. RHE and below), to compensate for noise

due to bubble formation and breaking. If bubble formation led to anomalous features in

spectra, these spectra were eliminated from the analysis; about 8 scans were averaged

per applied potential to yield the presented data. In total, two samples, denoted sample

1 and 2 were measured at various potentials. Though both samples yielded qualitatively

similar data, sample 1 is the one presented here because its spectra contained the least

bubble-induced noise.

Data alignment was performed to account for shifts in the monochromator position

during experiments. This was done in IgorPro by shifting the crystal glitch position to

a known value. The spectra were subsequently averaged, �attened and normalized by

setting the edge jump to one in athena.28 To explicitly express this normalization, all

absorption spectra are plotted in y-axis units of ‘edge fraction’, where a value of one

equals the edge jump.16
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5.2.6 Theoretical modeling of X-ray absorption spectra
Calculations of the core edge spectroscopywere performedwithin the ocean package.29,30

This �rst principles code generates X-ray absorption spectra based on both ground-state

density functional theory (DFT) and the numerical solution of the Bethe-Salpeter equa-

tion (BSE) within a basis of electron and hole states (and associated core-hole dielectric

screening) provided by the DFT Kohn-Sham orbitals.31,32 The DFT electronic structure was

calculated within the generalized gradient approximation using the Quantum espresso

code,33 and the BSE equation was solved with the NBSE program.30 E�cient numerical

sampling of the Brillouin zone was enabled through the use of the Shirley interpola-

tion scheme.34 The DFT plane-wave basis cut-o� energy was set to 100 Ry using the

Perdew-Berke-Ernzerhof (PBE) functional within the generalized gradient approximation

(GGA).35,36 The �nal states were included up to an energy range of 150 eV. The k-points

used in the calculations were 12 × 12 × 12, 12 × 12 × 12, 6 × 6 × 6, and 6 × 6 × 6 for

bulk Pt metal,37 α-PtO2,
38 Na2HPt4,

39 and Na2HPt6,
40 respectively. The real-space mesh

for the BSE calculation was 12×12×12, 12×12×12, 6×6×6, and 6×6×6 for bulk Pt

metal, α-PtO2, Na2HPt4, and Na2HPt6, respectively. The radius of the sphere in which the

local basis is calculated was set to 5 Bohr to construct the PAW-style optimal projector

functions (OPF). The screening of the core-hole interaction was done in real space using

the random phase approximation up to a radius around the core of 5 Bohr .41 The calcu-

lated Pt LIII edge spectra were numerically broadened via convolution with a Lorentzian

with a half width at half maximum (HWHM) of 1.3 eV to match the broadening obtained

from the HERFD mode utilized in the XAS experiments. The core-level shift was obtained

through calculations for the Pt metal and then applied to the other Pt compounds. The

simulated spectra were normalized with athena.28 Then, a single constant energy shift

was applied to these simulated spectra to align them with the experimental data. Specif-

ically, the calculated Pt spectrum was shifted to have the �rst in�ection point match that

of the experimental spectrum at a potential of 0.4V vs. RHE: 11564.4 eV . The absolute

shift to achieve this value was then applied to the other calculated spectra.

5.3 Results and discussion

In this section, we will �rst present X-ray absorption spectra of Pt nanoparticles at both

cathodic and anodic potentials. We will then analyze these spectra qualitatively through

the use of di�erence spectra and quantitatively by peak �tting. The spectra will then be
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Fig. 5.2 | HERFD-XANES spectra of electrodes polarized at cathodic potentials (a) and anodic po-
tentials (b).

compared to modeled spectra of ternary metal hydrides, which we consider plausible

reaction intermediates (Chapter 4).

5.3.1 Absorption spectra at anodic and cathodic potentials

Fig. 5.2 displays XANES spectra of the studied nanoparticles at both anodic and cathodic

potentials. The same spectra are shown in a wider energy range in Fig. B.3.

We will �rst focus on the spectra taken at anodic potentials (Fig. 5.2 b), because these

spectra can be compared with previous HERFD-XANES studies for Pt nanoparticle oxi-

dation. The spectra in Fig. 5.2 b gradually shift towards more positive energies as the

electrode potential increases. This shift is well documented and is related to interac-

tions between the Pt particles and oxygen.22–26 The small initial shift between 0.4 and

0.9V vs. RHE is subtle and corresponds to the adsorption of oxygen-containing species,

such as *OH,42,43 onto the electrode.22 The more substantial shifts at more anodic poten-

tials correspond to oxidation of the surface and the formation of platinum oxides.22

The aforementioned shifts are accompanied by the formation of a shoulder between

11567.5 and 11570 eV . This shoulder is located approximately 2 eV above the white

line absorption peak and therefore likely corresponds to the formation of α-PtO2:
26 the

most likely oxide phase for thermally and electrochemically oxidized platinum.23,44,45

Interestingly, this shoulder is smaller in magnitude than previously reported peaks

for electrochemically oxidized platinum nanoparticles and monolayers.22–26 We ascribe

this di�erence to a signi�cant amount of Pt atoms remaining un-oxidized in the current
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experiment. Oxidation of the nanoparticles was therefore likely restricted to the outer

nanoparticle shell. This could partly be due to the di�erence between our 10 M NaOH

electrolyte and the 0.01–0.1 M HClO4 electrolytes used in previous literature experi-

ment. However, the most probable reason for the lower degree of oxidation is a di�er-

ence in nanoparticle size. Our particles are likely between 6 and 11 nm in size,46 which

is much larger than the previously studied 1.2 nm particles.25 Our particles therefore

possess a much lower surface-to-bulk atom ratio and, thus, are not oxidized as much

as smaller nanoparticles, monolayers and nano-islands.22–26 Nonetheless, the particles

studied here exhibit detectable shifts in the absorption spectrum that match the avail-

able literature. This con�rms that the current setup is sensitive towards changes in the

platinum oxidation state.

After con�rming that the current system can reproduce the known oxidative behavior

of Pt, we can now explore the spectral changes under cathodic potentials. These results

are shown in Fig. 5.2 a. In this panel, the most positive spectrum was recorded at 0V vs.

RHE. This spectrum overlaps well with the spectrum at 0.4V vs. RHE, as can be seen in

Fig. B.4. Though both spectra are rather similar, the spectrum at 0V vs. RHE has a slightly

lower white line intensity and is slightly broader than the spectrum at 0.4V vs. RHE. This

subtle broadening is due to adsorbed hydrogen, which covers 60 to 100% of the electrode

surface at 0V vs. RHE:42,47–49 electrochemically adsorbed hydrogen broadens the XANES

spectrum of platinum.24,25 The broadening observed in Fig. B.4 is more subtle than the

previously reported broadening, which again indicates a lower surface sensitivity due to

a larger nanoparticle size in the current experiments.

The broadening in Fig. B.4 is also present at more cathodic potentials (Fig. 5.2 a).

However, more cathodic potentials also cause a constant and small positive absorption

edge shift. This edge shift appears subtle, yet consistent.

5.3.2 Di�erence spectra

To emphasize changes in the absorption edge, di�erence XANES spectra were created.

Such spectra have previously been used to detect adsorbed species on Pt.19,20 In the

present case, di�erence spectra were obtained by subtracting the XANES spectrum at

0.4V vs. RHE from the other spectra. The result of this data treatment is presented in

Fig. 5.3.

We will �rst comment on changes in the Pt di�erence spectrum at anodic potentials

(Fig. 5.3 b). At moderate anodic potentials (0.9V ), the small positive peak in the di�er-
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Fig. 5.3 |Di�erence spectra of electrodes polarized at cathodic potentials (a) and anodic potentials
(b). The reference spectrum for background subtraction was recorded at an applied potential of
0.4V vs. RHE.

ence spectrum corresponds to a small shoulder in the normal spectrum (Fig. 5.2 b) that

corresponds to the adsorption of *O or *OH.22 At more anodic potentials, the growth of

this peak is accompanied by a negative feature in the di�erence spectrum. This nega-

tive feature matches the corresponding edge shift in the normal XANES spectrum upon

oxidation of the Pt nanoparticles. These negative and positive features in the di�erence

spectra therefore facilitate the observation of more subtle features in the absolute ab-

sorption spectrum.

This enhancement also applies to spectra obtained at cathodic potentials, for which

di�erence spectra are shown in Fig. 5.3 a. In these spectra, a negative peak is present at

and below 0V vs. RHE. This negative feature gradually develops at more cathodic poten-

tials. At the most cathodic potentials, the negative feature appears to be accompanied

by a positive feature between 11566 and 11567 eV . A more quantitative analysis is nec-

essary to determine whether this positive feature is related to actual spectral changes,

or rather due to random �uctuations in the absorption spectra.

5.3.3 Peak �tting

To quantitatively assess the data, we �tted several peaks to the spectra. Speci�cally,

we �tted one pseudo-Voigt function at lower energies to account for the white line and

one peak at higher energies to account for broadening of the spectra. These peaks will be

referred to as the ‘low-energy peak’ and the ‘high-energy peak’, respectively. When �tting
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these peaks, we accounted for the edge jump by including an arctangent function in the

�tting procedure. This procedure and the �t parameters were based on a previous study

of electrochemical Pt oxidation;25 more details, all �t results and four representative �ts

are given in Appendix B. A summary of the �t results is given in Fig. 5.4. This �gure

presents the area of each of the peaks and the area of the sumof these peak, as a function

of the applied potential.

In Fig. 5.4, the highest area is consistently found for the low-energy peak. This peak

was previously ascribed to metallic Pt.25 As such, Fig. 5.4 con�rms that a signi�cant part

of the Pt nanoparticles remains metallic during the electrochemical experiments. The

highest amount of metallic platinum is found at 0.4V vs. RHE. This is the expected state

for Pt at this potential.50

At more anodic potentials, the area of the low-energy peak decreases, while the area

of the high-energy peak increases. This increase of the high-energy peak agrees well with

the oxidation of platinum, because this peak is located at energies where platinumoxides

are generally observed.22–26 The high-energy peak increase coincides with an increased

sum of the peak areas. This peak area sum can be used as an indicator of the empty

d-states and, by extension, the Pt oxidation state.25 The increase of this peak therefore

corresponds well with the expected oxidation of Pt at anodic potentials.

Accordingly, the peak sum decreases subtly at cathodic potentials. This has been

observed before at−0.04V vs. RHE in 0.1M HClO4
25 and would suggest some degree of

d-band �lling with respect to Pt at 0.4V vs. RHE. Interestingly, the subtle decrease in sum

peak area is accompanied by a decrease in the low-energy peak and an increase in the

high-energy peak area. This indicates that the white line decrease and peak broadening

in Fig. 5.2 are indeed caused by changes in the chemical nature of the Pt electrode.

5.3.4 Modeled XANES spectra

To explore these chemical changes, HERFD-XANES spectra were modeled using the ocean

package.29,30 We �rst modeled Pt and α-PtO2 spectra for comparison with the known an-

odic behavior of Pt. We then additionallymodeled spectra of two candidate ternarymetal

hydrides: Na2PtH4 and Na2PtH6. These hydrides were chosen based on the suggestion

of their existence in Chapter 4. The resulting calculated X-ray absorption spectra and

corresponding di�erence spectra are plotted in Fig. 5.5. In this �gure, Panel a features an

energy range that matches the energy range in Fig. 5.2; expanded spectra are shown in

Fig. B.6.
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Fig. 5.4 | Areas of the �tted low-energy peak, high-energy peak and the sum of both peaks. Full �t
results are given in Appendix B.

For assessing the quality of the modeled spectra, it is instructive to evaluate the

di�erence between Pt and PtO2. This assessment is facilitated by aligning the �rst in�ec-

tion point of the modeled Pt absorption edge with that of the experimental spectrum at

0.4V vs. RHE. The relative shift in the white line maximum between our Pt and α-PtO2
models is 1.6 eV , which agrees well with the ∼ 2 eV shift observed experimentally. Our

modeled Pt spectra also reproduce the positions of the various peaks in the experimen-

tal absorption spectrum, although the normalized intensity of peak features is overesti-

mated. Finally, the di�erence spectrum of PtO2 with a Pt background matches the anodic

di�erence spectra in Fig. 5.2 b reasonably well: it crosses zero at 11565.6 eV (compared

to our experimental 11565.3–11566.0 eV ), and its peaks are 2.2 eV apart (compared

to the experimental 3.1–3.4 eV ). Based on these comparisons, our ocean simulations

reasonably reproduce the experimental reference spectra.

Having established the applicability of our simulations, we will compare the theo-

retically modeled spectra for Na2PtH4 and Na2PtH6 with those of Pt. This comparison

indicates that both hydrides have edge positions that are positive of the Pt edge po-

sition. Both hydrides also exhibit a white line peak, about 2.2–2.4 eV above that of

Pt. Thirdly, both hydrides have isobestic points with Pt, at about 11567.2 eV (Na2PtH4
and 11566.6 eV (Na2PtH6). These isobestic points correspond to x-axis intercepts at the

same positions in the di�erence spectra (Fig. 5.5 b). These di�erence spectra also contain

a well-developed negative peak for both hydrides. A sharp positive peak is only present

for Na2PtH6, after which the di�erence spectra slowly decreases to 0 at 11580 eV . In con-

trast, a broader positive peak is present for Na2PtH4. These features will be compared
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Fig. 5.5 |Modeled HERFD-XANES spectra (a) and di�erence spectra (b) for bulk Pt, PtO2, NaPtH4 and
Na2PtH6. The reference spectrum for background subtraction in Panel b is the modeled spectrum
for bulk Pt.

with the experimental di�erence spectra in the Discussion section.

5.3.5 Discussion
We established that the spectra of our Pt nanoparticles shift positive and a high-energy

shoulder develops as the nanoparticles are partly oxidized to α-PtO2. The observed be-

havior of the nanoparticles is consistent with previous literature reports and supports

the validity of the spectral changes at cathodic potentials.

Under cathodic polarization, the Pt LIII XANES (Fig. 5.2 a) show a small positive edge

shift and subtle whiteline decrease; Fig. 5.3 a emphasizes this shift at all cathodic poten-

tials. These di�erence spectra also reveal a small shoulder above 11566 eV . Though the

shape of this shoulder is a�ected by the formation of hydrogen bubbles during cathodic

corrosion, the peak appears to be a signi�cant feature of the data. This is indicated by

Fig. 5.4, in which a constantly increasing high-energy peak is required to �t the cathodic

XANES spectra.

It would be appealing to ascribe these changes to additional adsorbed hydrogen

at more cathodic potentials; such “overpotential adsorbed hydrogen” (HOPD ) has been

detected at cathodic potentials through vibrational spectroscopy.12,49 The presence of

HOPD might even be inferred by the di�erence spectra (Fig. 5.3 a), which have similarly

shaped di�erence spectra of Pt nanoparticles in a H2 atmosphere.
19,20 However, adsorbed

HOPD does not appear consistent with the experimental observations upon closer in-

spection of the presented data. Speci�cally, the shape of the di�erence spectra appears
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quantitatively di�erent from those of hydrogen-covered Pt nanoparticles.19,20 For these

previously studied particles, the di�erence spectra indeed contain a positive and neg-

ative peak, but the peaks are approximately 6 eV apart and equal in magnitude. This

contrasts with the peaks in Fig. 5.3, for which the negative peak can be more than twice

as intense as the broad positive feature and the peaks are located more closely to each

other.

A perhaps even more important observation is the magnitude of the observed di�er-

ence spectra. For instance, the di�erence spectrum for 0V vs. RHE (Fig. 5.3 a) corresponds

to adsorption of 0.6 to 1 monolayer of hydrogen. This spectrum is much more subtle than

those at the most cathodic potentials, which have magnitudes up to 4.5 times as high.

Similarly, the high-energy peak in Fig. 5.4 increases in area from 0.33±0.05 to 0.81±0.09.

If these changes were caused byHOPD alone, the coverage would have to be in the order

of several monolayers.

Therefore, it seems useful to explore alternative chemical species and compare the

spectra in Fig. 5.3 to the modeled ternary metal hydride spectra in Fig. 5.5. At �rst glance,

the Na2PtH6 spectrum in Fig. 5.5 appearsmost similar to the data. We therefore calculated

linear combinations of the Pt andNa2PtH6 spectra to approximate nanoparticles thatmay

be partly converted to Na2PtH6 during cathodic corrosion. These spectra were then con-

verted into di�erence spectra by subtracting the modeled Pt spectrum from Fig. 5.5. An

exemplary di�erence spectrum is plotted alongside two experimental spectra in Fig. 5.6.

The modeled di�erence spectrum in Fig. 5.6 corresponds to a linear combination of

94% Pt and 6% Na2PtH6. This di�erence spectrum matches the experimental cathodic

spectra relatively well: it reproduces the di�erence between the negative and positive

peak, the intensity ratio between both peaks, and the gradual decrease of the positive

feature at higher absorption energies. The model spectrum might therefore be a reason-

able approximation of Pt nanoparticles during cathodic corrosion in 10M NaOH.

The match between the data and modeled spectra in Fig. 5.6 and the arguments pre-

ceding this �gure provide important indications towards the existence of a ternary metal

hydride during cathodic corrosion. However, two considerations prevent us from con-

clusively claiming the presence of a hydride like Na2PtH6. Firstly, our current theoretical

e�orts do not contain a modeled spectrum of adsorbed hydrogen on Pt. Such a spectrum

would be essential in a systematic comparison of model candidate reaction intermedi-

ates. ocean calculations regarding these spectra are currently being performed and will

be reported when they are �nished. Secondly, the current experiments are not immune to
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Fig. 5.6 | Di�erence spectra of electrodes polarized at −0.8 and −1.0V vs. RHE. These spectra
are plotted alongside a di�erence spectrum that is a linear combination of 94% of the modeled
Pt spectrum and 6% of the modeled Na2PtH6 spectrum. For the data, the reference spectrum was
that at 0.4V vs. RHE. For the model, the reference spectrum is the modeled spectrum for pure
Pt.

the e�ects of hydrogen bubbles. Though the use of a �ow cell has signi�cantly improved

the signal-to-noise ratio when compared to initial experiments in a hanging-meniscus

cell, the e�ect of bubbles is still visible in the presented spectra. These detrimental

e�ects are ampli�ed in further analysis using di�erence XANES spectra. The presented

results might be improved by repeating them with samples that produce larger relative

changes in the absorption spectrum. Such larger changes would then bemore clearly dis-

tinguishable from noise due to hydrogen bubble formation. These pronounced changes

could be achieved by using smaller nanoparticles, which should produce more clearly

distinguishable spectral features.25

5.4 Conclusions

The current chapter has presented an operandoHERFD-XANES investigation of Pt nanopar-

ticles during cathodic corrosion. The chapter �rst established the proper functioning of

the working setup by reproducing reported results on the anodic oxidation of Pt. After

doing so, the cathodic behavior of Pt was studied.

This study of cathodically polarized Pt established a gradual shift in the Pt LIII ab-

sorption edge. This shift was accompanied by a shoulder at higher absorption energies.

These changes were corroborated by further analysis using di�erence absorption spec-
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tra and a peak �tting procedure. These results could then be compared to �rst principles

calculations of XANES spectra of ternary metal hydrides. From these simulated spectra,

the spectrum of the Na2PtH6 model reproduced several key features in the experimental

absorption spectra.

Though further theoretical computations of hydrogen-covered Pt are necessary and

experiments with smaller nanoparticles would be desirable, the current results provide

the �rst experimental indications of the existence of Na2PtH6 during cathodic corrosion.

If proven correct, the presence of Na2PtH6 would, to our knowledge, be the �rst report of

such ternary metal hydrides at the water-platinum interface. The presented results are

therefore relevant for both cathodic corrosion and electrochemistry as a whole.
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