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DOI: 10.1039/x0xx00000x We demonstrate a flexible combined electrochemistry and fiber optics-based in situ UV/vis

spectroscopy setup to gain insight in the depth evolution of electrochemical hydride and oxide
formation in Pd films with thicknesses of 20 and 100 nm. The thicknesses of our model systems
are chosen such that the films are thinner or significantly thicker than the optical skin depth of
Pd to create two distinctly different situations. Low power white light is irradiated on the sample
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and analyzed in three different configurations; transmittance through, and, reflectance from the
front and the back side of the film. The obtained optical sensitivities correspond to fractions of
a monolayer of adsorbed or absorbed hydrogen (H) and oxygen (O) on Pd. Moreover, combined
simultaneous readout obtained from the different optical measurement configurations provides
mechanistic insights in the depth-evolution of the studied hydrogenation and oxidation

processes.

1. Introduction

Analytical electrochemistry is very sensitive in the meaning that
currents corresponding to fractions of a monolayer of species on
the sample surface are easily measured. However, it is important
to note that the measured current only reflects the net
electrochemical reactions and that it neither is possible to obtain
direct information about which reactions that are taking place,
nor to derive the state of the electrode. Therefore, combining
electrochemistry with an additional characterization or analysis
tool is an often necessary and very useful way to obtain more and
complementary information about processes occurring on or
inside the electrode, and about its state. For this purpose,
numerous techniques complementing electrochemistry have
been demonstrated, including mass spectrometry (MS),'-* quartz
crystal (QCM),+7 like
vibrational spectroscopy,® infrared transmittance and reflectance
spectroscopy,® ellipsometry,'!® optical microscopy,'’> 2
synchrotron based X-ray spectroscopy.'® All these methods have

microbalance optical techniques

and

in common that they rely on relatively advanced experimental
setups and — where applicable — complex optics in order to obtain
signals with satisfying signal-to-noise ratio and resolution.

More specifically for the topic of metal hydride formation that is
in focus here, it has also been shown that direct optical
reflectance and transmission measurements combined with
electrochemistry are very useful, for example in the context of
so-called switchable mirrors.'* 15 Conceptually, these studies are
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reminiscent of the “hydrogenography” approach developed for
hydrogenation from the gas phase.'® 17

Here we further develop this general concept by combining
electrochemistry with in UV/vis spectroscopy in
transmittance and front- and back-side specular reflectance

situ

mode. In particular, we show that by simultaneous readout from
two of the different modes, mechanistic insights in the depth-
evolution of the surface oxidation, as well as hydride formation
process in thin Pd films can be obtained. Moreover, to simplify
the required hardware, we demonstrate that this becomes
possible by solely relying on off-the-shelf, flexible and robust
fiber optics.

1.1 Electrochemical hydride formation in palladium

It is well known that Pd can form a hydride under
electrochemical conditions!®2? and that the H/Pd atomic ratio
can be as high as 0.62 — 0.67, which is similar to what is typically
obtained in gas phase.?3?* To reduce problems of high currents,
which cause iR-drop and bubble formation at the counter
electrode, and diffusion limitations that increase the timescale of
experiments, the Pd film must be relatively thin. These thin Pd
electrodes are sometimes referred to as limited volume
electrodes (LVE)?® ?7 and typically mean that the Pd film is
between a few monolayers (ML) up to a few um thick.

In the electrochemical system it is possible to form PdHx from
either Hz2 gas dissolved in the electrolyte or via protons from
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solution.!? In the present study we have only considered the latter
pathway. The electrochemical hydride formation in acidic
environment, where protons react with Pd, takes place according
to:

Pd + xH* + xe™ - PdH, (1)
As indicated in reaction 1, in absence of other electrochemical
reactions, each electron measured corresponds to one proton
being incorporated into Pd, either as adsorbed on the surface or
absorbed into the bulk as a- or B-phase hydride. Moreover,
similarly to other noble metals, it is possible to form a surface
oxide layer on Pd at high potentials (>0.65 V vs. the reversible
hydrogen electrode (RHE)). The thickness of the oxide layer
corresponds to about one or a few ML when the electrode is
polarized below oxygen evolution.?° Both processes (i.e. oxide
formation and hydrogen sorption) induce changes in the Pd film
optical permittivity, either in the bulk (hydride) or at the surface
(oxide),?83! which, as we show, can be detected by fiber-optics
based UV/vis transmittance or reflectance spectroscopy in a
straightforward way. We have in a recent study examined
changes in optical permittivity on Pt caused be O/OH adsorption
by combined experimental and first principles based modeling.?

2. Experimental

2.1 Electrode fabrication

Borofloat® glass (Schott Scandinavia AB) was cut in 15x15x1
mm pieces and cleaned ultrasonically in consecutive baths of
acetone, isopropanol, and milli-Q water. Pd films of 20 or 100
nm thickness where deposited using electron beam evaporation
in vacuum (Lesker PVD 225 with a base pressure <5-10-7 mbar).
Prior to deposition of Pd, a 3 nm Ti adhesion layer was deposited
in the same equipment.

2.2 Combined electrochemical and fiber optic in situ UV/vis
measurements

Prior to the measurements, the Pd film samples were cleaned
using the same ultrasonic procedure as described for the
substrates above. A piece of copper tape was attached to the
the
electrochemistry and optical UV/vis measurements shown in

sample before mounting in setup for combined
figure 1. Subsequently the copper tape was connected as working
electrode (WE). The in-house constructed measurement cell is
of PEEK

(polyetheretherketone). The sample is clamped between the

composed of three sections, all made
lower and middle section of the cell and sealed with a Viton O-
ring. The active electrode area exposed inside the O-ring is 0.95
cm?. Between the middle and upper sections, a quartz window is
clamped and sealed with another Viton O-ring. The volume
created in the middle section, between the sample and quartz
window, is about 0.475 cm?. An electrolyte inlet and outlet
enables filling of the cell and allows it to be operated under
continuous flow conditions. A Pt wire as counter electrode (CE)
was placed inserted in the middle section. A halogen light source

(Avantes AvaLight-Hal) was used from which an optical fiber
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(Ocean Optics vis-NIR 600 um core) guided the light to the cell
the
transmittance measurements, the light transmitted through the

and illuminated sample at normal incidence. For
electrode to the opposite side of the cell was collected with a
collimating lens and a second optical fiber (Ocean Optics vis-
NIR 600 pum core). For reflectance measurements a reflectance
probe (Avantes FCR-7xx400-2-BX) was used to both illuminate
and collect specularly reflected light (at normal incidence). To
allow collection of two optical signals simultaneously, a beam
combiner (Avantes BSA-DA) was utilized. A fiber coupled fixed
grating spectrometer (Avantes AvaSpec-HS1024x58TEC) was
used to analyze the transmitted or reflected light. In our system,
optical spectra can be obtained at a maximal sampling frequency
of 200 Hz and cover the wavelength range between 300 and 1100
nm, with each pixel of the CDD corresponding to 1 nm. In this
study we use the averaged value of 20 — 50 spectra acquired with
an integration time of 2 — 5 ms corresponding to a sampling rate
of 5 — 10 Hz. In the analysis, we used the 700 £5 nm spectral
range for readout as this yielded the best signal to noise ratio
(S/N) due to the favorable combination of lamp emission
the grating.
Representative values of S/N, comparing the signal from a Pd

intensity and efficiency of spectrometer
surface in the metallic state (i.e. no adsorbates, collected in the
double layer region) with the fully hydrided state and the surface
oxide state are 60500 and 450, respectively. Figure S1 in the
Supporting Information (SI) shows results for a series of
different wavelengths where it can be seen that the best signal to
noise ratio is found around 700 — 800 nm. We note that this
optimum condition easily can be adjusted to other wavelengths
by alternative choice of light source, spectrometer, or grating, if
desired.

To define the optical readout and set a zero-baseline value, we
applied a self-referencing strategy. In other words, we defined
the transmittance or reflectance spectrum obtained at a potential
of 0.4 V, which is roughly in the middle of the double layer
region where no species are adsorbed on the Pd (i.e. a clean
metallic surface), as the baseline level of our experiment and
divided the

experiment with the initially taken baseline at 0.4 V. The signal

the continuously measured spectra during

from a transmittance measurement, which we here present as a
change in optical extinction, 4Ext, is defined as:

Tm @)
ref

AExt =1 —

where T» is the continuously measured transmittance spectrum
and Ty is the baseline reference spectrum acquired from the
sample in the beginning of the experiment at 0.4 V. In an
identical fashion we performed self-referenced reflectance
where the measured change in specular
reflectance off the sample surface, 4R, can be defined as:

measurements

3
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where Ry is the continuously measured reflectance spectrum and
Ryeris the baseline reference spectrum acquired from the sample a)
Optical fiber

in the beginning of the experiment at 0.4 V.
The electrolyte used was 0.5 M H2SO4 prepared from Millipore

Milli-Q water and Reagent Grade concentrated H2SO4 (Sigma
Aldrich). During the measurements, the electrolyte was
continuously bubbled with N2 to remove dissolved O2. Tygon
tubing was used to transport the electrolyte from a reservoir to PEEK body
the cell inlet and from the cell outlet to a glass beaker where an

Hg/Hg2S04 reference electrode (RE) (XR200, Radiometer) was Quartz window
placed. The electrochemical measurements were conducted in

: . ) Electrolyte
regular three-electrode configuration with a Gamry instruments O-ring inlet
Reference 600 potentiostat. All potentials reported herein have
been converted to the reversible hydrogen electrode (RHE) scale.
To synchronize the timescales of the electrochemical and the Pt-wire, CE
UV/vis spectroscopy measurements, a digital trigger was sent
from an in-house developed Matlab program that controls the
UV/vis experiment and picked up by the potentiostat. The El%chOeI O- rlng
synchronization was measured to be accurate within £10 ms. The (to RE)

uncompensated resistance, Ru, was measured with the routine Sample WE

“Get Ru” in the Gamry Framework software for each sample and
all subsequent electrochemical measurements were done with
positive feedback iR-compensation at 85% of the measured Ru.
The remaining 15% were not corrected for after the
measurements. Thus the data shown here are iR-compensated to
85%. It can be mentioned that all samples with 20 nm Pd had an Optical fiber
Ru between 10-12 Q, and with the rather slow scan rate of 5 mV
s'l, the currents were quite moderate (<1.8 mA). Thus the iR-
compensation does not greatly affect the results (at 1.8 mA the

b)

Transmission: Reflection front: Reflection back:

v 1

Fig. 1 Schematic illustration of the measurement setup used to perform the
combined electrochemical and in-situ UV/vis optical measurements (a), and of
how the light was irradiated and collected with respect to the sample (b).

remaining potential drop is less than 3 mV).

2.3 Pd film microstructure characterization

The morphology of the evaporated Pd films was characterized by
scanning electron microscopy (SEM, Zeiss Supra 60) operating
at 10 kV in the secondary electron mode. Figure 2 shows 20 and
100 nm Pd films as deposited and after the films had been cycled
until the CV and hydride charge were stable (between 15-20
cycles). Thus, the images to the right in figure 2 display the state
of the films during measurements. As can be seen, the as
deposited films are rather smooth with a grain size on the order
of 10 nm. After a number of hydrogenation/dehydrogenation
cycles there are clear changes in the film structure. For the 20 nm
film larger domains appear but the film seems to stay rather
smooth. For the 100 nm film the changes are more pronounced
and large crystallite domains (on the order 100 nm) are present,
and the film appears to be rougher. We note here that despite

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3
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these microstructural differences between the 20 nm and 100 nm
films, qualitative comparison of their surface oxidation and
hydrogen sorption behavior should be uncomplicated.

20 nm Pd 100 nm Pd

As fabricated

After electrochemical
conditioning

Fig. 2 Scanning electron microscopy images of 20 and 100 nm Pd films, as
fabricated (a-b) and after electrochemical conditioning (c-d). The magnification is
identical in all figures.

3. Results and discussion

3.1 Cyclic voltammetry and optical response

Figure 3 shows the results of cyclic voltammetry at 5 mV s’!
between -0.0677 — 1.4 V together with corresponding optical
response for a 20 and a 100 nm Pd film.

CURRENT RESPONSE

From the current generated on the 20 and 100 nm Pd films (figure
3a) it can be seen that the Pd-H interaction goes through several
different steps. Starting from a clean Pd surface (potentials
around 0.45 V) and going cathodic (i.e. towards lower potentials)
there is a broad peak and increase of the absolute current at
around 0.2 V. This can be attributed mainly to hydrogen
adsorption on the Pd surface?’ and some absorption in the
formation of the solid solution a-phase. As shown by Duncan et
al., the fraction of absorbed to adsorbed hydrogen at potentials
anodic of 0.1 V for a 20 nm Pd film is very small.?’ Cathodic of
0.1 V, there is an onset of a major reduction reaction through
hydrogen absorption in the formation of B-phase PdHx. The fact
that there is a peak (at about -0.03 V) implies that it is possible
to saturate the Pd film under these conditions.?® 33 There is a
second onset of increased reduction current around -0.05 V,
which corresponds to the point when the hydrogen evolution
reaction (HER) starts to dominate. However, as soon as the
than 0 V wvs. RHE, it is
thermodynamically allowed to form Hz and it is well known that

potential becomes lower
the overpotential for HER on Pd is very low.>* Thus, it is likely
that the current measured cathodic of 0 V is a combination of
hydrogen adsorption/absorption and Hz evolution. It is also
probable that there is additional hydride formation taking place
cathodic of -0.05 V. It is not possible to separate the two
processes with only the CV measurements presented in figure 3a.

However, with additional electrochemical techniques it is

4| J. Name., 2012, 00, 1-3

Journal Name

possible to untangle the hydride formation from the HER.2* By
performing potentiostatic measurements we estimated that the
contribution of HER and subtracted that from the hydride
formation (see supporting information). This resulted in an
estimation of the H/Pd ratio of around 0.7 at maximum hydride,
which is similar to previously reported values.?* In this work, the
optical data presented below give an additional and clear
indication to when the hydride formation in the film is
completed.

When the potential is reversed and scanned anodically, there is a
first small, broad peak close to 0 V which is attributed mainly to
the oxidation of Hz produced at the lower potentials, and which
has not diffused away from the electrode surface.?* The main
peak corresponds to the oxidation of PdHx and shows a
maximum at about 0.05 V. Soon after, the depletion of the -
phase is complete. It appears as the decomposition of the a-phase
and desorption of adsorbed H on the Pd surface is more or less
reversible and follows the same path as during the absorption and
hydride formation.

At about 0.8 V in the anodic scan direction, OH adsorption on
Pd sets in and at higher potentials the oxidation of the Pd surface
begins. When the scan is reversed, the oxide covered surface is
stable down to about 0.75 V, where reduction of Pd oxide sets
in. Below 0.6 V, the Pd surface is again metallic, with no
adsorbed species.

OPTICAL RESPONSE

Figure 3b-c shows optical reflectance data from the front (the
interface between electrolyte and Pd) and from the back (the
interface between Pd and the glass substrate) of the sample,
recorded simultaneously with the corresponding CV. In addition,
for the 20 nm Pd film it is possible to perform transmittance
measurements and the corresponding extinction data are
presented in figure 3d. As can be seen, both optical reflectance
and extinction decrease during hydride formation on all samples.
This means that more light is transmitted through and less is
reflected from the sample compared to metallic Pd. This is in
good agreement with previous reports for the hydride formation
from the gas phase.!”>3 Forming Pd oxide on the surface has the
same qualitative effect, i.e. decreased reflectance and extinction
compared to metallic Pd, with the difference that the signal is
much larger for the hydride formation than for the oxidation.
This is expected since the hydride forms in the entire volume of
the film, whereas the oxide is only formed on the surface.

It can also be seen in figures 3b-d that there is a hysteresis
between the hydride formation and decomposition, which is
wider for the 100 nm film compared to the 20 nm one. In general
terms this indicates the presence of a barrier involved in either or
both the hydride formation and decomposition reactions. For
hydrogenation from the gas phase, the hysteresis is attributed to
lattice strain induced by the presence of hydrogen in the metal.
This strain creates an energy barrier that needs to be surmounted
in order for the hydride to form or decompose.3¢-38

Another important feature that can be observed is that the optical
signals level off and saturate at the lowest potentials. In addition,
just before -0.0677 V where the potential is reversed, there is no
hysteresis. This is in good agreement with the picture of the

This journal is © The Royal Society of Chemistry 2012
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phase transition to the B-phase PdHx being completed at these
potentials, and that a larger part of the current now goes into Hz
evolution, which should not affect the optical measurements,
unless Hz bubbles are formed.

In the oxidation regime of the CV (>0.7 V) the reflectance and
extinction signals drop almost linearly as the oxide layer is

formed on the surface. When the scan is reversed, the signal stays
constant until the reduction of Pd oxide starts at about 0.75 V and
the signal increases to almost the same level as before oxidation.

Current [mA]

The fact that the signal is not completely reversible is most likely
aresult of Pd corrosion, which occurs when cycling to these high

potentials,? and/or additional restructuring of the Pd surface, as
seen in figure 2. However, the amount of Pd lost in each cycle is
still quite low,?> 3 and the number of full cycles after the
conditioning on each sample was kept at a minimum (<20 cycles
per sample). Thus, the amount of Pd can be considered to be

Reflection front
s b
M —t
[=] [V,
& | ‘_
Refl. front
.o -

constant during the measurements. - -0.005
Comparing the reflectance signal measured from the front for the 0.010 | {
20 and 100 nm Pd films (figure 3b) it can be seen that they are {
qualitatively very similar, except for a few smaller deviations: i) | C)
the signal amplitude (difference between metallic Pd and hydride < 0|
or oxide) is larger for the 20 nm film, ii) there is a larger = § —0.05 |
hysteresis between the hydride formation/ decomposition for the g _0.10 } l T |
100 nm film, and iii) the hydride phase seems to reach a more 5 ol 1
saturated stage in the 100 nm film. The reflectance traces & —0.15] g e |
measured from the back side of the two samples (figure 3c) are & 020} f_.. ' _ |
qualitatively similar; however, with the important difference that ’ e |
there is no signal for the oxide formation on the 100 nm film | ' |
because the film is thicker than the optical skin depth of Pd Od) :_"
(which is ca. 50 nm). This nicely illustrates the surface sensitivity 01!
of our approach and the possibility to discriminate between _5
surface and bulk processes in the electrode material. E -0.2+ ,L T . 1
= o} ]
&S 03 § 001 | l
|
R & -0.04 | :
0 0.5 1 15

Potential vs. RHE [V]

Fig. 3 Cyclic voltammetry and corresponding UV/vis optical extinction and
reflectance signals for 20 and 100 nm Pd film. a) current b) reflectance change
from top, c) reflectance change from bottom, and d) extinction measured in 0.5
M H,SO, with a scan rate of 5 mV s. The optical data is an average of the
wavelengths at 700 +5 nm. The insets show the Pd oxide region magnified for
clarity.

3.2 Hydride formation/decomposition analysis

To gain deeper insight into the three-dimensional evolution of
the hydride formation in Pd films, and to illustrate the type of
information that can be obtained using the approach presented
here, normalized reflectance changes measured from the front
and back sides of the 20 nm (two separate experiments) and 100
nm (measured simultaneously) Pd films are shown in Figures 4a
and 5Sa, respectively. Subfigures b and c, in figures 4 and 5 show
the corresponding numerical derivative of the reflectance signals
with respect to potential (and, thus also time), as well as the
absolute value of the simultaneously recorded current. For the 20
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nm Pd film (which is thinner than the optical skin depth) the
normalized reflectance changes measured from front and back
are very similar, which is not surprising since the optical fields
penetrate the entire film. This means that the obtained reflectance
signals measured from both sides of the sample are related to
changes in the entire sample volume, however, most likely with
larger weight of the interface closest to the side of irradiation.
Indeed, when looking at the details, one can see a small deviation
between the reflectance obtained from the front and from the
back side of the film. This becomes very clear when looking at
the corresponding numerical derivatives of the reflectance
signal, which show the highest rate of reflectance change about
4 mV, or 4/5 s earlier on the front side for both hydride formation
and decomposition (Figure 4b).

The differences observed between front and back sides observed
in Figure 4a-b could, in principle, also be a result of restructuring
of the Pd film after each cycle. To rule this out, we have plotted
the absolute values of the simultaneously recorded current
(Figure 4c), which shows almost identical traces for the
experiments with front and back reflectance. This means that the
Pd film is virtually identical, and that the differences observed in
the optical reflectance response obtained from the front and back
sides indeed are related to the evolving asymmetric hydrogen
concentration profile in the Pd film during hydrogen
sorption/desorption. Thus, our measurements indicate that the
hydride formation process starts and completes earlier at the
interface towards the electrolyte, and thus closest to the proton
supply. For the reverse process, hydride decomposition, it also
completes earlier at the electrolyte interface and propagates into
the film towards the support. It is also worth noting that the
maximum in the current, for both independent measurements,
coincides with the rate maximum obtained from the reflectance
signal measured from the front. This further confirms that the
time lag in rate maxima measured optically from the front and
back sides indeed is a real effect related to hydrogen
concentration gradients and not to different states of the sample
in the two measurements.

6 | J. Name., 2012, 00, 1-3
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o
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-0.05 0 O.ﬁS 0.10 0.15
E/V vs RHE

Fig. 4 Normalized reflectance changes (a) from top (black curve) and bottom (red
curve) for the hydride formation and decomposition on a 20 nm Pd film in 0.5 M
H,SO, with a scan rate of 5 mV s'1. The optical data represents wavelengths of 700
+5 nm. (b) shows the numerical derivative of the reflectance signal with respect
to potential and for comparison the absolute current is shown in (c). The dashed
gray lines represent the potential of maximum current (maximum global hydride
formation/decomposition).

-0.10

The 100 nm Pd film is thicker than the optical skin depth of Pd.
Thus, the optical fields irradiated from the front and back side do
not penetrate the entire film. Therefore, it is possible to measure
reflectance from the front and back side simultaneously, using
the beam combiner device and, in contrast to the 20 nm film case,
the respective beams only probe the interface closest to the
irradiation source. For this constellation we observe large
differences between the normalized reflectance signal measured
from the front and from the back side. In the hydrogen sorption
regime, both signals start to decrease at a potential of about 0.05
V and follow each other almost perfectly. This indicates that the
incorporated H in the a-phase is very mobile and diffuses rapidly
in the whole Pd volume and equilibrates the concentration, as
expected. At more cathodic potentials, it is clear that the front-
side reflectance starts to decrease earlier than the signal
measured from back (figure 5a). This means that the formation
of the B-phase starts at the free interface towards the electrolyte
(and the supply of protons). Although this result is intuitive and
agrees with the situation on 20 nm Pd, it is not obvious and as

This journal is © The Royal Society of Chemistry 2012
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shown in a recent study by Baldi et al., the hydride formation can
in some cases start at the opposite interface.*?

It is now also interesting to look at the rate of hydride formation.
The slopes of the normalized reflectance during formation
measured from the front and from the back are very different, as
can be seen in the derivative (figure 5b). The hydride formation
rate is much higher at the back interface towards the support.
This can be explained by a more or less stoichiometric PdHx
phase formed in the upper part of the film (towards the
electrolyte) propagates as a “front” towards the back of the film.
For the hydride decomposition in the 100 nm film, the situation
is different. Clearly, the back-side reflectance signal starts to
increase first, indicating that the hydride decomposition process
starts at the back interface in this case. However, once the
normalized reflectance signal measured from the front side also
starts to increase, the two rate traces follow each other closely
and reach the highest values at about the same potentials (figure
5b). This indicates that the hydride decomposition process is not
simply the reverse of the formation and takes place with a quite
homogenous H concentration throughout the entire Pd film.
Similarly to the 20 nm Pd film, the simultaneously recorded
current traces from the experiments where front and back
reflectance were measured, respectively, are essentially identical
(Figure 5¢). However, for the 100 nm Pd film, the highest rate of
reflectance  change both hydride formation and
decomposition does not coincide with the maximum current, but

for

occur later in time (at lower or higher potentials, respectively).
This has to be interpreted as that the hydride formation and
decomposition process is not homogeneous throughout the Pd
film and that, in this case, the highest rate of hydride
formation/decomposition at the interfaces does not occur at the
same time as the highest rate of the total change in the film. One
possible interpretation of this observation is that for this thick
film, the stoichiometric hydride is first formed in the bulk of the
film, away from the interfaces. The reason for this behavior
might be related to different local lattice strain (e.g. compressive
strain due to clamping to the support interface’® 37) and
microstructure (larger grains with fewer defects at the upper
interface due to electrochemical conditioning of the surface — see
Fig.2), which gives rise to chemical potential gradients for
hydride formation inside the film.

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 Normalized reflectance changes (a) from top (black curve) and bottom (red
curve) for the hydride formation and decomposition on a 100 nm Pd film in 0.5 M
H,SO, with a scanrate of 5 mV s1. The optical data represents wavelengths of 700
+5 nm. (b) shows the numerical derivative of the reflectance signal with respect
to potential and for comparison the absolute current is shown in (c). The dashed
gray lines represent the potential of maximum current (maximum global hydride

formation/decomposition).

-0.10

Conclusions

We have demonstrated an experimental setup that combines
electrochemistry and fiber optics-based in situ UV/vis optical
extinction and specular reflection spectroscopy. Using a beam
combiner, for opaque films simultaneous reflection
measurements from the front and back side become possible. As
a showcase, we have used this
electrochemical hydride and oxide formation in 20 and 100 nm
thick Pd films as these are significantly thinner and thicker than
the optical skin depth of Pd, respectively. .Thus, on the 20 nm
sample the specular reflectance signals measured at normal
incidence from front and back side of the glass-supported sample
are very similar for both hydride and oxide formation. The reason
is that the optical fields illuminated from both sides reach and
probe both interfaces of the Pd film. Still we observed small
differences in the temporal evolution of the reflectance changes

approach to examine
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measured from the front and from the back side, suggesting that
both hydride formation and decomposition starts at the front
interface towards the electrolyte. Overall, the reflectance signals
carry information very similar to the transmittance signal for the
20 nm Pd film.

On the 100 nm Pd film, which is about two times thicker than the
optical skin depth and thus opaque, transmittance measurements
are impossible. However, the reflectance signals measured
simultaneously from the front and back sides contain different
and complementing information about the depth-evolution of the
hydrogenation process. We find that the formation of the a-phase
is homogeneous throughout the film whereas the formation of
the B-phase starts at the free interface between the Pd film and
the electrolyte and that it progresses at different rates close to the
two film interfaces, compared to the global rate reflected in the
current. The decomposition of PdHx starts at the backside of the
film at the Pd-glass interface and progresses in a homogeneous
fashion at the same rate in the entire film volume. As for
hydrogen sorption, we find different decomposition rate maxima
close to the sample interfaces compared to the global one in the
current. As a reason for this behavior we suggest that the
stoichiometric hydride is first formed in the bulk of the film,
away from the interfaces, due to a different local lattice strain
and microstructure situation, which gives rise to chemical
potential gradients inside the film.

In summary, this work presents a simple, yet powerful way to
analyze interactions of atomic and molecular species with a
metal surface or volume in situ, in real time and with certain
spatial resolution inside the film. Hence, it is relevant for
numerous other processes beyond the demonstrated hydride
formation model system, as for example the intercalation of ions
in the electrodes of a battery, the formation/depletion of an alloy,
or surface vs. bulk oxide formation.
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