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ABSTRACT

Characterizing electrode surface structures under operando conditions is essential for fully understanding structure–activity relationships in
electrocatalysis. Here, we combine in a single experiment high-energy surface x-ray diffraction as a characterizing technique with a rotating
disk electrode to provide steady state kinetics under electrocatalytic conditions. Using Pt(111) and Pt(100) model electrodes, we show that
full crystal truncation rod measurements are readily possible up to rotation rates of 1200 rpm. Furthermore, we discuss possibilities for both
potentiostatic as well as potentiodynamic measurements, demonstrating the versatility of this technique. These different modes of operation,
combined with the relatively simple experimental setup, make the combined rotating disk electrode–surface x-ray diffraction experiment a
powerful technique for studying surface structures under operando electrocatalytic conditions.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0087864

I. INTRODUCTION

Understanding electrocatalytic processes at an atomic level is
essential to develop the most efficient electrocatalysts.1 To study
structure–activity relationships, typical approaches make use of
model catalysts that have the same atomic surface structure on a
macroscopic scale, i.e., single crystal electrodes. Alternatively, tech-
niques with a high spatial resolution cannot only be applied on such
model electrodes but also on heterogeneous samples, e.g., polycrys-
talline materials or supported nanoparticles. However, these studies
mostly assume that the surface structure is not affected by the elec-
trochemical environment, as it is determined (if at all) in a separate

experiment. The reason for this is that it is experimentally challeng-
ing to directly measure atomically resolved surface structures under
in situ or even operando conditions.

Surface x-ray diffraction (SXRD) has proven to be a powerful
technique for structural characterization experiments and its appli-
cability in electrochemistry has been boosted strongly by the devel-
opment of high-energy (20–100 keV, HE-SXRD) beamlines and
large two-dimensional (2D) detectors.2–4 As a result, the time needed
for the measurement has decreased drastically, from hours to min-
utes, while also unwanted, photo(electro)chemical, side-reactions
are damped. In practice, this means that the only movement nec-
essary for crystal truncation rod (CTR) measurements is an in-plane
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sample rotation.5 As reviewed recently by Harlow et al., HE-SXRD
has been used in electrochemistry to study, e.g., reconstruction
and oxidation processes as a function of the applied potential.3

Although this development is a huge improvement compared to ex
situ experiments, eventually one would like to observe structures
while an electrocatalytic reaction occurs, i.e., under operando con-
ditions. From an electrochemical point of view, such experiments
are not trivial as mass transport forms a large barrier for studying
the macroscopically sized model electrodes under high current den-
sities. Under static conditions, the activity is often limited by the
diffusion of reactants (products) to (from) the surface, which is a
time-dependent process,6

jlim =
nF
√
DC√
πt

, (1)

where jlim is the diffusion-limited current density, n is the num-
ber of electrons involved in the reaction, F is the Faraday constant,
D and C are the diffusion constant and concentration of the
(limiting) species in the bulk solution, and t is the time. Previously,
operando HE-SXRD experiments were performed utilizing a con-
stant flow of electrolytes to increase the rate of the mass transport
through the electrolyte solution.7–11 Although this approach results
in a steady-state condition, the flow conditions in the used cell,
whose geometry is optimized for the x-ray experiment,12 remain
largely unknown.

A standard way in electrocatalysis to control mass transport in
a reproducible manner is the rotating disk electrode (RDE) tech-
nique.6 In an RDE experiment, the sample electrode rotates fast
(100–10.000 rpm) around the surface normal, which induces con-
vection in the electrolyte and leads to a diffusion layer thickness
(δ) and jlim that depend on the RDE rotation rate,6

δ = 1.61ν1/6ω−1/2D1/3
, (2)

jlim = 0.62nFD2/3
ν
−1/6

Cω
1/2

, (3)

where ν is the viscosity of the electrolyte and ω is the RDE rotation
rate. Not only is the diffusion-limited current obtained in an RDE
experiment much larger than under static conditions, but as jlim is
now no longer time-dependent it enables experiments under steady
state conditions.

As both HE-SXRD and RDE experiments rely on a rotation of
the sample around the surface normal, this provides an ideal oppor-
tunity for structural characterization experiments under operando
conditions. Here, we describe the development of a setup for such
simultaneous experiments and showcase several modes of operation
in which the data can be collected. The usedmodel system is the oxy-
gen reduction on Pt(111) and Pt(100) and their surface oxidation.
The detailed results from these experiments, including quantitative
structural analysis, will be discussed in a separate study. Focusing on
the experimental technique, the examples shown here demonstrate
that the combination of HE-SXRDwith the RDE technique is a pow-
erful tool to study electrode surface structures under electrocatalytic
conditions that cannot be obtained in a static experiment.

II. METHODS

The setup for combined RDE and SXRD experiments
(see Fig. 1) is custom built and is compatible with heavy-duty
synchrotron diffractometers, specifically those available at the P07
and P21.2 PETRA III beamlines at the Deutsches Elektronen Syn-
chrotron (DESY). The main part of the RDE setup is the rigid
stainless steel frame construction, onto which both the rotator and
the electrochemical cell are mounted. The electrochemical cell is
made from glass and is open at the top, such that the experiment
can be performed in the hanging meniscus geometry. The commer-
cial RDE (RDE-2 and MCUR control unit, Metrohm) is mounted in
the upper part of the setup using a custom sample holder. Prealign-
ment such that the surface normal is parallel to the RDE axis has to

FIG. 1. Experimental setup: photographs of the entire setup as mounted at the P07 beamline (left), an overview of the construction to move the cell height (middle), and a
zoomed-in view on the sample mounting (right). Note that the sample is facing downward and the diffraction pattern, thus, appears below the sample surface horizon.
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be performed manually and is realized by minimizing the rotation
cone from a laser reflected from the dry surface. A manual oper-
ated microgoniometer (NDN-7S4 Kohzu Precision) was added to
the sample holder for the Pt(100) experiments (see Fig. 1), which
made this procedure faster and more reproducible. The microgo-
niometer has an advertised accuracy of 0.1○, but we found our
laser alignment to work well down to about 0.02○ over a full rota-
tion. Subsequently, the entire RDE assembly is aligned parallel to
the diffractometer theta axis. In this way, the diffractometer angle
used for defining the angle of incidence can be used. The electro-
chemical cell is supported from underneath by a horizontal arm,
which is mounted on a linear translation stage (see Fig. 1). This
allows for the vertical positioning of the cell, and thus its height
relative to the beam, to be adjusted using a micrometer screw. In
combination with control of the electrolyte volume using a syringe
pump, this enables full control of the electrolyte meniscus without
changing the sample position. The meniscus was made such that the
x rays only penetrate the electrolyte and not the glass cell. A poten-
tiostat (PGSTAT204, Metrohm) was used to control the potentials
and collect the electrochemical data.

Diffraction patterns recorded with 2D detectors typically
involve the rotation of the sample over a single rotation axis, which
assures that different parts of reciprocal space are rotated through
the Ewald sphere and are brought into diffraction condition. Since
a peak is in diffraction condition only for a small fraction of the
total rotation about this axis, data are taken by exposing only over
a fraction of a full rotation before reading out a detector image. This
gives a better signal-to-noise ratio, because less background is col-
lected, and avoids having peak overlap. The optimum rotation range
depends on the mosaicity of the sample and the number of distin-
guishable peaks obtained per image. In the case of SXRD, where the
diffraction signals of interest are lines (CTRs), a similar situation
arises. A single CTR, measured with high-energy x rays, is typically
swept through the Ewald sphere by rotating the sample a few degrees
around its surface normal. To assure a good signal-to-noise ratio, the
detector should thus be exposed only during the time that the sam-
ple is rotating through the angular range for the CTR, possibly even
a fraction of that and, thus, recording more than one detector image
per CTR.

Here, we make use of the gating capabilities of the detector in
combination with an encoder signal, which is activated for a sin-
gle angular position of the rotator axis. Using a programmable delay
and exposure time from the moment that the encoder is activated
allows us to obtain a diffraction pattern from a specific angular
range of the rotator axis (see Fig. 2 for a schematic view of the
signals involved). This directly translates to the measurement of
a particular CTR and the range in L over which it is recorded.4

The total number of photons collected in a single detector image
measured in this way may be too low to give statistically relevant
data, and therefore, the measurement over the same angular range is
repeated a number of times, in a similar way as pump–probe data are
collected.13

A complicating factor in the above-mentioned scheme is a fluc-
tuating rotator speed, which may cause ill-defined angular ranges
over which the detector is exposed in case fixed delay and expo-
sure times are used. This problem has been solved in the following
way: the detector gate signals were generated using a so-called Rasp-
berry Pi Logic Controller (PiLC), which is a field-programmable

FIG. 2. Experiment scheme: a schematic overview of the method for triggering the
x-ray detector using a rotation rate of 600 rpm, a delay time of 60 ms (216○), and
an exposure time of 3 ms (11○) per rotation. Note that, in practice, due to small
fluctuations in the rotator speed, the delay and exposure times also exhibit small
fluctuations during the sequence of rotations.

gate array-based unit developed at DESY.14 This controller was pro-
grammed to keep track of the temporal rotation speed by measuring
the time between the activation of consecutive encoder signals,
which is found to fluctuate over the course of an entire measure-
ment. The angular start and end positions of the rotator during
which the detector is exposed in a particular revolution are then
determined from the measured rotation speed from the previous
revolution. With this approach, we manage to bring the error in
the azimuthal angular position (assuming a constant rotation speed
within a single rotation) down to 0.01–0.3○, depending on the rota-
tion speed. Clearly, this scheme works very well and enables our
experiments, despite the relatively low accuracy of commercially
available RDE systems (typically 1% or 1 rpm).

The HE-SXRD experiments were performed at the second
experimental hutch (EH2) at beamline P07 at PETRA III, DESY,15

employing photon energy of 74.8 keV. The incidence angle was set
at 0.03○, close to the critical angle of total external reflection for
Pt. Diffraction patterns were recorded with a high-energy 2D area
detector (Pilatus3X CdTe 2M, Dectris), with a total sensitive area of
253.7 × 288.8 mm2 and a pixel size of 172 × 172 μm2, which was
placed at a distance of 800 mm from the sample.

In a typical HE-SXRD experiment, one would record a large
number of images within the selected angular range to optimize
the signal-to-noise ratio. However, at the maximum (continuous)
detector frequency (250 Hz) and a typical RDE rotation rate of
600 rpm, the integration window is already 14.4○. Electronic gating
of the detector (down to exposure times of 200 ns) could be used to
obtain similar angular resolution compared to conventional exper-
iments. However, the readout frequency is still maximum 250 Hz,
and the experimental time has to be increased to measure sufficient
data at all angles. Not only would this lead to large, unsorted, datasets
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(∼2.5 GB/s with a typical measurement time, without electronic gat-
ing, of 10 min), but the analysis is further complicated because the
RDE does not provide an absolute positioning method such that
the data collection is not necessarily linearly distributed across the
angular range. Using the electronic gating to measure a single CTR
within a typical angular window of 10○, obtaining images every 0.1○

and a total exposure time of 0.1 s for each image, would result in a
measurement time of 10 h and a dataset of 3.6 TB, while possibly suf-
fering from the accuracy of the determination of the azimuthal angle.
In the future, faster detector readout and possibly multiple inter-
nal detector buffers will drastically increase the feasibility of such
scans. As an initial solution, we employ a much simpler method of
using the internal summing of the detector images for a predeter-
mined number of RDE rotations. The electronic gating is triggered
by the rotary encoder that is mounted on the shaft of the RDE. This
procedure results in a single detector image for each selected angu-
lar range. Our approach somewhat compromises the signal-to-noise
ratio and limits the possibilities for background correction. How-
ever, we demonstrate here that, for strong scatterers like Pt, this is
not a problem and quantitative CTR integration remains possible.
To construct in-plane reciprocal space maps, our method can be
combined with traditional angular scans.

All glassware and other parts of the setup that came into con-
tact with the electrolyte were soaked for at least 24 h in a 1 g/l
KMnO4/0.5 M H2SO4 solution. Subsequently, the syringes and tub-
ing of the syringe pump were flushed extensively with hot ultrapure
water (>18.2MΩ cm). All other parts were boiled at least five times
in ultrapure water. The hat-shaped Pt(111) sample (cut and pol-
ished <0.1○, MaTeck) is prepared by flame annealing (5 min at
∼1250 K) and cooling in a reducing atmosphere (1:4 H2/Armixture).
After cooling down, bromine adsorption (by dipping the sample in
a 0.1 mM NaBr solution) was used to protect the surface against
contamination during the prealignment (performed in air).16 After
establishing the contact with the electrolyte under potential control,
the bromine was stripped by potential cycling into the hydro-
gen adsorption region. The Pt(100) electrode (cut and polished
<0.1○, MaTeck) is prepared by flame-annealing and cooling down
in Ar. High-purity perchloric acid (99.999% trace metals basis,
Sigma-Aldrich) is used to prepare the 0.1 M HClO4 electrolyte
solution. Several hours prior to and during the experiment,
the electrolyte is purged with Ar or O2. The experiment was
performed in a three-electrode configuration using a miniature
reversible hydrogen electrode (RHE, gaskatel) as a reference elec-
trode and a coiled platinum wire (99.999%, MaTeck) as the counter
electrode.

III. RESULTS AND DISCUSSION

A. Potentiostatic measurements

Figure 3(a) shows a section of the x-ray detector images as a
function of the rotation rate, cropped to show only the (1 1) CTR.
These measurements were performed at a sample potential of 0.6 V
vs RHE in 0.1 M HClO4. The number of rotations per image was
scaled such that the total experimental time was 100 s in all cases
(e.g., 500 rotations at 300 rpm and 3000 rotations at 1800 rpm).
Note that, as illustrated in Fig. 2, the exposure time is only a fraction
of the total experimental time. Here, an angular range of 8○ (out of
the full 360○) was selected, leading to a total exposure time of 2.22 s

FIG. 3. Effect of rotation rate: (a) crops of the detector images showing the (1 1)
CTR measured at 0.6 V vs RHE as a function of the rotation rate, from left to right,
300, 600, 1200, and 1800 rpm, respectively. The color scale is the same in all
images. Note that the images are mirrored with respect to the real orientation, i.e.,
the largest L values are at the top of the image. (b) Structure factors determined
from the images shown in (a).

per experiment. Although the CTR signal (weak vertical line) can
be clearly identified in the different images, the different measure-
ments differ clearly. With increasing rotation rate, most notably at
1800 rpm, powder rings appear in the diffraction pattern. Simulta-
neously, an increasing diffuse background is observed around the

Rev. Sci. Instrum. 93, 065111 (2022); doi: 10.1063/5.0087864 93, 065111-4

© Author(s) 2022



Review of

Scientific Instruments
ARTICLE scitation.org/journal/rsi

Bragg peaks (which are blocked by the black circular beamstops).
It is important to realize that the appearance of the powder rings
is not related to a changing surface structure, as that is expected to
remain unaffected by the rotation alone and the rings also disappear
again upon decreasing the rotation rate. Instead, it seemsmore likely
that the little play that is naturally present in the RDE axis leads to
a non-perfect rotation, which affects the alignment of the surface
(vide infra). In this case, this leads to the x-ray beam illuminating
a polycrystalline (i.e., not single-crystalline) part of the electrode,
which makes this effect easily visible. Considering that the foot-
print of the x-ray beam at such small incidence angles is significantly
larger than the diameter of the electrode, this signal likely originates
from the sides of the sample. Because of the increasing centrifugal
force with increasing rotation rate, this effect is amplified at higher
rotation rates.

Fortunately, in most cases, the effect on the quality of the data
is rather small as most of it is captured by the background sub-
traction in the analysis. This can be seen in Fig. 3(b), which shows
the integrated structure factors determined from the data shown in
Fig. 3(a). Even though the powder rings can already be seen clearly at
1200 rpm, the intensity of the CTR is barely affected, leading to a
similar signal as measured at 300 and 600 rpm. Only at 1800 rpm, the
powder signal has become so strong that the CTR signal deteriorates
significantly.

Several important lessons are to be learned from the data shown
in Fig. 3. Obviously, an RDE rotor that provides the most perfect
rotation, i.e., exhibits the least amount of play in the axis, leads to the
most constant alignment position and, thus, the highest quality data.
For any rotor, finding the upper limit for obtaining a stable rotation
(here around 1200 rpm) by performing experiments with variable
rotation rates is crucial for obtaining meaningful data for quantita-
tive analysis. However, it should be noted that the situation shown
here is a worst-case scenario. For the different measurements, the

same sample alignment positions were used, which were determined
at a rotation rate of 600 rpm. As the integrated angular range is
rather small and the RDE rotation, albeit not perfect, is rather repro-
ducible, better results can be obtained by performing the alignment
at the rotation rate used for the experiment. This also means that, if
several angular ranges are measured, the optimal alignment should
be determined for these ranges individually. In practice, we found
it to be easiest to first perform the overall (rough) alignment, then
determine the angular ranges that are of interest, and finally fine-
tune the alignment for those angular ranges. Typically, we found
that, between the different angular ranges, the tilt angles are the same
and the optimum sample height changes by less than 2 μm.

For a detailed structural analysis, the obtained data should also
be analyzed in a quantitative manner. Figure 4 shows, for Pt(111)
and Pt(100) at reducing potentials, that such an analysis is feasible
[Figs. 4(a) and 4(b), respectively]. The corresponding fit parameter
values are provided in the supplementary material. For Pt(111)
we observe, matching previous results, that the surface structure
only deviates marginally from a bulk-terminated surface (the top-
most layer has a small outward relaxation and a slightly increased
Debye–Waller factor).17 For Pt(100), the CTR intensity at the
surface-sensitive anti-Bragg positions is much lower than that of the
bulk-terminated surface, indicating a higher surface roughness. By
fitting a structural model to the data, we determine an adatom cov-
erage of 0.17 monolayer (ML) while the underlying layers are fully
occupied. This result can be understood from the preparation of the
Pt(100) sample, as after flame-annealing it was cooled down in an
Ar atmosphere, which is known to lead to the formation of a hexag-
onal surface reconstruction. This reconstruction contains 0.21 ML
additional Pt atoms in the topmost layer compared to bulk-
terminated Pt(100). If the reconstruction is lifted while the sample is
at a low (e.g., room) temperature, (most of) these additional atoms
will form adatom islands, which we observe in the CTR signal.

FIG. 4. Quantitative analysis: (a) (0 1),
(1 1), and (0 2) CTRs of Pt(111) mea-
sured at a sample potential of 0.65 V
vs RHE (gray). The green curves are
the fits to the data, indicating an almost
ideally bulk-terminated surface. (b) (1
0), (1 1), (2 0), and (2 1) CTRs of
Pt(100) measured at a sample poten-
tial of 0.6 V vs RHE. The red curves
indicate the expected signal for a bulk-
terminated surface, showing strong devi-
ations from the data in the anti-Bragg
positions. The green curves include
0.17 ML of adatoms (islands) originating
from the lifting of the reconstruction. The
data are vertically offset for clarity.
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B. Potentiodynamic measurements

Studies in electrocatalysis typically employ potential scan rates
in the order of 1–100 mV s−1. Relative to this, the movement of the
diffractometer motors necessary to record the (HE-)SXRD signal is
typically rather slow. One way to acquire data on the timescale of
the electrochemical experiment is by following a single reflection as a
function of potential, the so-called x-ray cyclic voltammetry (XCV).3

Similar measurements can also be performed with the RDE setup as
shown in Fig. 5. Figure 5(a) shows a crop of a single detector image
from an XCV experiment, in which the sample potential was con-
tinuously cycled between 0.06 and 1.2 V vs RHE with a scan rate
of 10 mV s−1. The RDE rotation rate was 600 rpm, and a detector
image was stored every 60 rotations, i.e., every 6 s. Therefore, the
potential resolution is 60 mV. A very small angular range of only 1○

is used, leading to an exposure time of 16.7 ms per image. The area
within the black rectangle was background subtracted (blue rectan-
gle) and integrated, leading to the data shown in Fig. 5(b). Here, it
is clear that the intensity decreases at potentials above ∼1 V vs RHE,
which is known to be due to the surface oxidation that occurs via
the so-called place-exchange mechanism.17–23 Upon reduction, the
surface does not fully recover to the atomically flat Pt(111) struc-
ture,24 which explains the gradual decrease in the overall intensity
with increasing cycle number.

Generally speaking, one should consider RDE measurements
not the most effective for standard XCV measurements. The rea-
son for this is that relevant data are only measured during a very
small part of the rotation, here 1○, i.e., less than 0.3% of the time.
Note that this ratio is independent of the employed rotation rate.
However, the RDE does add a lot of flexibility to the measurement.
First of all, it is very easy to tune the size of the angular integration
window and thereby determine how much data is collected. In an
extreme case, one could follow several surface-sensitive reflections
that are separated in reciprocal space, in the case of a (111) sample,
for example, around (1 1 1.5) and (1 0 2.5), in a single experiment.

As XCV measurements are typically used to resolve the kinetics of
structural changes rather than for a detailed quantitative structural
analysis, they are less affected by the rotation rate/alignment issues
described earlier.

Full CTR measurements are normally rather slow because of
the diffractometer motor movements involved in such measure-
ments. With the RDE, however, the measurement time becomes
independent of the diffractometer motors and one could, in prin-
ciple, do fast measurements by simply increasing the XCV angular

integration window. For example, a single 10○ measurement at
600 rpm takes less than 3 ms, with a repetition rate of 10 Hz (exclud-

ing symmetry equivalent CTRs). Unfortunately, in this situation, the
signal will disappear in the background noise. The reason for this is

that the signal intensity only depends on the exposure time at a spe-
cific angular position (when the Bragg condition is fulfilled), whereas

the background scales with the total exposure time. Therefore, by

increasing the angular integration window, the signal-to-noise ratio
decreases compared to the data shown in Fig. 5(a). Instead of record-

ing large sets of data with short exposure times (see Sec. II), we
adopted a much simpler strategy, which can be used in case only
reversible structural changes are expected. Rather than using very
fast data acquisition, we employed a second detector trigger, which
was connected to the sample potential. When scanning the sample
potential, we now obtain integrated detector images within specific
potential windows with a width of 200 mV. As those individual
images have a rather low intensity, several potential sweeps are per-
formed and summed during data processing. Figure 6(a) shows the
(summed) detector images resulting from such an experiment, per-
formed at 100, 600, and 1800 rpm. As before, the total exposure
time is the same across the different images. The potential scan rate

was 50 mV s−1, and 10 consecutive potential cycles were performed.
Figure 6(b) shows the integrated CTR profiles as a function of poten-
tial (measured at 600 rpm) as well as rotation rate. Like before,
the signal deteriorates at 1800 rpm due to the sample alignment,

FIG. 5. Fast potentiodynamic measurements: (a) Crop of an image from the sequence of fast potentiodynamic measurements. The blue rectangle indicates the area used
for background subtraction, and the black area indicates the integrated area. (b) Integrated intensity as a function of sample potential during the potential sweep. The colors
indicate, from blue to yellow, the order in which the data were obtained. The decreasing intensity at potentials above 1 V matches the onset of the surface oxidation by
place-exchange. Consequently, the surface roughens, leading to a decreasing intensity at the lower potentials with increasing potential cycling as indicated by the arrow.
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FIG. 6. Slow potentiodynamic measurements: (a) crops of the detector images
showing the (0 1) CTR of Pt(111) as a function of the rotation rate, measured
during a potential sweep. The color scale is the same in all images. (b) Structure
factors determined from the images shown in (a) and as a function of potential (at
600 rpm) and rotation rate. The inset shows the diffusion limited ORR current as
a function of the rotation rate with the x-ray beam “on” (open symbols) and “off”
(filled symbols).

although here that is a bit more difficult to recognize as no (strong)
powder rings appear.

These measurements were performed in an electrolyte that
was saturated with O2, which means that the oxygen reduction
reaction (ORR) is taking place at all shown potentials, apart from
0.95 V. The diffusion-limited current (ilim) for ORR as a function
of rotation rate with the x-ray beam “on” (open symbols) and “off”

(filled symbols) is shown in the inset of Fig. 6(b). The observation
that the Pt(111) surface structure remains unaffected during ORR
matches the XCV results obtained under static conditions by Drnec
et al.25 Compared to those experiments, however, the advantage of
the RDE measurements is that they can be performed at higher cat-
alytic conversion rates as ilim at 600 rpm is more than 20 times larger
than during the XCVmeasurement. Furthermore, as ilim depends on
the square root of the rotation rate [see inset of Fig. 6(b)] rather than
the time (under static conditions), full CTRs can be measured while
maintaining steady-state electrocatalytic conditions at high current
densities.

IV. SUMMARY AND OUTLOOK

Structural characterization of electrode surfaces under
operando electrochemical conditions is important to understand
electrocatalytic reactions at a fundamental level. When employing
single-crystalline model electrodes, the rotating disk electrode is the
most used technique to control mass transport within the electrolyte
in a well-defined manner. High-energy surface x-ray diffraction also
requires an in-plane rotation of the sample, albeit typically at much
smaller angular velocities as the entire diffractometer is involved
in the movement. Here, we present a novel setup for combined
RDE and HE-SXRD measurements, demonstrating that CTR data
can readily be obtained at rotation rates of 1200 rpm. This method
can also be applied at lower photon energies using a 2D detector,
large enough to cover a suitable angular range. Although this would
allow for very fast measurements, in practice, one becomes quickly
limited by the signal-to-noise ratio. Luckily, this situation will
improve with the development of new generations of synchrotrons
and x-ray detectors. As a proof of principle, we have showcased
several measurement schemes for electrochemical experiments,
both under potentiostatic as well as potentiodynamic conditions.
The method can also be applied to textured polycrystalline planar
electrodes. Furthermore, it is important to realize that the general
idea of a setup where only the sample rotates (rather than the entire
setup) is not only of interest for electrochemical experiments but
also for other HE-SXRD experiments such as in heterogeneous
catalysis. Depending on the application, one can probably work
with lower rotation rates and, as the electrical connection to the
sample is less crucial, use a simpler but better controlled sample
positioning system. This would avoid the alignment issues we
observed for the highest rotation rates, while still benefiting from
the advantages of a much faster sample rotation than what can
typically be obtained using the diffractometer motors. With an
upgraded, more stable RDE setup, the full angular range will
become accessible. Finally, as the RDE ensures that all angular
positions are always within reach, the flexibility in terms of the
experimental setup, e.g., regarding components placed at the height
of the sample surface or placement of connecting cables, increases
drastically.

SUPPLEMENTARY MATERIAL

See the supplementary material for parameter values for the
CTR fits in Fig. 4.
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