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ABSTRACT

Atmospheric pressure x-ray spectroscopy techniques based on soft x-ray excitation can provide
powerful interface-sensitive chemical information about a solid surface immersed in a gas or
liquid environment. However, x-ray illumination of such dense phases can lead to the generation
of considerable quantities of radical species by radiolysis. Soft x-ray absorption measurements of
Cu films in both air and aqueous alkali halide solutions reveal that this can cause significant
evolution of the Cu oxidation state. In air and NaOH (0.1 M) solutions, the Cu is oxidized
towards CuQ, whilst the addition of small amounts of CH,;OH to the solution leads to reduction
towards Cu,O. For Ni films in NaHCO, solutions, the oxidation state of the surface is found to
remain stable under x-ray illumination, and can be electrochemically cycled between a reduced
and oxidized state. We provide a consistent explanation for this behavior based on the products
of x-ray induced radiolysis in these different environments, and highlight a number of general

approaches that can mitigate radiolysis effects when performing operando x-ray measurements.



INTRODUCTION

Many reactions of considerable economic and societal importance take place at the interfaces
between different states of matter, from the conversion of the toxic products of combustion to
less harmful emissions, to the reversible incorporation of ions at electrode-electrolyte interfaces
in rechargeable batteries, along with many more examples from the fields of heterogeneous
catalysis and electrochemical energy storage.'” Probing and understanding the chemistry that
occurs at such interfaces under realistic process conditions is crucial in the selection and design
of improved materials for these applications. X-ray core-level spectroscopies can provide
powerful element- and chemical-state-specific information, and there has thus been a concerted
effort over the last decade to adapt these techniques to enable the operando characterization of
solid-gas and solid-liquid interfaces under atmospheric pressure conditions.*” In particular,
interface-sensitive techniques based on soft x-ray excitation have been combined with
impermeable membranes that seal an atmospheric pressure reaction cell, maintaining vacuum
conditions in the measurement chamber whilst remaining largely transparent to x-rays, and in
some cases the photoelectrons generated.**”

The processes of photoionization and relaxation that underlie x-ray core-level spectroscopies,
are commonly accompanied by radiolysis through ionic fragmentation and the interactions of
secondary electrons.'”"' In gas environments, as the pressure is increased the number of
scattering events occurring within a given volume also increases, thereby increasing the amount
of energy absorbed and the associated radical generation. This becomes even more pronounced
when dealing with liquids, whose densities are typically three orders of magnitude greater than
atmospheric pressure gases. Excitation with soft x-rays offers higher photoionization cross-

sections of core electrons for x-ray photoelectron spectroscopy (XPS),"” and nm-scale interface



sensitivity for XPS and total electron yield (TEY) mode x-ray absorption spectroscopy (XAS)
due to the relatively low kinetic energies, and thus mean-free paths, of emitted photoelectrons.
However, this also corresponds to dissipating significant energy close to the illuminated
interface. Therefore under the conditions of atmospheric pressure x-ray spectroscopy significant
radiolysis may occur close to the interface being probed. Although the effects of electron-beam

irradiation have been widely discussed in relation to electron microscopy in dense liquid and gas
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environments, as well as XPS at pressures of ~1 mbar, ™" reports that explicitly consider
radiolysis effects in the context of atmospheric pressure x-ray spectroscopy remain scarce.” A
more detailed understanding of these processes and how they influence the measurements being
performed is thus needed as these techniques become more widely applied in material science
research.

Here we use soft x-ray absorption spectroscopy in both TEY and total fluorescent yield (TFY)
modes to study the oxidation state of Cu and Ni thin-film electrodes in air and aqueous solutions
under electrochemical control. We find that Ni can be cycled between reducing and oxidizing
conditions whilst simultaneously acquiring x-ray absorption spectra in TEY mode that reveal the
corresponding oxidation state of the surface. For Cu we find that illumination with the x-ray
beam already induces changes in the oxidation state of the Cu film. TEY mode is found to be
most sensitive to this, with dramatic changes in oxidation observed between consecutive spectra
whilst in TFY mode the spectra evolve more gradually, indicating that the observed changes
originate at the solid-liquid interface rather than in the electrode bulk. Importantly, we reveal that
the evolution of the Cu oxidation state during x-ray illumination depends critically on its

environment. In air and aqueous alkali hydroxide solutions, Cu is found to gradually oxidize

towards CuO over time. The addition of a small amount of methanol (CH,OH) to the alkali



hydroxide solutions results in the reduction of the Cu film towards metallic Cu,O. We rationalize
these observations based on the radiolytic processes occurring in the gas or liquid environment
close to the interface, where the radicals formed can react with the metal films. We discuss the
relevance of these results to recent efforts to perform x-ray spectroscopy under ambient or
atmospheric pressure conditions, and possible approaches that can be taken to mitigate such

radiolysis effects.

EXPERIMENTAL METHODS

Figure 1 shows a schematic representation of the three-electrode electrochemical flow cell that
allows in situ XAS measurements to be performed in both TEY and TFY modes (as indicated)
which is similar to that previously described elsewhere.” The working electrodes consist of 50
nm thick Cu or Ni films deposited by electron beam evaporation (<107 mbar base pressure) onto
100 nm thick Si;N, membranes suspended across 500 gm thick silicon frames (1.0 x 0.5 or 1.0 x
1.0 mm window in a 10 x 10 mm frame). This is sealed against a viton o-ring to separate the
inside of the cell, which contains either an aqueous solution or atmospheric pressure air, from the
ultra-high vacuum conditions in the measurement chamber. The inside of the cell and the tubing
that supplies it are made from polyether ether ketone (PEEK) whilst the surfaces on the vacuum
side are constructed from stainless steel. A Pt wire is used as the counter electrode and a Ag wire
as a pseudo-reference electrode. A Biologic MPG-2 potentiostat is used for electrochemical
control. No flow is applied to the cell during spectrum acquisition, with a flow only used to
change or refresh the environment within the cell between measurements.

TEY measurements are performed using the near-ambient pressure photoemission (NAPP)

endstation at beamline 24 (CIRCE) of ALBA, the Barcelona synchrotron.”’ The x-ray beam is



chopped with a motorized rotating slotted disk, whose frequency is measured using an optical
switch modulated by the same slotted disk, and controlled to maintain a designated frequency
(20-1000 Hz). The current from the WE is amplified with a SR570 low-noise current amplifier
(Stanford Research Systems) and then fed to a SR830 lock-in amplifier (Stanford Research
Systems) where the modulated photocurrent is separated from any faradaic current, using the
signal from the slotted optical switch as the frequency reference.”” The chopper frequency is
selected to maximise the signal to noise ratio of the measured x-ray absorption spectra. Spectra
are normalized to the incident photon flux, measured via the current supplied to a Au mesh or the
Au-coated refocussing mirror. For the Ni-L,; edge measurements the photon flux reaching the
sample is ~2.3x10" photon/s and the spot size is ~50 x 100 ym®, whilst for the Cu-L, edge the
photon flux is ~4.1x10'* photon/s and the spot size is ~ 100 x 100 ym®, as measured using a Si
photodiode.

TFY measurements were acquired using a negatively biased channeltron at beamline 8.0.1 of
the Advanced Light Source, the Berkeley synchrotron facility. Spectra are normalized to the
incident photon flux, measured via the current supplied to a Au mesh. The photon flux reaching
the sample is ~2.5x10"* photon/s and the spot size is ~ 30 x 150 ym’, as measured using a Si
photodiode. The photon flux per unit area therefore remains similar across all of our
measurements (~5 x 10° yum™s™), including both the TEY and TFY mode experiments as well as

those at different absorption edges.

RESULTS AND DISCUSSION
Figure 1B shows a cyclic voltammogram (CV) for a Ni film (50 nm) cycled between -0.5 V
and 0.6 V against a Ag pseudo-reference electrode in an aqueous solution of NaHCO,(0.5 M).

This solution has a pH of ~8.3, which according to the Pourbaix diagram for Ni should avoid any



significant dissolution of the electrode as Ni** ions.” Two distinct peaks at ~0.0 V and ~0.4 V,
identified with vertical arrows, correspond to reduction and oxidation of the Ni surface
respectively. Figure 1C shows the Ni L,;-edge measured in TEY mode before and during
electrochemical cycling at the approximate voltages indicated with colored dots in Figure 1B. In
air (black) before introducing the solution, the presence of a double peak in the L,-edge region
indicates that the surface is oxidized to Ni**.** This corresponds to the thin, passivating
oxide/hydroxide layer that forms on the surface of metallic Ni when exposed to air, which
protects against oxidation of the Ni bulk.”” Following introduction of the NaHCO, solution
(grey) and after biasing the working electrode to 0.1 V (red), the spectrum appears very similar
indicating that the surface remains oxidized, consistent with the position on the acquired CV
curve (Figure 1B). On cycling to -0.5 V (orange) the main peak of the Ni L;-edge becomes more
asymmetric and shifts to slightly lower photon energy, while the higher energy peak of the Ni L,-
edge disappears, indicating the reduction of the surface to metallic Ni.** As the electrode is
cycled through -0.1 V (green), and 0.2 V (cyan) the Ni L, ;-edge features remain similar, with an
asymmetric main peak at the L;-edge and a single peak at the L,-edge, indicating the presence of
predominantly metallic Ni. Previous studies report the formation of a layer of a nickel hydroxide
at similar potentials,” but this is not apparent from our measurement of the Ni L,-edge.
However, we note that corresponding O K-edge spectra (see supporting information, Figure S1)
show a small peak at ~531eV for all potentials measured except for -0.5 V, and this feature may
relate to the presence of hydroxide at the surface. Only after cycling to a potential higher than the
oxidation peak marked in Figure 1B, i.e. 0.5 V (blue), does the Ni L, ;-edge spectrum change
significantly indicating the surface is oxidized to Ni**, consistent with the formation of an oxide

layer containing Ni(OH),, and possibly NiO.*** We thereby confirm that we are able to collect



TEY spectra under electrochemical control using a three-electrode flow cell, and that changes in
the oxidation of the Ni surface can be observed thanks to the inherent surface sensitivity
(electron inelastic mean free path of ~1.3 nm in Ni at 850 eV**), even when only thin, self-
limiting oxide/hydroxide layers are expected to form.”***

Figures 2A, B show the evolution of Cu L,-edge for Cu films (50 nm) measured with the cell
filled with air (1 bar) using TEY and TFY modes respectively. The initial TEY spectrum (red)
indicates that the surface consists of predominantly Cu,0O (main feature at ~933.5 eV) with a
very small contribution from CuO (main feature at ~930.0 eV), indicative of oxidation of the
surface during the ~1 week air exposure prior to measurement. With continuing x-ray
illumination the proportion of CuO at the surface of the film increases with time (orange, green
spectra) until it completely dominates (blue spectrum). The TFY measurements, although
performed under similar conditions to the TEY measurements, used a sample that had been
stored in air over a longer period (~6 months). In this case a more substantial CuO component is
observed in the first scan, consistent with this longer air exposure, which grows in intensity with
continuing x-ray illumination. In contrast to the TEY measurements, three resonances (~932.6,
~936.8, and ~941.0 eV) associated with metallic Cu are visible throughout the measurements.
Considering the much longer attenuation length of the x-rays that contribute to the TFY signal
(>50 nm for x-ray energies of 250-950 eV in Cu®), compared to that of the electrons that
contribute to the TEY signal (inelastic mean free path of ~1.5 nm in Cu at 930 eV*), these
results indicate that the Cu surface in contact with the air is rapidly oxidized towards CuO during
x-ray illumination while the initially metallic Cu bulk, oxidizes progressively from the surface
inwards. This accelerated oxidation behavior in air, over the course of 1-2 hours, is attributable

to reactive oxygen species (ROS) produced by the radiolysis of air close to the Cu surface.”® We



have previously observed similar behavior for Cu nanoparticles at room temperature using
atmospheric pressure x-ray photoelectron spectroscopy (XPS), where under x-ray illumination
the Cu oxidized towards CuO in the presence of O,(1 bar) whilst it was reduced back toward
Cu,0/Cu under vacuum conditions.’

Figure 2C shows that this oxidation continues even as the environment is changed to an
aqueous solution of NaOH(0.1 M). This corresponds to a pH of 13.0 and thus, according to the
Pourbaix diagram for copper,” there should not be significant dissolution of the electrode as Cu**
ions. The CuO peak seen in the TFY spectra continues to increase in intensity with continuing x-
ray illumination and eventually CuO dominates (See red spectrum in Figure 3B) indicating the
Cu film has been oxidized throughout its thickness. In this case, ROS created by the radiolysis of

13,16

water " are expected to be responsible for the continuing Cu oxidation, although there may also

be some contribution from air dissolved in the solution, which was not degassed prior to

measurement. We note that water radiolysis is well-documented under both focused x-ray’'**

and electron beams*"*"’

and the resulting oxidative attack of graphene membranes has also
recently been reported.*"

Figure 3 shows the effect of adding a small amount (~0.1 M) of CH,OH to 0.1 M aqueous
solutions of alkali hydroxides (NaOH/KOH, pH of 13.0), where the Cu has previously been
oxidized either electrochemically (TEY measurements) or by extended exposure to the x-ray
beam under the conditions of Figure 2B,C (TFY measurements). At the first position measured
(point A, Figure 3A) in TEY mode, the initial spectrum (red) shows features of both CuO and
Cu,O. In the next spectrum (orange) measured after a further 300s of x-ray illumination, the

CuO component is completely absent and a peak at ~937.0 eV emerges, consistent with the

second resonance of metallic Cu, indicating the reduction of the surface. Although the most



intense features of Cu,O and metallic Cu overlap in energy, in comparison to purely metallic Cu

the second resonance peak here is weaker with respect to the first resonance peak,”’”*

indicating
a mixed Cu*/Cu’ oxidation state. This significant change between consecutive spectra suggests
that considerable changes in Cu oxidation state occur during each measurement, and for this
reason the scan range in Figure 3A is kept narrower than for Figure 2 to minimize measurement
time. Moving to a new position (point B, Figure 3A) the first TEY spectrum (cyan) again
indicates the presence of CuO and Cu,O, consistent with regions of the Cu surface away from the
x-ray beam remaining oxidized and thus further confirming that the reduction observed at point
A was induced by x-ray illumination. The slightly lower CuO contribution is likely to be
associated with a slightly longer x-ray illumination whilst aligning the beam on this point prior to
measurement. Again with continuing x-ray illumination the subsequent TEY spectrum (blue)
shows dramatic changes, with the removal of the CuO feature indicating reduction of the Cu
surface. No peak is discernable at the position of the second resonance of metallic Cu indicating
that the surface is now predominantly Cu,O. This lesser state of reduction is consistent with the
shorter x-ray illumination time because, unlike point A, there was no significant x-ray exposure
between the measurement of the first and second spectrum.

The TFY spectra of Figure 3B show that in this experiment the Cu film initially consists of
exclusively CuO throughout its thickness, as indicated by a single strong component at ~930.0
eV (red spectrum). The intensity of this CuO peak then gradually reduces in intensity to leave
predominantly Cu,O (green spectrum) and then eventually the second resonance of metallic Cu
emerges (violet spectrum). This evolution of the Cu oxidation state is qualitatively similar to the
reduction of the Cu film that is seen in TEY mode but appears to proceed over a longer

timescale, despite the photon flux per unit area being similar for both measurement modes.
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Considering that the TEY signal is much more surface sensitive, this behavior therefore indicates
that the Cu surface is rapidly reduced and that reduction of the rest of the Cu film then proceeds
inwards from this surface. Indeed, given the significant changes seen between consecutive TEY
spectra, it is reasonable to assume that the whole film is initially CuO, but the surface is already
starting to be reduced by the time the energy range where the Cu,O peak is swept (i.e. after ~90
s of x-ray illumination). The fact that this reaction proceeds from the solid-liquid interface, again
indicates that radiolysis of the liquid environment is responsible for the change in oxidation state
of the Cu electrode. However, the shift from oxidation to reduction of the Cu electrode simply by
adding a small amount of CH;OH to the liquid environment indicates that radiolysis of this
solution is now yielding an increased proportion of reducing species, changing the balance
towards reduction of the Cu surface.

Our results clearly highlight that the radiolysis induced by x-ray illumination can significantly
influence the observed behavior when performing atmospheric pressure x-ray spectroscopies,
and must therefore be carefully considered. Most significantly we observe that the impact of this
radiolysis is highly dependent on the electrode material and the environment in which it is
placed. We note that throughout our measurements the x-ray flux per unit area is very similar
(see methods) and thus variations in illumination are not responsible for the observed differences
in behavior. To understand the origin of these differences we first consider the x-ray illumination
of the Cu and Ni electrodes in atmospheric air, where air radiolysis is expected to produce ozone
(O,) as its major product.’® For Cu (Figures 2A B), the evolution from a predominantly Cu*
oxidation state towards predominantly Cu™ is attributable to the strong oxidizing effect of the
ozone generated. For Ni (Figure 1 C), we observe that although the oxidation state of the surface

is Ni** from the start of measurement there is no significant evolution during repeated
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measurements in air over the course of several hours prior to introducing the NaHCO, solution,
with no detected increase in Ni** contribution.”*' This is consistent with a thin oxide/hydroxide

layer having already formed on the Ni surface during prior air exposure,”>"*

which passivates
against further oxidation even in the presence of ozone generated by radiolysis of the
surrounding air.

When measuring in liquid environments, such as the aqueous solutions used herein, the effects
of radiolysis may be even more severe given the higher density of liquid phases. The major
oxidizing products of water radiolysis are O,, H,0,, and ‘OH.”'*** A relatively high
concentration of "OH is expected to develop in spite of its high reactivity, due to its large primary
radiation yield and the scarcity of reactive species in water with which it can annihilate.” Given
that the standard electrode potentials for molecular oxygen, E’(O,/H,0) = 1.23 V,** hydrogen
peroxide, E°(H,0,/H,0) = 1.77 V,”*® and hydroxyl radicals, E°COH /H,0) = 2.73 V, ** are
significantly higher than those for copper oxidation, E’(Cu,0/Cu, H,0) = 0471 V* and
E’(CuO/Cu,0, H,0) = 0.669 V> these species are primarily implicated in the Cu film oxidation
observed during x-ray illumination in the NaOH(0.1 M) solution (Figure 2C). We note that all of
the electrode potentials considered here should be adjusted by -0.0592 V/pH as the pH is varied
and thus the relative differences between them remain unchanged irrespective of the solution’s
pH.

For the Ni electrodes, such beam-induced oxidation is not detected during measurement, with
significant changes in the Ni L, ;-edge only seen after passing through potentials corresponding
with the oxidation and reduction peaks of the CV curves obtained without illumination. This

therefore confirms that the oxidation state of the Ni electrode remains as expected throughout the

electrochemical cycling. In contrast to the Cu measurements, an aqueous NaHCO, electrolyte is

12



used here, and we therefore suggest that the electrode’s stability may be related to the presence
of bicarbonate anions which are known to scavenge hydroxyl species that may otherwise oxidize
the Ni surface.”'”

Although water is by far the major component of all the solutions considered herein, the role
played by dissolved species is further highlighted by our observation that adding small amounts
of CH,OH to alkali hydroxide solutions results in reduction of the Cu electrodes during x-ray
illumination, rather than oxidation. CH;OH is known to be a scavenger for "OH radicals™"*
which likely contributes to suppressing the Cu oxidation induced by the products of water
radiolysis. Furthermore, the major products of CH,OH radiolysis include H,, CH,O, CH,, and
CO,”™ which have standard electrode potentials significantly below those of the relevant Cu
oxides, E%(CO,/CO) = -0.104 V.,* E°(HCHO,/CH,0) = -0.029 V.,* E,(H'/H,) = 0.000 V,*
E’(CO,/CH,) = 0.169 V,” and are thus thermodynamically capable of initiating Cu reduction.
Again, these electrode potentials should be adjusted by -0.0592 V/pH as the pH is varied and
thus the relative differences do not change. The shift from Cu oxidation towards reduction is
therefore attributable to the generation of these products by CH,OH radiolysis along with the
scavenging of some of the oxidizing products of water radiolysis by CH,OH.

Having rationalized a number of different ways in which x-ray induced radiolysis can
influence the systems under investigation with operando x-ray spectroscopies, we now discuss
several of the approaches that may be taken to mitigate the effects of radiolysis. This is also
particularly relevant to attempts to use graphene membranes as electron-transparent membranes
for XPS,”” as the production of oxidizing radicals which can attack the graphene may negatively

affect their stability during measurement.*"
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Perhaps the most obvious way to limit radiolysis is to reduce the number of photons impinging
on the measured region. In many of the endstations used for soft-XAS, as much as 90% of the x-
ray exposure time is associated with adjusting and stabilizing motors and other mechanical parts
as the x-ray energy is scanned.” Implementing continuous scanning of the monochromator, and
undulator (if used), with on-the-fly data collection can significantly reduce this “dead time” and
thus minimize the required x-ray exposure during measurement.”**" Although this may come at
the cost of energy resolution, this is likely to be an acceptable compromise in many atmospheric
pressure measurement situations where avoiding changes to the chemistry of the system being
studied is often more critical than obtaining ultimate resolution.

Further reducing the x-ray exposure, beyond eliminating the “dead time”, will decrease the
magnitude of the detectable spectroscopic signal and is therefore only feasible up to a point.
Nonetheless, reducing the x-ray flux whilst simultaneously increasing the accumulation time to
compensate, would provide additional time for reactive species to diffuse away and thus avoid
their accumulation at the illuminated interface. This removal of reactive species generated by
radiolysis may be further enhanced by continuously flowing a liquid/gas through the cell to
rapidly replenish the reaction environment during measurement. Alternatively, the area from
which the signal is obtained could be increased, allowing a lower x-ray flux per unit area whilst
still obtaining a sufficiently large signal. This may be achieved by using less focused x-ray
beams, or by scanning the sample relative to the beam so that the time-averaged x-ray flux per
unit area is reduced. In either case, a corresponding increase in the size of the membrane region
is required, whose maximum size will ultimately be limited by its structural stability and the
pressure difference it must support (typically ~1 bar). For the case of scanning the sample, a

further issue arises when performing TEY measurements as a transient photocurrent will be
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generated on moving between regions which, unless it is sufficiently small or can be filtered out,
may swamp the signal of interest.

Another promising approach is the use of scavenger species that react with or provide decay
routes for the unwanted products of radiolysis, and we have observed here the important role that
these can play in mitigating radiolysis effects. These may be dissolved or suspended in a
solution, or placed in close proximity to the interface being probed.” Particular care is needed in
selecting suitable scavengers for the system being studied to avoid altering the chemistry that we
wish to probe. Indeed, as we have seen with CH,;OH, these scavengers may not just simply
suppress the effects of radiolysis but through their own breakdown can completely change the
interface chemistry.

A further method that may be considered is the use of electrical biasing to repel certain
reactive species from the interface. We note however that this would only be effective against
charged species of a certain polarity and it is unlikely to be feasible when investigating
electrochemical environments as control over the biasing is needed to stimulate the reaction

under investigation.

CONCLUSIONS
We have shown that under the conditions at which atmospheric pressure x-ray spectroscopies are
performed, the effects of radiolysis at the interface between a solid electrode and a high-pressure
gas or liquid environment can be significant. X-ray illumination leads to the generation of
reactive species by radiolysis which can strongly influence the behavior observed in these
systems. This is found to depend not only on the electrode material under consideration but also

critically on the environment in which it is being measured. In air, and aqueous hydroxide
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solutions, the predominantly oxidizing products of radiolysis lead to oxidation of Cu electrodes
towards CuO. The addition of only small amounts of CH,;OH to the aqueous hydroxide solutions
changes the balance of radiolysis products towards reducing species that cause the reduction of
the electrode towards metallic Cu. We therefore emphasize that careful consideration of
radiolysis effects is critical for drawing reliable conclusions from operando x-ray spectroscopy
measurements, and highlight some promising approaches to mitigate the effects of radiolysis
including the use of radical scavengers. The understanding developed by explicitly studying
radiation effects is highly relevant to the application of x-ray characterization techniques at

pressures and x-ray energies where radiolysis becomes significant.
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Figure 1. A) Cross-sectional schematic of electrochemical cell for in situ X-ray Absorption
Spectroscopy (XAS), showing the liquid flow through the cell and the three-electrodes used to
provide electrochemical control. A Si;N,(100 nm thick) membrane coated with a thin (~50 nm
thick) metal film is used as working electrode [WE], a Ag wire as pseudo-reference electrode
[RE], and a Pt wire as counter electrode [CE]. B) Cyclic voltammogram of Ni(50 nm) working
electrode in an aqueous NaHCO; (0.5 M) solution, measured at a scan rate of 10 mV/s without x-
ray illumination. Vertical black arrows indicate the peaks related to Ni reduction (~0.0 V) and
oxidation (~0.4 V). C) Corresponding XAS of Ni L, ;-edge measured with TEY mode in air at
atmospheric pressure (black), and in an aqueous NaHCO, (0.5 M) solution under open circuit
(grey) and while held at the potentials indicated by the colored dots in B. The acquisition time of

each spectrum is ~1320s.

17



Cu in Air Cu in Air Cu in NaOH(0.1M)

(A | TeY| F] Cu,0/Cu TFY cuo TFY

CgO

/E\ CU2Q/CU
2

Intensity

Time

935 940 945 935 - 940 945 930 "935 - 940 945
Photon Energy (eV) Photon Energy (eV) Photon Energy (eV)

Figure 2: XAS of Cu L;-edge for a Cu(50 nm) film in air and aqueous solutions. A) Measured in
air at atmospheric pressure (1 bar) in TEY mode (interface sensitive) with each spectrum taking
~700s. The red, orange, and green spectra are started ~1400s apart, while the blue spectrum is
measured after several hours of x-ray exposure. B) Measured in air at atmospheric pressure (1
bar) in TFY mode (bulk sensitive), with acquisition of the first six spectra started ~150s apart
(red to green), and the remaining spectra started ~300s apart (green to violet). C) Measured in
TFY mode after replacing the air by a 0.1 M aqueous solution of NaOH, with ~400s between the
start of each spectrum acquisition, except for ~1300s between the sixth and seventh spectra, and

~2200s between the penultimate and final spectra.
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Figure 3: XAS of Cu L;-edge for a Cu(50 nm) film measured in CH;OH containing aqueous
solutions. A) Measured in an aqueous solution of KOH(0.1 M) and CH,;OH(0.1 M) in TEY mode
(interface sensitive), with each spectrum taking ~270s to acquire. There is an additional ~300s of
x-ray exposure between the end of the red spectrum and start of the orange spectrum, whilst the
blue spectrum is measured immediately after the cyan spectrum. B) Measured in an aqueous
solution of NaOH(0.1 M) and CH;OH(0.1 M) in TFY mode (bulk sensitive), with ~360s between
the start of each spectrum acquisition, except for ~3600s between the first and second spectra,

and ~2700s between the penultimate and final spectra.
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