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6 ABSTRACT: New diagnostic approaches are needed to drive progress in the field of
7 electrocatalysis and address the challenges of developing electrocatalytic materials with
8 superior activity, selectivity, and stability. To this end, we developed a versatile
9 experimental setup that combines two complementary in-situ techniques for the

10 simultaneous chemical and structural analysis of planar electrodes under electrochemical
11 conditions: high-energy surface X-ray diffraction (HE-SXRD) and infrared reflection
12 absorption spectroscopy (IRRAS). We tested the potential of the experimental setup by
13 performing a model study in which we studied the oxidation of preadsorbed CO on a
14 Pt(111) surface as well as the oxidation of the Pt(111) electrode itself. In a single
15 experiment, we were able to identify the adsorbates, their potential dependent adsorption
16 geometries, the effect of the adsorbates on the surface morphology, and the structural
17 evolution of Pt(111) during surface electro-oxidation. In a broader perspective, the
18 combined setup has a high application potential in the field of energy conversion and
19 storage.

20 Electrocatalysis is at the heart of a future energy system
21 based on renewable resources.1−8 Typically, the most
22 active electrocatalysts retain a high level of complexity in terms
23 of both structure and chemical composition.8−10 The electro-
24 catalytic properties of such systems are dynamic under
25 operation conditions as a result of processes such as dealloying,
26 sintering, surface segregation, dissolution, bulk diffusion,
27 surface oxidation, and phase transformations.11−15 In most
28 cases, activity, selectivity, stability, and structural dynamics are
29 controlled by the interfacial chemistry at the electrified
30 interface associated with specific adsorption processes, the
31 formation of surface intermediates, coadsorption of poisons or
32 promoters, formation of hydroxyls and hydroxides, and the
33 formation and desorption of products.16−19 Under these
34 conditions, surface structure and surface chemistry become
35 intimately entangled, in both a static and dynamic picture. To
36 understand structure−activity relationships in electrocatalysis,
37 it is therefore essential to study surface structure and surface
38 chemistry in a correlated manner. In the past decades, a wide
39 range of characterization techniques coupled with in-situ
40 electrochemical cells have been developed to provide detailed
41 insights into the structural (X-ray diffraction,20 scanning probe
42 microscopy,21−24 electron and photon-based microscopy25−27)
43 and chemical properties (infrared spectroscopy,28−32 sum-
44 frequency spectroscopy,33 photoelectron spectroscopy,34,35 X-
45 ray absorption spectroscopy36) of electrocatalytic interfaces.
46 However, in almost all cases, these experiments are performed

47separately in different environments and on different samples,
48making it intrinsically difficult to correlate complementary
49information. The potential of combining structural and
50chemical information in electrocatalysis has been demon-
51strated, for example, by studies by Villegas and Weaver37 as
52well as by Markovic ́ et al.,38 which have contributed
53significantly to our current understanding of the CO oxidation
54on Pt(111). However, these studies are also subject to the
55uncertainty that structural and chemical information was
56obtained in separate experiments. This problem could be
57overcome if the experimental information was recorded
58simultaneously on the same sample. Examples from heteroge-
59neous catalysis demonstrate the potential of such multimethod
60approaches.39−44 To this end, we developed a unique
61electrochemical in-situ setup that combines high energy
62surface X-ray diffraction (HE-SXRD) and infrared reflection
63absorption spectroscopy (IRRAS). Both techniques can be
64used simultaneously under electrochemical conditions, making
65use of the high penetration of high-energy X-rays through
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66 IRRAS optics. In a unique way, this versatile setup allows us to
67 obtain combined information about the interface structure and
68 interface chemistry during the electrocatalytic reaction.
69 Potentially, instrumentation can be used to advance the
70 fundamental understanding of electrode materials in emerging
71 technologies for energy conversion and storage.
72 In the present paper, we provide a detailed description of
73 this versatile setup and demonstrate its huge potential using a
74 simple model reaction. We scrutinize the stepwise oxidation of
75 adsorbed CO on a Pt(111) electrode and the surface oxidation
76 of the electrode itself. The concept of the setup is illustrated in

f1 77 Figure 1. In principle, both HE-SXRD and IRRAS are

78 performed simultaneously in an electrochemical cell, which is
79 compatible with both methods. Specifically, the cell is based on
80 a three-electrode configuration. A planar model electrode, e.g.,
81 a single crystal or nanoparticles on a planar support,45 serves as
82 the working electrode (WE). The latter is fully immersed into
83 the electrolyte and gently pressed against the CaF2 window to
84 ensure a constant thickness of the thin layer of electrolyte
85 (typically ∼1−10 μm) between the window and the sample
86 during the measurement.32

87 IR light enters through an IR-transparent focusing window
88 (CaF2 or ZnSe). The high-energy X-ray beam enters directly
89 through the cell walls made of low absorption materials PEEK
90 and Kalrez. The diffracted beam passes through the CaF2
91 window with 12.5 mm radius (X-ray absorption of 70% at
92 photon energy of 73.74 keV).46 The setup allows us to image a
93 large part of reciprocal space with a 2D detector and high-
94 energy X-rays.47 Different azimuthal planes can be sampled
95 due to the rotation mechanism of the cell. Small scattering
96 angles below 10° ensure geometric compatibility with the EC-
97 IRRAS setup.
98 The schematic representation of the setup is shown in

f2 99 Figure 2. The setup consists of a Fourier-transform infrared
100 (FTIR) spectrometer with evacuated optics (Bruker Vertex
101 80v) with modular customized detector boxes for conventional
102 EC-IRRAS and polarization modulation (PM) EC-IRRAS
103 (both inert gas purged) on an adjustable optical table. The
104 height and tilt of the optical table can be adjusted by three z-
105 stages with high-precision worm gear drives (Huber
106 Diffraktionstechnik). The spectrometer features both static
107 polarization and polarization modulation, depending on the
108 application requirements.
109 The EC-IRRAS module is equipped with an external IR
110 chamber fixed at the spectrometer. The chamber houses the
111 electrochemical cell mounted on a rotating aluminum arm

112(Figure 2, top panel). The detailed view of the external IR
113chamber is shown in the middle panel of Figure 2 from both
114side and top perspectives. The arm holding the cell is attached
115to the goniometer, which allows rotation of the cell together
116with the sample by an angle of 110° without blocking the
117optical path of the X-rays. Inside the external IR chamber, the
118optical paths of the IR and X-ray beams are superimposed at
119the surface of the sample. The reflected IR light is measured by
120a liquid nitrogen cooled mercury cadmium telluride (MCT)
121narrow-band mid-IR detector (Bruker) inside the external IR
122chamber. The X-rays pass through two polymer windows
123(PEEK or Kapton) before they reach the 2D detector, which
124allows purging the chambers with N2.
125To demonstrate the potential of the setup, we performed a
126model experiment involving the electrochemical oxidation of
127an adsorbate (COads) and the electrode itself (Pt(111)) in an
128aqueous electrolyte (0.1 M HClO4). The experiment was
129performed at second experimental hutch (EH2) at beamline
130P07 at the PETRA III light source at the Deutsches Elektronen
131Synchrotron (DESY) (Hamburg, Germany).48 A photograph
132of the experimental setup at beamline P07 is shown in Figure
1332, bottom panel. The experimental procedure is shown in
134 f3Figure 3a. First, the electrolyte was purged with Ar for 10 min
135and then with CO for 10 min while the Pt(111) was kept at

Figure 1. Concept of the combined setup for simultaneous structural
and chemical analysis by means of electrochemical HE-SXRD and
IRRAS methods.

Figure 2. Schematic representation of the setup (top panel) with a
detailed side and top view of the electrochemical cell with a rotation
mechanism (middle panel). The photography of the setup (bottom
panel) was taken in the hutch of the beamline P07 at PETRA III,
DESY.
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136 0.05 VRHE. The potential was then increased in steps of 0.1−
137 1.5 VRHE. At each potential, we recorded both the IR spectra
138 and the SXRD patterns. The typical example of a diffraction
139 pattern obtained from Pt(111) at 0.2 VRHE is shown in Figure
140 3b. We observed Bragg reflections from Pt(111) and Bragg
141 reflections and ring-like diffraction patterns from the CaF2,
142 PEEK, and Kalrez parts of the cell. The most intense Bragg
143 reflections are shielded with beam stops, which can be seen as
144 rectangular, square, and round impressions. For the analysis of
145 the surface structure and morphology of the Pt(111) electrode,
146 we focus our attention on the crystal truncation rods (CTRs),
147 which appear as vertical streaks indicated by rectangular yellow
148 boxes in Figure 3b. Figures 3c and 3d show the potential-
149 dependent IRRA spectra and the corresponding structure
150 factors of the (11), (10), (01), and (02) CTRs between 0.05
151 and 1.5 VRHE, respectively. Note that the IRRA spectra (Figure
152 3c) are differential spectra. To reference against clean
153 backgrounds, we separated the spectra into two frequency
154 regions. Between 1700 and 2200 cm−1 we expect bands of
155 adsorbed COads. In this spectral region, we referenced the
156 spectra against a background spectrum measured after the
157 experiment at 1.5 VRHE, where all COads is oxidized to CO2.49

158 Between 2200 and 2500 cm−1 we expect bands from CO2
159 which are formed during the reaction. Here we used the
160 background spectrum before the measurement at a potential of
161 0.05 VRHE, which is below the onset of CO oxidation and
162 provides a clean background without product.49 Between 0.05
163 and 0.3 VRHE, we observe sharp bands at 2062, 1844, and 1772
164 cm−1, corresponding to CO adsorbed in on top (COt), bridge
165 bonded (COb), and 3-fold (CO3f) geometry, respectively.37

166 With SXRD we could not detect any specific adlayer structure.
167 For CO-saturated solutions, it is reported that CO adsorbs at
168 0.05 VRHE in a (2 × 2) CO adlayer in which COt and CO3f are

169present.37 Magnussen et al. report a dynamically fluctuating (1
170× 1) CO layer,50,51 during the transition from the (2 × 2) to
171the (√19 × √19) CO adlayer. This structure exhibits only
172short-range order, and its high mobility might result in
173occupation of both 3-fold and bridging adsorption sites.51 We
174attribute the presence of additional COb to a slightly lower CO
175coverage resulting in the mobile (1 × 1) adlayer structure. The
176lower CO coverage we assign to the long waiting times during
177the alignment, during which we could not purge with CO for
178technical reasons. Note that the time scale of diffusion between
179the thin layer and the bulk solution is on the order of hours
180(see the Supporting Information). The shape of the COt band
181indicates a defect-lean surface, as low-coordinated adsorption
182sites would give rise to a very characteristic shoulder at lower
183wavenumbers.52 The structure factors of the (11), (10), (01),
184and (02) CTRs measured in this potential region are
185consistent with ordered Pt(111) structure.53 With increasing
186potential, the IR bands of the COads shift to higher
187wavenumbers, which can be attributed to the Stark effect.
188For the most intense and sharp COt band, we observe a Stark
189slope of 21 cm−1 V−1 (Figure S1), which is in good agreement
190with literature.32 At 0.5 VRHE, the IR band at 1847 cm−1

191assigned to COb increases in intensity by a factor of ∼5, while
192the band at 1773 cm−1 assigned to CO3f disappears. At the
193same time, a new band at 2343 cm−1 appears, corresponding to
194the formation of CO2. These observations indicate the onset of
195CO oxidation and the transition to the (√19 × √19) CO
196adlayer.37 Note that we could not detect the (√19 × √19)
197CO adlayer in the HE-SXRD data. However, this is in
198agreement with previous work by Markovic ́ et al.38 They
199explain this phenomenon with a missing long-range order of
200the (√19 × √19) CO adlayer. At 0.7 VRHE, no bands assigned
201to COads are observed, and the intensity of the band at 2343

Figure 3. Stepwise oxidation of CO and Pt(111) monitored in the combined HE-SXRD and IRRAS experiment: (a) experimental procedure; (b)
representative diffraction pattern (at 0.2 VRHE); (c) potential-dependent IRRA spectra; background IRRA spectra are acquired for the region of
CO2 (left) at 0.05 VRHE before the measurement and for COads (right) at 1.5 VRHE after the measurement; (d) corresponding (11), (10), (01), and
(02) CTR data (symbols) and fits (solid lines). Note that the (01) CTR is shown as (1 0 −L). Data in (c) and (d) are vertically offset for clarity.
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202 cm−1, corresponding to CO2, reaches its maximum, while the
203 intensity decreases with increasing time. These observations
204 indicate that CO is completely oxidized to CO2. The latter is
205 first present in solution but, then, slowly diffuses out of the thin
206 layer. The CO oxidation process results in small changes of the
207 CTR intensity profiles discussed further below. As the
208 potential is increased above 1.0 VRHE, the CTR profiles change
209 more drastically, which can be attributed to the onset of Pt
210 oxidation. It is generally accepted that the oxidation of Pt(111)
211 occurs via a place-exchange (PE) mechanism.54−58 In the PE
212 process (Figure S5), Pt surface atoms are vertically displaced
213 from the surface by approximately a single Pt(111) step height.
214 Note that as described previously, we additionally expect the
215 formation of poorly ordered oxide that is not epitaxially aligned
216 with the underlying Pt metal lattice and cannot be detected in
217 the diffraction experiment.58,59

218 To obtain a more detailed picture, we further analyzed the
219 potential-dependent IRRA spectra and HE-SXRD data.
220 Specifically, we determined the band intensities of the IRRA
221 spectra and fitted the HE-SXRD data to a model describing the
222 PE process. The CTRs are sensitive to only layers ordered with
223 the same periodicity as the Pt(111) crystal structure.
224 Therefore, the Pt atoms that are removed from the substrate
225 to form the poorly ordered oxide do not contribute to the
226 CTRs. As a result, the PE model, which we use to fit the data,
227 is not mass-conserving and thus implies a number of “missing”
228 Pt atoms, which are assumed to be part of the oxide because Pt
229 dissolution in the electrolyte is negligible.60 Oxygen atoms
230 (possibly occupying the vacancies formed in the subsurface)
231 are not included in the model because their scattering intensity
232 is negligible as compared to that of Pt.58 Vertical displacements
233 and isotropic Debye−Waller factors are fitted for three atomic
234 layers, i.e., the place-exchange layer (PtPE), the topmost surface
235 layer (Ptsur), and the underlying base layer (Ptbase). The
236 occupancy of the Ptbase layer is fixed at unity, and it is fitted for
237 the PtPE and Ptsur layers. Including an overall scale factor, this
238 results in a total of 9 fit parameters. Simulations (see the
239 Supporting Information) and literature61 indicate that the
240 scattering strength of the CO molecules themselves is not
241 significant, and therefore they are omitted from the model
242 (similar as for the O atoms). Thus, the intensity of the CTRs is
243 completely dominated by Pt scattering. However, if the
244 adsorption of CO leads to a significant displacement of the
245 Ptsur layer, this should be visible in the data and should also be
246 captured by the fits.61 For consistency, the same model was
247 used for the entire potential window.

f4 248 In Figure 4, we have plotted the evolution of the band
249 intensities of the COads and CO2 bands determined from the
250 IRRA spectra (Figure 4a), the total Pt occupancy (Ptsur +
251 PtPE), the occupancy of Ptsur and PtPE (Figure 4b), and the
252 corresponding z-positions of PtPE, Ptsur, and Ptbase determined
253 from the HE-SXRD data as a function of the potential (Figure
254 4c). Note that we provide an overview of all fit parameters in
255 Chapter 3 of the Supporting Information. At 0.05 and 0.1
256 VRHE, we observe the bands of COt, COb, and CO3f. Note that
257 a direct correlation between the band intensity in IRRA spectra
258 and coverage is not possible due to coupling effects and
259 different dynamic dipoles moments.37 For example, the COt
260 gives rise to a much more intense band than COb and CO3f.

37

261 Therefore, we discuss the IRRA data only qualitatively.
262 In the SXRD data, we observe a positive displacement of the
263 Ptsur layer of ∼0.05 Å, while in the absence of CO (between 0.7
264 and 1.0 VRHE) no displacement is observable. Previous work

265has reported an expansion of 0.09 ± 0.02 Å in the presence of
266adsorbed CO.61 We attribute the deviation to the lower CO
267coverage, as suggested by IR spectroscopy. Between 0.05 and
2680.4 VRHE, the initial intensity ratio between COt, COb, and
269CO3f changes only slightly, and we observe traces of CO2
270formation. We attribute these changes to the CO oxidation at
271defect sites. At 0.5 VRHE we observe an increase in CO2
272formation, a decrease in the intensity of the CO3f band at 1773
273cm−1, and an increase in the intensity of the COb band at 1847
274cm−1. These observations indicate the transition to the (√19
275× √19) CO adlayer,37 as discussed above. Interestingly, this
276transition is accompanied by a relaxation of the positive
277displacement of the Ptsur layer. This demonstrates that the
278lattice expansion in the presence of CO is strongly dependent
279on the nature of the CO adlayer. The formation of CO2
280reaches a maximum at 0.6 VRHE and at 0.7 VRHE all CO is
281oxidized. CTR fits show no displacements in the potential
282range between CO oxidation at 0.7 and 1.0 VRHE, except for
283some occupancy of the place exchange site atoms. In this
284potential region, the surface structure is close to a bulk
285terminated Pt(111) surface. The nonzero value for the
286occupancy of the PtPE over the entire potential range is an
287indication of residual surface roughness. Only at the onset of
288oxidation do we expect an increased occupation of this layer.
289This effect is indeed observed at potentials ≥1.0 VRHE.
290Simultaneously, the Ptsur occupancy and the total occupancy
291(PtPE + Ptsur) decrease, indicating that a poorly ordered oxide
292is formed at the surface.58 In the potential region of the Pt

Figure 4. Potential-dependent evolution of adsorbates and surface:
(a) intensities of the COads and CO2 bands determined from the
IRRA spectra, (b) Pt occupancy, and (c) corresponding z-positions
determined from the HE-SXRD data.
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293 oxidation, no changes in the IR signals are observed, indicating
294 the absence of molecular adsorbates.
295 In summary, we developed a new experimental setup which
296 combines in-situ high-energy surface X-ray diffraction (HE-
297 SXRD) and infrared reflection absorption spectroscopy
298 (IRRAS) in an electrochemical environment. We demon-
299 strated the potential of the combined experiment by
300 correlating the structural changes to the adsorption behavior
301 of a Pt(111) single crystal electrode during CO and surface
302 oxidation. In particular, we were able to distinguish between
303 the adsorbate-induced restructuring and electrochemical
304 oxidation of the Pt(111) surface under potential control.
305 The experimental setup is compatible with all types of planar
306 model electrodes, such as single crystals, supported nano-
307 particles on planar electrodes, and nanostructured films. As a
308 unique feature of the approach, potential-dependent chemical
309 and structural information can be obtained in a single
310 experiment. The chemical information available from IRRAS
311 includes the nature of adsorbates, intermediates, poisons, or
312 promoters and their adsorption sites and geometry at the
313 electrode and in solution (using polarization-dependent data).
314 The structural information available from HE-SXRD includes
315 lattice parameters, surface relaxations and roughness, nano-
316 particle size, shape, orientation, and information on segrega-
317 tion, dealloying, or phase transformations. By recording the
318 data in a simultaneous fashion, correlations between structure
319 and reactivity can be obtained in a much more reliable and
320 reproducible fashion. Finally, we note that the here described
321 instrument is compatible with different beamlines at DESY and
322 the European Synchrotron Radiation Facility (ESRF) and is
323 part of the DESY infrastructure which is available to users via
324 the common application procedures.62

325 Experimental Section. The experiment was performed at
326 the Physics Hutch at beamline P07 of Petra III, DESY.48 The
327 glassware and the electrochemical cell parts were soaked
328 overnight in 1 g L−1 KMnO4/0.5 M H2SO4 solution, followed
329 by boiling in ultrapure water (18.2 MΩ·cm, Elga purelab flex)
330 4 to 5 times. The electrochemical cell was assembled with a
331 CaF2 hemisphere at the bottom, which serves as the IR
332 transparent window, and has a diameter of 2.5 cm. The
333 Pt(111) sample (MaTeck) was annealed for 2 min in a butane
334 flame and cooled in a H2/Ar atmosphere (ratio ∼3:1). After
335 the single crystal cooled to room temperature, the surface of
336 the Pt sample was protected by a drop of ultrapure water and
337 transferred to the electrochemical cell. The electrolyte, 0.1 M
338 HClO4, was prepared using perchloric acid (99.999% trace
339 metal basis, Sigma-Aldrich). A potentiostat (Gamry Reference
340 600+) was used to control the potentials in a three-electrode
341 configuration. A miniaturized reversible hydrogen electrode
342 (RHE, HydroFlex) and a Pt wire were used as RE and CE,
343 respectively. Electrochemical IR spectra were acquired with a
344 FTIR spectrometer with evacuated beampath (Bruker Vertex
345 80v) and an external IR chamber purged with nitrogen (see
346 main text for details). Before the experiment, the external IR
347 chamber was purged with N2 for at least 1 h, and the flow was
348 kept through the experiment. IR spectra were acquired with a
349 liquid-nitrogen-cooled mercury cadmium telluride (MCT)
350 narrow band detector. HE-SXRD was measured with an X-
351 ray incidence angle of 0.05°, which is slightly above the critical
352 angle of total external reflection for Pt at the used photon
353 energy of 73.94 keV. HE-SXRD data were recorded using a 2D
354 area detector (Varex XRD4343RF) with a total sensitive area
355 of 432 × 432 mm2 and a pixel size of 150 × 150 μm2. This

356detector was placed at a distance of 1400 mm from the sample.
357The high-intensity Bragg peaks from both the Pt sample and
358the CaF2 IR window were blocked using lead absorber pieces.
359A hexagonal surface unit cell (a = b = 2.77 Å, c = 6.80 Å) was
360chosen such that the a* and b* reciprocal space vectors
361describe the surface plane while the c* vector lies along the
362surface normal. The corresponding H, K, and L coordinates
363were defined using a Pt lattice constant of 3.924 Å. Data
364processing,63 i.e., background subtraction, intensity correction,
365and signal integration, was performed using home-written
366scripts in Wavemetrics Igor Pro. The ANAROD package was
367used to fit a structural model to the data.64
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