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Abstract

Pt and Ir polycrystalline foils have been electrochemically oxidized through anodization
to create thin platinum and iridium hydrous oxide layers and are analyzed with laboratory
photoelectron spectroscopy during heating and time series (temperature programmed spec-
troscopy). The films contain oxygen in the form of a bound oxide, water and hydroxides
which are investigated by depth profiling with high energy photoelectron spectroscopy. The
Pt films are unstable and begin to degrade immediately after removal from the electrolyte,
forming a core-shell structure with a metallic inner core and a hydrous oxide outer shell
almost devoid of Pt. However, evidence of meta-stable intermediate states of degradation
is found, which offer possibilities for manufacturing PtO, phases with increased stability.
Heating the film to even 100°C causes accelerated degradation and shows that stoichio-
metric oxides such as PtOy or PtO are not the active species in the electrolyte. The Ir
films exhibit increased stability and higher surface Ir content and gentle heating at low tem-
peratures leads to a decrease in defect density. Although both layers are based on noble
metals, their surface structures are markedly different. The complexity of such hydrous ox-

ide systems is discussed in detail with the goal of identifying film composition more precisely.

1. INTRODUCTION

Establishing new, alternative sources of energy is currently the topic of intense research
around the world. Moving away from fossil fuels will lead to a multifaceted energy economy

based on several kinds of renewable sources such as wind, solar and wave/tidal: technologies,
1



2

which have already made an impact on the world energy market.

One promising solution is the production of hydrogen through water splitting by electro-
oxidation of oxygen in water. Common to all photochemical harvesting methods, this process
is also found in living plants where oxygen and hydrogen are split via photosynthesis when
light is absorbed in a leaf and charge (core-hole) separation occurs. The holes lead to the
oxidation of water and production of oxygen by the oxygen evolving complex (OEC) in
photosystem II with byproducts of electrons and protons. These then enter photosystem
I and produce hydrogen in the form of NADPH through a ferrodoxin-NADP* reductase.
Guided by the photosynthesis processes in plants, Daniel Nocera explores these ideas with
his well-known artificial leaf in the form of a solid state, wireless cell [1]. Here a triple
junction Si solar cell is sandwiched between an artificial OEC, self-assembled from cobalt,
oxygen and phosphate and a hydrogen-evolving NiMoZn catalyst. As in photosystem II, the
Co-OEC oxidizes water through a four-electron transfer mechanism. However, in contrast
to nature, which has developed healing mechanisms for its components, catalysts under real
working conditions (open-flow systems) must exhibit high stability, especially during the
oxygen evolution reaction because they cannot self-heal. We note also that we do not con-

sider re-precipitation to be a viable repair strategy [2].

Therefore, materials science attempts to develop not only efficient, but also stable cata-
lysts. Basic models of these assume simple oxides such as TiOy and perovskite structures
such as RuO, and IrO,, but do not consider the role of water in the catalyst structure.
Further work requires not only identifying new materials, but also an understanding of the
standard active catalysts themselves in terms of structure, chemical reactivity and electron

transport, most notably PtO, and IrO, [3]-[13].

Although the actual goal is hydrogen generation, this reaction is dependent on a simul-
taneous oxygen evolution reaction (OER), which is the limiting factor in real systems. Re-
search into this process hinges on understanding the mechanistic complexity of the 4-electron

transfer and the corrosive nature of the OER, which makes manufacturing suitable catalyst
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materials challenging [14]. In this study we contribute to this task by analyzing the true

active nature of OER catalyst systems using photoelectron spectroscopy to obtain composi-

tional data of the active materials PtO, and IrO,.

When grown anodically from precursor metallic foils, the result is a highly complex hy-
drous oxide film which has often been studied for both anodic oxygen evolution and cathodic
hydrogen evolution. However, especially in terms of layer composition, many of the studies
rely on simplified models in order to arrive at descriptions of the synthesized films. While
a promising first step, more detailed studies must be completed to further refine our under-
standing. An exact knowledge of film composition is a prerequisite to understanding the
electronic dynamics through the layers and the interaction between oxygen and the catalyst

at the active sites.

Here we attempt through several different X-ray photoelectron spectroscopic (XPS) meth-
ods to illuminate the complexities of the Pt and Ir systems resulting from anodization. This
includes high-energy photoelectron spectroscopy (XPS) data for new insight into the depth
profiles of such films and heightened scrutiny of standard XPS data to extend our under-
standing beyond the usual interpretation. Expanding on our past studies [15, 16, 17] we
combine XPS results with scanning electron microscopy to successfully examine the rela-

tionship between morphology and electronic structure in these complex layers.

2. EXPERIMENTAL

Both the platinum and iridium bulk hydrous oxide layers were formed by anodization of
polycrystalline Pt and Ir metal foils, respectively. Polycrystalline foils are rich in defects, for

example at grain boundaries, and can be oxidized more easily than single crystals.

The Pt samples were synthesized in 0.5 M HySO4 at 2.5V vs. reversible hydrogen elec-
trode (RHE) while evolving oxygen. Under these conditions both Pt oxidation and oxygen

evolution are significantly accelerated and the result is the growth of a pale brown film on
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the foil surface. The duration of synthesis varied between one and two hours according to
the desired film thickness. Subsequent handling in air is unlikely to have had an oxidizing
effect on the foil because the preparation was under extremely oxidizing conditions. How-

ever, turning off the applied potential may have resulted in chemical reduction.

The Ir samples were synthesized at room temperature under acidic conditions while cycling
between 0 and 1.5V vs. RHE. Known to be electrochromic, the Ir samples were removed
from the electrolyte at 0V vs. RHE (bleached). For the laboratory XPS measurements the
sample was grown for 120 cycles, removed from the electrochemical cell and measured in the

XPS chamber after differing durations in air (see Results and Discussion).

The resulting Pt and Ir samples were formed largely from bulk hydrous oxides of ill-defined
stoichiometry and we have chosen the nomenclature MO, (OH),(H20),, with M the metal
component Pt or Ir, to describe them. The formula explicitly portrays the complexity of the
films and leaves the stoichiometry in general terms. The subscripts z, ¥y and z in both Pt
and Ir samples are not meant to denote any similarities in the respective stoichiometries and

are chosen for convenience.

The laboratory XPS chamber used here has a base pressure of ~8x107!°mbar and is
equipped with a Phoibos 150 MCD-9 hemispherical electron analyzer from Specs GmbH.
Measurements were calibrated with Au 4f;/, at 84.0eV and Cu 2ps/, at 932.7eV. The high
kinetic energy measurements were performed on the HIgh Kinetic Energy (HIKE) end station
at the KMC-1 beamline at the Electron Storage Ring BESSY II at the Helmholtz Zentrum
Berlin fiir Materialien und Energie in Berlin, Germany using the Si (111) monochromator
crystal and a SCIENTA R4000 high-resolution hemispherical electron anlayzer with a res-
olution of ~1.1eV [19]. Quantitative XPS results were achieved by normalizing the fitted
XP peaks with the number of scans, ionization cross-sections (taken from [20] for laboratory
measurements and from [21] for HIKE measurements) and, in the case of the laboratory

measurements, the transmission function of the electron analyzer. The mean free path of
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the photoelectrons was also taken into consideration although this quantity is strongly de-

pendent on the unknown stoichiometry of the sample.

3. RESULTS AND DISCUSSION

4. PO, (OH),(H,0).,

Fig. 1 a) shows a typical XP survey spectrum (Mg Ka) of a PtO,(OH),(H20), bulk
hydrous oxide film from an anodized polycrystalline Pt foil. Pt and O lines are evident
along with S and N in small amounts from the synthesis process. b) shows a detail of the
Pt 4f state measured with Mg Ka with the associated Pt 1 (often denoted Pt or metal in
the literature), Pt 3 (often denoted Pt*") and Pt 4 (often denoted Pt?T) peaks, where we
continue our nomenclature from Arrigo, et al. [15]. The fit parameters used are given in
table 1 and show the quality of the fit: the peak binding energies and spin orbit splitting,
AE, between the 4f5/, and 4f;/, components were fixed only for Pt 1 with the binding energy
and AE of the Pt 3 and Pt 4 components allowed to vary. The table shows all three AE

values to be similar as expected.

We observed the Pt 1 peak within an hour of synthesis on layers tens of nm thick, meaning
the Pt 1 (metal) signal does not originate from the metal substrate. Therefore, we infer the
degradation of the oxidized foil to metal (Pt 3/4 — Pt 1) begins soon after the completion
of synthesis, although it has not been determined at which stage the degradation begins. At
the time of the measurement the atomic [Pt]/[O] ratio was 0.14 and will be discussed later

with the HIKE results.

A more detailed look at the impurities in the thin layers in figure 1 ¢) shows the S 2p
measurement with peaks at 168.1eV and 169.4eV, indicating S present as thiosulfate and

sulfate, respectively, while 1 d) shows the N 1s measurement with peaks at 401eV and
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399.2 eV indicating N present in the form of N-O and C-N-H compounds.
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FIGURE 1. a) Typical XP survey spectrum of PtO,OH,(H,0), showing the
constituent elements of Pt, O, S and N. b) typical detail of Pt 4f (Mg Ka).
Three peaks, Pt 1, Pt 3, Pt 4, are marked and correspond to the common
literature nomenclature Pt° (metal), Pt?>* and and Pt*", respectively. The
atomic [Pt]/[O] ratio was 0.14. ¢) S 2p spectrum showing contributions at
168.1eV and 169.4eV which indicate the presence of thiosulfate (S;037) and
sulfate (SO37) species. d) N 1s spectrum showing contributions at 401 eV and
399.2 eV indicating the presence of N-O and C-N-H species. The traces of S
and N are left from the synthesis process.

The Pt 1 signal in fig. 1 b) is due to layer degradation (oxide reduced to metal) found
in thin layers and not from exposure to the X-ray source (beam damage). Such a test was
necessary because beam damage has been observed elsewhere, albeit under near-ambient
conditions [22]. Pt 4f photoelectron spectrum from a thick sample (~200nm) prepared with
the same synthesis found in the previous section but with a longer five hour anodization

time is displayed in fig. 2. The longer oxidation time creates a surface PtOy layer with
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no Pt 1 (metal) component in XPS showing the sample to be stable during exposure to
X-rays. The thicker sample is, however, unsuitable for further catalytic study because the
surface layers have no direct contact to the oxide-metal foil interface and charge transport

is reduced. Further experiments were performed on thinner Pt oxide layers.
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FIGURE 2. Pt 4f XP spectrum from a thick (~200nm) PtO, sample. The
absence of a Pt 1 (metal) peak shows the stability of the oxide layer during
exposure to X-rays. The presence of the Pt 1 peak in the thinner layers is due
to layer degradation and not the result of beam damage.

TABLE 1. Parameters for the Pt 4f XPS fits. The line shape in pro cent Gauss
(G) and Lorentz (L) and possible asymmetry parameter (AS), binding energy
(B.E.) of the Pt 4f7/5 component, full width at half maximum (the same for
the Pt 4f; /5 and Pt 4f; ), components) and peak separation, AE, between 7/2
and 5/2 components are given.

Pt 4 Pt 3 Pt 1
Line Shape | 40% G, 60% L | 40% G, 60% L 40% G, 60% L + AS
B.E. (4f;5) 74.67eV 72.34eV 71.19eV
FWHM 1.55eV 1.71eV 1.08¢eV
AE 3.31eV 3.32eV 3.30eV

As a reference for the nomenclature found in the literature for both the Pt and Ir systems,
table 2 contains often-cited publications with original discussions of Pt and Ir oxide films
as well as several more current studies. Publications containing measurements sensitive to
actual long-range order, for example EXAFS, are less common, although some can be found
[23]. Considering the O 1s peak in fig. 3 and that our method of synthesis lacks any thermal
treatment, we hesitate to use the literature nomenclature, as the present system is surely of

greater complexity than these labels reveal (perhaps even for the metal state). The O 1s
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signal contains contributions at the usual binding energies quoted for oxygen bound into an
oxide phase (530eV), hydroxides (531.8eV) and H,O (533.1eV). The largest contribution
appears at energies near OH™ [24, 25, 26] with a low intensity at 530eV showing only a
small amount of the oxygen is in oxide form. A possible method of full peak analysis can
be found in [15] and resulted here in the stoichiometry PtOgg9(OH)g4(H20)g 56 after taking
the carbon-oxygen bond contributions into account. We consider, therefore, the Pt (or Ir)

atoms to be bound in an array of different local environments causing a broadening of the

O 1s peak and 4f constituent signals grouped into the Pt 1, Pt 3 and Pt 4 peaks in fig. 1.

TABLE 2. Examples of current and past literature using common nomencla-
ture with well-defined oxidation states in the PtO, and IrO, systems. “Basis”
refers to the reasons for the chosen nomenclature in each study. For specific
oxidation states and binding energies, please refer to the original article.

Publication Year System Basis Comments
W.N. Delgass, et al. [27] 1971 Pt, powder Reference Materials Does not contain anodized films
K.S. Kim, et al. [28] 1971 Pt, foil Reference Materials
G.C. Allen, et al. [29] 1974 Pt, foil Literature Values  Uses “Oxide I” and “Oxide II” but dis-
cusses mainly Pt2* or Pt** as possibil-
ities.
Discusses mixed Pt(OH)+Pt(OH),
J.S. Hammond, et al. [30] 1977 | Pt, foil, polycr. plug Literature Values  Uses “Oxide I” and “Oxide II” but dis-
cusses only Pt or Pt** as possibilites.
Cites controversy in literature.
M. Salmerén, et al. [31] 1981 | Pt, Ir Single Crystals Uses LEED, AES to discuss proposed
unit _cell
M. Peuckert, et al.[32] 1984 Pt, (111) Reference Materials
M. Peuckert [33] 1984 Ir, (111) Reference Materials Discusses only IrO2 as possibility
J.B. Goodenough, et al. [34] | 1988 Pt, powder Literature Values
L. Atanasoska, et al. [35] 1990 | Ir, thermal decomp. Literature Values  Discusses disagreement in literature
G. Lalande, et al. [36] 1999 Pt-Ru, powder Literature Values
B. Yang, et al. [37] 2003 | Pt -Ru-C, powder Literature Values
R. Arrigo, et al. [15] 2013 Pt metal New Nomenclature This nomenclature is used
in the current study
S. Axnanda, et al. [38] 2015 | Pt/Liquid Junction Literature Values

Further investigation on the stability and “oxide”-nature of the anodized layer was per-

formed through a series of measurements with the sample subjected to temperature pro-

grammed XPS via electron beam heating from the backside of the sample.

Fig. 4 shows rapidly measured Pt 4f spectra recorded at the indicated temperatures with

two different peak fit series found in fig. 5. The reduction of the Pt 4 peak at 78 eV shows the

film begins to rapidly degrade at less than 100°C and proceeds through many intermediate
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FIGURE 3. Detail of O 1s peak from the PtO,(OH),(H20), anodized film.
Contributions to the spectrum can be found at binding energies 530eV,
531.8eV, 533.1eV corresponding to oxygen bound into an oxide, hydroxides
and HsO, respectively. The small contribution at 530eV shows most of the
oxygen is not in oxide form.
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FIGURE 4. Heating series of PtO,(OH),(H20),: rapidly measured Pt 4f detail
spectra taken at the indicated temperatures. The change in signal intensity
is indicative of the transition toward metal and shows explicitly intermediate
thermodynamic states. The degradation seen at low temperatures shows the
initial material is not a stoichiometric oxide phase such as PtO or PtO..

states of undetermined stability. For stoichiometric PtO, films we would expect stability to

~200°C and even higher temperatures for PtO [41]. The degradation at the low temperature
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in fig. 4 shows the original film cannot be a stoichiometric oxide structure like PtO5 or PtO.
Furthermore, the sample has no defined temperature of decomposition as the component sig-
nals in fig. 4 change at different temperatures over intervals of minutes. However, we have
not determined whether the observed change is due to increased diffusion during heating or

sample degradation.
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F1cUuRrE 5. Fit series of the spectra from fig. 4. The first series (colored
triangles) uses the fit parameters from the spectrum at time ¢ = 0 and 30°C
to fit the remaining spectra. Only the binding energies of the Pt 1, Pt 3
and Pt 4 doublets were allowed to change and are plotted along with the
resulting fit residual (open triangles). In the second series only the residual
(open hexagons) is shown. Here all parameters from the initial spectrum
were held constant for the subsequent spectra and the need for additional
components between 150°C and 160°C is evident.

For the fit series in fig. 5, the initial fit parameters were taken from the spectrum at time

t = 0 and 30°C and are

Deviations from the values in table 1 may be attributed to the low signal-to-noise ratio of
the initial spectrum (only one sweep) and that the sample here is from a different synthesis

run. Especially the lower Pt 4 intensity contributes to an uncertainty in the binding energy
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TABLE 3
Pt 4 Pt 3 Pt 1
Line Shape | 40% G, 60% L | 40% G, 60% L 40% G, 60% L + AS
B.E. (4f;/2) 74.40eV 72.42eV 71.23eV
FWHM 1.65eV 1.65eV 1.27eV
AE 3.30eV 3.30eV 3.30eV

of this component.

In the first fit series (colored triangles), the initial parameters in table 3 were fixed except
for the binding energy of the doublet pairs (AE was also fixed). The variation in binding
energy is displayed along with the residual of the fit (open triangles) in fig. 5. In the second
series (open hexagons) all parameters from the initial fit were fixed and only the residual
is shown. Although the initial fits are satisfactory in both cases, the residual begins to in-
crease at ~30min with the maximum in both series coinciding with the maximum shift of
the Pt 4 peak away from its initial position. Both maximum residuals in fig. 5 then begin
to decline and would presumably return to low values if the system had been completely
reduced to metal. In order to improve the fits between 30 min and 55 min, another peak
doublet is needed and indicates a new species present during degradation. A doublet with
a 4f7, binding energy 0.6 eV higher than Pt 1 appears in literature in our past studies [15]
and is assigned to chemisorbed oxygen on a single crystal in [22]. However, adding a peak
at this binding energy did not improve the fit; the best results were achieved with a doublet
with a 4f7/, binding energy of 73.5eV. This energy is between that of Pt 3 and Pt 4 and
would correspond to an oxidation state of approximately 3+, assuming it is an electrically
well-contacted compound and can be referenced to E;. However, although evidence for such
intermediate species exists (see again [15]) we stop short of any such concrete interpretation

on the basis of XPS data alone.

Further valence band measurements before and after heating are shown in fig. 6 a) along
with the O 1s spectrum showing the expected decrease in oxygen signal intensity. The shift

of the d-band and emergence of a Fermi Level underscores the appearance of the metallic
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phase after sample degradation [33, 39] although fig. 6 b) shows the surface of the sam-
ple was not completely reduced by heating in the vacuum. A clean Pt-metal reference using
asymmetric peaks (not shown) was used to determine the exact form of the bare metal signal
and is not sufficient here to fit the final state after heating in fig 6 b); additional peaks are
needed to represent the remaining Pt 3 phase. This is more stable than the Pt 4 phase and
leads, after heating, to a sample surface with a patchwork of Pt 1 and Pt 3 regions and shows
the lateral inhomogeneity on the scale of the XPS measurement spot (~1mm?). The main
initial degradation pathway here is Pt 4 — Pt 3 — Pt 1 with the initial growth of the Pt
3 signal relative to Pt 1. After about thirty minutes this behavior reversed and the growth
of the Pt 1 signal dominated. An overall comparison of before and after heating shows a
reduction in oxygen and carbon relative to platinum. The Pt : O : Cwas 1: 5.3 : 9.7 before
and 1: 1: 2.5 after heating. We also note that despite the low expected conductivity of the

material, the steady signals obtained in fig. 4 indicate no differential charging of the sample.
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FIGURE 6. a) He I valence band and O 1s spectra before and after heating
of PtO,(OH),(H20), to 176°C during which the Fermi Level clearly emerges.
b) compares the Pt 4f detail spectra before and after heating. The change in
peak form is indicative of the transition toward metal through intermediate
states.

The investigation continued with experiments using a time series. Here, different pieces
(labeled ‘a’ through ‘g’) of an anodized Pt foil strip 5mm x 20 mm were observed after dif-
fering times in air and in vacuum (fig. 7). “As Introduced” denotes samples introduced into
the vacuum after being in air for the indicated time after synthesis and “Next Day” denotes
the same sample after remaining in vacuum for an additional time after the “As Introduced”
measurement was completed. Fig. 7 a) and b) show the Pt 4f detail spectra from samples
‘a’ and ‘f,” which are extreme samples — soon after synthesis and after an extended time in
air, respectively (peaks have not been normalized). It is evident that the degradation follows
the pathway in which most of the Pt 4 is reduced to Pt 3 while much smaller amounts of Pt
4 and Pt 3 are reduced to Pt 1.
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FIGURE 7. Time resolved degradation of PtO,(OH),(H20),. a) shows the
sample ‘a’ immediately after synthesis and after approximately 20h in vac-
uum. b) shows the sample ‘f” 165.5h hours after synthesis (in air) and after
approximately 20 additional hours in vacuum. No peak normalization was
performed.

The [Pt 3]/[Pt 4], [Pt 1]/[Pt 4] and [Pt]/[O] values for all samples (‘a’ through ‘g’) are
found in fig. 8. The times shown for the bars labeled “As Introduced” are correct while

the “Next Day” bars are offset from the former by only two hours for clarity. The “Next
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FIGURE 8. The [Pt 3]/[Pt 4], [Pt 1] /[Pt 4] and [Pt]/[O] ratios of the samples ‘a’
through ‘g’ are displayed both immediately after introduction into the vacuum
chamber and after subsequent measurements the next day (samples remained
in vacuum for approx. 24 hours despite the smaller z-position shift of “Next
Day” bars). The increase in the [Pt 3]/[Pt 4] ratio is evident and is larger than
the increase in the [Pt 1]/[Pt 4] ratio over the entire duration. The different
degradation rates on the sample surface indicate the presence of intermediates
states with differing finite stability.

Day” measurements were actually performed after differing times in vacuum (approx. 24h
after the corresponding “As Introduced” time). The large spread in values evident in the
graphical plot attests to the large lateral film variation occurring during film synthesis and
the differing states of degradation present on the ~1cm? samples as well as locally differing,
finite degradation rates. This important result shows that the intermediate states (also seen
in fig. 4) through which the sample passes during degradation have finite stability. If the
intermediate states were transient, one would expect to see a homogeneous decay across all
samples. Thus, it becomes possible in further experiments to identify meta-stable interme-
diate thermodynamic states, for example specific [Pt;]/[Pt;] and [Pt;]/[O] ratios (i, j=1, 3,

4), with the hope of stabilizing them for use as durable catalysts.

The trend toward degradation of Pt 4 to mainly Pt 3 in fig. 8 is clear in every sample
while the value of [Pt 1]/[Pt 4] increases much less. After 212h the PtO,(OH),(H20), film



15
still had not degraded to Pt 1, indicating the stability of the Pt 3 phase relative to the Pt 4

phase, a result also seen in the heating series. The main degradation pathway here is Pt 4
— Pt 3 and leaves the Pt 3 system in a meta-stable state. Apart from these, other pathways

are also possible.

FIGURE 9. a) TEM image showing the PtO,(OH),(H20), film after the onset
of degradation results in spheres (light blue in a)) on the sample surface with
a Pt 1 (metal) core and hydrous oxide outer shell. b) shows a close-up of a
region like that marked by the red box. Note: this is not the same sample on
which the XPS studies were performed.

The degradation process was also studied with depth-profiling. The TEM image in fig. 9
a), with higher magnification of a region like that marked by the red box in b), shows the
degradation of the anodized Pt films results in the formation of spheres of PtO,(OH),(H-0),
on the sample surface (central light blue layer in fig. 9 a))." Energy dependent depth profil-
ing at the KMC-1 beamline at the BESSY II synchrotron (Berlin, Germany) with the HIKE
(HIgh Kinetic Energy) end station and angle resolved laboratory XPS measurements where

used to study the make-up of the spheres. The fit regime is the same used in fig. 1 b).

Fig. 10 shows the results of the HIKE depth-profiling measurements in a) spectrum and
b) numerical form with the increase in both the [Pt 1]/[Pt 4] and [Pt 3]/[Pt 4] ratios clearly

IThe XPS studies were performed on different samples. The TEM images are only for illustrative purposes.
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seen with increasing excitation energy. Here the atomic [Pt]/[O] ratios are also included in

fig. 10 b) and can be divided into three regions marked by straight lines.

As a reference for the HIKE results, we repeated the measurement at 2500 eV excitation
energy at the end of the experiment. Because the film degrades quickly in vacuum, a test was
needed to determine whether the changes seen in the high energy measurements (performed
after those at lower excitation energies) were due to the film’s degradation or to the higher
information depth. Fig. 10 c) shows the Pt 4f signal at 2500eV at the beginning (labeled
“Start” in fig. 10 c)) of the depth profiling and the reference measurement performed at the
end (labeled “End” in figs. 10 b) and ¢)). The Pt 3 component in the “End” measurement is
larger than that of the metal, which is typical of degradation (see the trend in fig. 7), while
the high energy measurements have a larger metal component. Regarding beam damage
(see discussion at the beginning of this section), we expect less here than in the laboratory
measurements: at the high energies used at the HIKE beam line, the X-ray absorption cross
sections are 1 to 2 orders of magnitude smaller than at surface sensitive energies (~500¢eV).
Thus, although degradation during depth profiling is present, some of the increase in the

metal signal must derive from the higher information depth.
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FIGURE 10. a) and b) depth profiling of the PtO,(OH),(H20), film showing
an increase of the Pt 1 (metal) and Pt 3 signals with increased bulk sensitivity
and atomic [Pt]/[O] ratios. c¢) the initial measurement at 2500eV (labeled
“Start”) was repeated at the end (labeled “End”) of the experiment to ver-
ify that the observed changes were due to the change in excitation energy
(information depth) and not only sample degradation.
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F1GURE 11. Angle resolved XPS measurement also showing an increase in the
metal signal with increased bulk sensitivity.

Parallel to the HIKE measurements, angle resolved laboratory XPS measurements were

used to investigate stoichiometric changes with depth. The spheres on the sample surface

in fig. 9 are 5-7nm in diameter so that with Al Ka radiation a signal variation with angle

may be expected. The results in fig. 11 show, as with the HIKE measurements, an increase
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in Pt 1 signal with depth. However, here, the [Pt 3]/[Pt 4] decreases with depth in contrast

to the HIKE measurements.

Considering both the HIKE and angle resolved measurements, the spheres have a Pt 1
(metal) core and Pt 4 outer shell, although the exact position of Pt 3 in the structure remains
ambiguous. Mixed between the core and outer shell, the Pt 3 phase may appear differently
in experiments on different samples or at different points during sample degradation. Such
a scenario describes the oxygen species leaving the center of the sphere, which is oxygen-
depleted (metal), and diffusing outward, replenishing the oxygen that has already left the
surface layers of the sphere. The three regions in the [Pt]/[O] ratio in fig. 10 b) are also con-
sistent with a structure having a metallic core. Up to about 3500 eV the photoelectron signal
penetrates deeper into the depth of the spheres shown in fig. 9 resulting in an increasing
signal from the metal cores. After 5500 eV the signal begins to saturate and decline as higher
excitation energies begin to penetrate the outer shells of the next layer of spheres. The first
region indicates a nanoparticles size of ~7nm [40], slightly larger than the ~5nm radius
seen in fig. 9. Finally, the inclusion of the [Pt]/[O] ratio from the Mg Ko measurement in
fig. 10 b) shows the outer most layer contains a high amount of oxygen with a jump in the
first several nm to a more Pt-rich composition. Thus, the outer termination layer may be
almost completely devoid of platinum. Here we emphasize again the complexity of our sur-
face morphology compared to more ordered surfaces, for example in [22], which necessitates

the considerations for our fit regime.
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FIGURE 12. a) Typical XP survey spectrum of IrO,(OH), (H50), showing the
constituent elements of Ir, O, S and N. b) typical detail of Ir 4f with Mg Ka
radiation and the fit regime developed in [16, 17].

Fig. 12 a) shows a typical XP survey spectrum of the IrO,(OH),(H20), bulk hydrous
oxide film.2 Ir and O lines are evident along with N and S signals similar to those found
in the PtO,(OH),(H20), films. b) shows a detail of the Ir 4f line measured with Mg Ka
and fitted with Ir metal, Ir®" and Ir** peaks along with the corresponding shake up peaks
as described in [16, 17]. Here we draw attention to the lower oxidation state Ir**, which,
in contrast to platinum oxide, has a higher binding energy than the higher oxidation state
Ir**. The fitted peaks were allowed to vary slightly in binding energy compared to [16, 17]
to achieve a quality fit; a difference may be expected because these samples have a differ-
ent (hydrous) structure compared to the samples in the prior study. Also in contrast to
PtO,(OH),(H20),, the IrO,(OH), (H20), films exhibit no observed change in the XP spec-
tra over time: the metal contribution to the spectrum is stable and results from thin regions
in the layer. A preliminary fit of the O 1s peak (without corrections for carbon-oxygen

bonds) resulted in a stoichiometry of IrOg 4(OH),3(H20),

The IrO,(OH), (H20), layer was investigated at BESSY II on the KMC-1 beamline with
the HIKE end station. The results are shown in fig. 13 in both a) spectrum and b) numerical

’The use of the indices z, y and z does not indicate a connection to the stoichiometry of the
PtO,(OH),(H20), samples. These common letters are used here only for convenience.

58



20

TABLE 4. Parameters for the Ir 4f XPS fits. The line shape (DS = Doniach-
Sunjic) in pro cent Gauss (G) and Lorentz (L), binding energy (B.E.) of the Ir
4f7 /5 component, full width at half maximum (the same for the Ir 4f7 /5 and Ir
4f5 o components) and peak separation, AE, between 7/2 and 5/2 components

are given.
Ir Metal I+ Ir>F Sat 1 T I Sat I
Line Shape | DS, 60% G, 40% L | DS, 60% G, 40% L 0% G, 100% L DS, 60% G, 40%L 0% G, 100% L
B.E. (4f7/2) 60.90eV 62.55eV 63.4eV 62.00 62.85eV
FWHM 0.95eV 0.95eV 3.20eV 1.05eV 2.47eV
AE 3.00eV 3.00eV 3.00eV 3.00eV 3.00eV

form.

A decrease in the [Ir*T] /[Ir**] ratio with depth is evident and correlates with the increasing
total [Ir]/[O] ratio shown at the bottom of the figure. The Ir3" state is associated with a
defect structure in the IrO,(OH),(H50), film [16, 17] and will have a higher density at lower
Ir concentrations on the sample surface; the density will decrease as less oxygen allows a
trend toward more stoichiometric IrOy deeper in the sample. As in fig. 12, the HIKE sample
has thin regions causing a metal signal in the high kinetic energy XP spectra that increases
with excitation energy, shown in the [Metal]/[Ir**] ratio. Here the ratio from the Mg Ka
measurement has been added for comparison. In order to illustrate the large dependence of
the Ir 4f fit on binding energy, the HIKE data was fitted in three regimes. The Ir 4f binding
energy was calibrated using the Pt 4f metal peak with the calculated ratios found in the
middle [Ir3*]/[Ir*] curve (fig. 13, “At Calib. Energy”). Moving the peaks 0.1eV to either
higher or lower binding energy produces drastic changes in the [[r3*]/[Ir"] ratio, especially
at low excitation energies. However, the trend in the [Ir3*]/[Ir*"] ratio remains the same no

matter the fit regime. For this reason, we lay importance on the qualitative behavior of the

[Ir3*]/[Ir**] ratio with depth.
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FIGURE 13. a) and b) depth profiling of the IrO,(OH),(H,0O), film. An
increase of the Ir*" species and [Ir]/[O] ratios are evident with increased in-
formation depth.
Initial heating experiments to approximately 200°C for 30sec (not shown) reduced the
contribution of the Ir®* to the Ir 4f spectrum. This supports the model of the Ir** proposed
in [16, 17] because heating leads to a reduction of defect density and emphasizes the samples

are not composed of a stoichiometric IrO5 phase as this remains stable in vacuum up to

~570°C [42).

6. CHEMICAL DISCUSSION

The spectroscopic observations on the Pt electrode merit some chemical interpretation as
despite the well-known “fact” that Pt oxidizes [43, 44] in OER conditions it is not easily rec-
onciled with the nobility of metallic Pt. In fig. 14 we have compiled the oxidation chemistry

of Pt using both gas phase oxygen and electrochemical oxidation.

Pt metal in pure form is highly resistant to gas phase oxidation and can even be melted
in air without oxide formation. At elevated pressures above 8 bar a sub-surface oxide forms

allowing the production of PtO at 1023 K. Only under high oxygen pressure combined with
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alkali oxide melts (or alkali peroxide-hydroxide melts) can higher valent Pt oxo-salts be ob-

tained.

Pure PtO, cannot be obtained by gas phase oxidation. Only a combination of electro-
chemical oxidation followed by calcination at 673 K to remove hydroxides will lead to PtO,
that decomposes in mixed-valent orthoplatinic and metaplatinic acids. And these products
eventually decompose in nanostructured Pt metal known as Pt black. The electrochemical
oxidation products also tend to decompose at 300 K into Pt black with a half-life of about a

day.
Hexavalent PtO3 can only be obtained as a poorly defined product at high oxidation po-

tentials in alkaline electrolytes from where it can easily decompose the alkali salts from the

orthoplatinic acid.

alkali oxide melts

Y

1023 K, ' >
8 bar oxygen —» PtO alkali —» MXPtSO4 <
black ‘ black
Pt 4— 1023 K H,Pt30, <€4——— 673K PtO,
metal
f brown T
673 K
673 K
+ 02 + O2
0 oot Pt(OH); x n Hy0 P{OH)4, x nHy,0 — PtO
—HZOads +0.98V —» 2xn 20 — +1.04V —> 4 P +2.4V = 3

acid acid base
1 brown yellow
purple
decomposition decomposition

FIGURE 14. Scheme of oxidation pathways and prominent products of plat-
inum metal. The shaded reactions occur during OER.

It is evident in the scheme in fig. 14 that under electrochemical conditions relevant for

the present study we can expect mixtures of metallic and orthometallic forms of platinic
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acid in tetravalent and divalent forms. Such species can also be seen as oligomers of hy-
drated Pt hydroxo-complexes. The extent of poly-condensation will depend on ion strength,
pH, temperature and time of reaction and may thus have poor reproducibility. The high
thermal reactivity found in the spectroscopic experiments is a direct consequence of the still
oligomeric form of the compounds allowing further facile condensation upon thermal removal
of aquoligands. It is expected further that different attempts to characterize the termination
layer of a Pt electrode under OER, or post-OER, will lead to differing structures as a likely

different extent of condensation and cross-linking will be obtained.

The presence of aquo, hydroxo, and oxo-ligands on Pt ions of divalent and possibly tetrava-
lent oxidation states will further allow for the coordination of hydro-peroxo species, —OOH,
as terminal ligands. It is instructive to recall the properties of coordination compounds
with this particular ligand [45, 46, 47, 48]. The high propensity of both divalent [48] and
tetravalent Pt to form hydrido-complexes is reflected in the reactivity of hydro-peroxo com-
plexes that easily release di-oxygen. The formation of this ligand can thus be considered an
insertion reaction of di-oxygen into a Pt-H bond [46]. Such reactions can also be induced
by photo-elimination [49], implying that a radicalic rather than a homolytic mechanism is
responsible for insertion/elimination. In all cases Pt-OH co-ligands play important roles as
hydrogen donors and/or hydrogen bridge stabilizers. It is likely, therefore, that such reaction
pathways are also active in the OER considering the multi-hydroxylated environment of Pt
ions. The fact that they may still be in contact with the metallic substrate (for current flow)
and that they exist in an electron-rich environment during OER renders the comparison with

the coordination compounds carrying electron-donating nitrogen ligands even more plausible.

Similar considerations may be made for the Ir hydrous oxides. Studies on molecular Ir
coordination chemistry about the formation of oxidation catalysts in water in the presence
of an inorganic oxygen donor show that NalOjz can be considered equivalent to a peroxo
species in solution [50, 51]. Deposition of such complexes on ITO electrodes led, in fact,
to the formation of active OER electrodes, albeit with limited stability [52]. This behavior

is well understandable in the light of the condensation chemistry of Ir in the presence of
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di-oxygen. Using a combination of UV-spectroscopy and EPR it was shown that in (basic)

aqueous solution a mixture of species, indicated in fig. 15, should co-exist and slowly in-
terconvert at ambient temperature [53]. It is conceivable that such species would rapidly
interconvert at elevated temperatures into poorly ordered polymeric forms of “IrO,” with

residual peroxo-species, as shown in the present study.
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FIGURE 15. A small section of the condensation chemistry of Ir under OER
conditions. The electrode corrodes into a mixture of Ir3* and Ir** that are both
stable in water. In the presence of di-oxygen and water the redox chemistry
involving condensation of both valences followed by an oxidation of Ir, for-
mation of hydrogen and under elimination of di-oxygen, leads to a di-hydroxo
complex. This complex undergoes poly-condensation into poorly ordered Ir
oxide with residual hydroxo and peroxo ligands. Only calcination will trans-
form this solid into genuine IrO2 (see comment on heat treatment at the end
of section 5).

More work is needed to elucidate the exact nature of the polycondensation and polymer-
ization chemistry that is much richer in the case of Ir than in the case of Pt due to the facile
coordination of di-oxygen on Ir®* species being a meta-stable form of Ir in aqueous solution.

In the case of Pt perhaps the high propensity of metal-hydrido bonds gives rise to a different
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sequence of events in water activation than in the case of the highly oxophilic Ir species.

7. CONCLUSION

Pt and Ir metal foils were oxidized through anodization resulting in complex Pt and Ir
hydrous oxide layers. XPS measurements were similar to those found in the literature in the
prior four decades, however, here we emphasize that the spectra contain no direct informa-
tion about the phases present in the films and real information about short or long-range

order must be gathered from other experiments or theoretically.

Although both samples are based on noble metals, the resulting anodized layers differed

in several respects.

The PtO,(OH),(H50)., layer degraded after synthesis forming surface core-shell structures
with a metal core and Pt 4 outer shell, the termination layer of which contains almost no Pt.
The degradation process was different depending on whether the sample was heated (Pt 4 —
Pt 3 — Pt 1 pathway) or left to degrade in air (Pt 4 — Pt 3 pathway). The low heat needed
to accelerate degradation indicates the absence of any actual extended regions of stable,
stoichiometric PtO or PtO, phases. Also, samples made simultaneously on a single piece of
foil had large lateral variations in composition. This points to the existence of non-transient

intermediate states with finite lifetimes.

In comparison, the IrO,(OH),(H,0), films were stable over time. Depth profiling showed
the layers to be oxygen rich on the surface with a high Ir3" density. The Ir*" density in-
creased with depth along with the Ir content indicating a more ordered material nearer the
substrate. Heating further decreased the Ir3* density and supports the creation of the oxi-

dation state through defects.

Future experiments will expand on this work by concentrating on measurements more

sensitive to physical surface structure and chemical environment (EXAFS, NEXAFS) to
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identify the intermediate thermodynamic states seen during degradation (fig. 4). In or-
der to successfully identify suitable catalytic layers, materials science must understand the
complex kinetics of degradation in order to stabilize these intermediate states. Differences
seen in- and ex-situ as well as between samples exposed to air and those kept in anaerobic
environments before being loaded into the vacuum chamber will enable conclusions to be
drawn about catalysts in active states and the effects of different measurements methods
on a system. The importance of this step is underlined by the often ex-situ nature of the
spectroscopic methods used in this study. These data will build a strong foundation for

future experiments at the EMIL beamline at BESSY II in Berlin.
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