Chapter 6
Cell Designs for In Situ and Operando Studies

Dmitry E. Doronkin, Henning Lichtenberg, and Jan-Dierk Grunwaldt

6.1 Introduction and Criteria for the Choice
of an Appropriate Cell

The design of appropriate spectroscopic cells for in situ and operando XAFS
studies of heterogeneous catalysts has been a very active field during the past
decades as the investigation of catalysts at work has become a powerful approach
to improve the activity and selectivity of catalysts in a rational manner [1-4]. The
inherent advantage of X-rays is due to their penetrating power through solids, gases
and liquids. The structural information can be gained under reaction conditions with
reactors with similar geometry to those used in industrial catalysis. Various cells for
in situ (e.g., in a gas atmosphere) or operando (i.e., while measuring the catalytic
performance) spectroscopic studies have already been designed since the 1980s [5].

Still, during the past years a number of new in situ cells have been developed,
e.g., to combine XAFS with complementary techniques [6], to optimize the geom-
etry for XAS in fluorescence mode [7], to investigate heterogeneous catalysts in
liquid phase [8] or to extend in situ XAS studies to high pressure reactions
[9]. Hence, many different cell designs exist, which are mostly unique and tailored
to a specific application. Only a few of them are commercially available [9, 10], and
most of them are constructed by the research groups themselves. Recently, attempts
to exchange experience and develop infrastructure for catalysis studies at synchro-
trons emerged for example in the US (Synchrotron Catalysis Consortium, SCC)
[11] as well as in Europe (e.g., SNBL [12, 13] and DUBBLE [14] beamlines at
ESRF, SAMBA beamline [9] at SOLEIL and catalysis research at ANKA [15]).
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Many of these organizations even provide infrastructure and support for the users
without synchrotron experience; however, choosing an appropriate cell is a critical
decision for a successful experiment.

The reasons for the wide variety of in situ cells are manifold. One of the main
reasons is the high number of different applications. A spectroscopic cell for
studying a catalyst while it is working (e.g., in a fast reaction) needs a completely
different design than a cell for a catalyst that acts in a slow reaction which is not
mass transfer limited, a reaction in liquid phase or an experiment where the catalyst
is studied after reduction. Grunwaldt et al. [16] have described criteria to guide this
development of in situ cells from the start of the construction to aim finally at the
“best compromise”; many of those criteria are similar to those in the chemical
engineering literature. An overview on different spectroscopic cells and the history
of development of the in situ cells for XAFS studies of catalysts was furthermore
given by Bare and Ressler [17]. The following considerations are important when
choosing the appropriate cell:

e Are the data to be collected in transmission or in fluorescence mode? This
depends on a number of factors including the nature of the sample (concentration
of the element of interest and homogeneity of its distribution in the sample), the
experimental design, and the necessity to combine XAFS with other spectro-
scopic techniques.

» The range of the photon energies to be covered. This is crucial for choosing the
appropriate material and the thickness of X-ray windows.

¢ Operating temperatures and pressures as well as chemical compatibility of
reactants with window, reactor and sealing materials. Maximum heating and
cooling ramps, which are limited by the thermal mass of the cell.

» In case of catalytic reactions: Is the reaction fast or slow (internal mass transport
limitations)? Does it occur in gas phase or liquid or even three-phase mixture
(external mass transport limitations)?

« Are accurate measurements of catalyst activity, selectivity, and the temperature
of the catalyst bed necessary? In particular, will the measurements be carried out
under operando conditions?

e Are specific safety issues to be considered?

» Are spatially or time resolved studies (resolution) required?

¢ Should the XAS experiment be combined with other spectroscopic techniques?

Irrespective of the type of the cell an important decision has to be made
concerning the X-ray transparent window material. The material has to absorb the
minimum amount of incoming, transmitted and/or fluorescence X-rays and needs to
be chemically, temperature, and mechanically stable for the desired application.
The most commonly used X-ray window materials include beryllium, Kapton®™
(polyimide), quartz, glassy carbon, and boron nitride. For high pressure in situ cells
and studies at higher photon energies (typically more than 10 keV) foils of light
metals, e.g., Al or Ti can serve as X-ray windows. If a combination of techniques is
required the window has to be transparent for all used photon energies, e.g., when
combining XAS with simultaneous Raman measurements quartz reactors [13] or
cells with mica windows [9] are used.
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Fig. 6.1 Typical designs of in situ cells for studies of heterogeneous catalysts: (a) environmental
cell with gas flowing around a pellet and (b) a cell with gas flowing through a pellet; (c) capillary
microreactor cell with plug-flow reactor geometry for studying powder catalysts. Reproduced
from ref. [16] with permission from the PCCP Owner Societies

In general, a cell design fulfilling all wishes of an experimentalist is rarely
possible or available which results in compromises between the XAFS data quality
and catalytic performance, easiness of operation, safety, and many more aspects. A
comparison of in situ cells of principally different design concepts in terms of both
spectral data quality and the relevance for the reaction kinetic (operando) measure-
ments was reported by Grunwaldt et al. (Fig. 6.1) [16]. The more common design
with a catalyst wafer (pressed pellet) placed in an environmental cell with gas
flowing around the pellet (Fig. 6.1a) showed its suitability for obtaining good
spectral quality data with homogeneous beam transmission. This makes this cell
type suitable also for measurements with position-sensitive detectors, i.e., for
energy dispersive EXAFS. An improved design of this cell, which is also used
for infrared spectroscopy [18], involves gas flowing through a pellet (Fig. 6.1b).
This design ensures gas diffusion through the entire cross section of a sample pellet;
however, it requires preparation of pellets with sufficient porosity, e.g., using
y-alumina as a binder material which is not always possible without altering the
catalytic properties of the sample material [16]. The other cell in the comparison
was a capillary microreactor as example of plug-flow reactor geometry and catalyst
in form of 80-120 pm particles (Fig. 6.1c), based on concepts by Clausen et al. [19]
and Thomas et al. [20], and a powder sample in an enclosed cell reported by Bazin
et al. [21]. While the pellet cell allowed higher quality XAFS data acquisition, the
diffusion limitations through a catalyst wafer resulted in markedly different kinetics
during temperature-programmed reduction of CuO/ZnO when compared to catalyst
grains such as in a capillary cell. In the case of fast catalytic reactions (e.g.,
oxidation of methane over PdO,/ZrO,) gas bypass in the pellet cell and especially
internal mass transport limitations were shown not only to significantly influence
the measured catalytic data but also falsify conclusions on the structure since only
the outer surface is really exposed to the reaction mixture [16].

The reason for different kinetics of Cu reduction is just due to internal mass
transfer limitations as demonstrated in ref. [16]. For spherical particles the reaction
time 7 can be calculated using the shrinking core model:
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where pcyo 1S the molar density of CuO in a particle, D, is the effective diffusion
coefficient, Ry, is a particle radius (or pellet thickness), and Cy, is the hydrogen
concentration. For an effective diffusion coefficient of 107°~107® m?s and a
100 pm particle 7 amounts to 20 ms—2 s. This is already in the time range of time
resolved studies using QEXAFS [22] and DEXAFS [23] and should be taken into
account, i.e., a reaction faster than ~1 ms may be hampered by internal diffusion or
external mass transport, even in the ideal case of a sieved catalyst. Similar consid-
erations apply to pressed catalyst wafers (pellets) where the total reduction time
with the diffusion coefficients given above and 2 mm pellet thickness amounts to
33 s—56 min (depending on the porosity of the binder material) which makes it
inapplicable for time-resolved experiments.

Internal mass transport may not only play a role during dynamic changes of
temperature or concentration but also may even occur under stationary reaction
conditions if the reaction rates are high such as for oxidation of methane. In
heterogeneous catalysis, this is typically reflected by the “effectiveness factor” of
the catalyst and estimated using the Thiele modulus [24]. Due to the high reaction
rate the reactant (e.g., methane) is already consumed while diffusing into the porous
solid catalyst and the inner part of the catalyst may thus not interact with the
reactant at all. Since XAS experiments typically probe the whole catalyst and
average the contributions from all atoms of a specific element, this will also
strongly affect or even falsify the spectroscopic result.

Figure 6.2 shows an example of a methane concentration gradient calculated for
the total oxidation of methane over Pd-based catalysts based on a reaction rate
constant k, = 1.55 - 10° s ! and an effective diffusion coefficient D, = 1.1 -10~% m?
s~ ' [16]. Whereas the concentration in an 80 pm large particle (sieved catalyst) only
drops to 90 % of the surface concentration, the concentration of methane in a self-
supporting disk drops to less than 10 % already at a penetration depth of 70 pm. This
means that, in case of a net wafer thickness of 1 mm, transmission XAS will only to
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Fig. 6.2 Calculated profiles of the methane concentration (normalized by the surface concentra-
tion) during the total oxidation of methane for the cases of a 1 mm thick pellet and an 80 pm
particle. Adapted from ref. [16] and ref. [25] with permission from the PCCP Owner Societies
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a minor extent monitor the area within the catalyst where the reaction occurs. The
effectiveness for a pressed wafer is with 3 % much lower than for a particle of
80 pm (88 %). For a Thiele modulus

w=L/=—<3 (6.2)

the methane concentration drops to less than 10 % at the center of the catalyst
particle (L. is a characteristic length defined as half of the thickness for a disk and
1/6 of the particle diameter for round-shaped particles, cf. ref. [24]; &, is the rate
constant). Hence, the Thiele modulus is a very useful parameter which indicates
whether internal mass transport is limiting and thus well suited for optimizing in
situ and, especially, operando spectroscopic cells.

In conclusion, for fast reactions a finely sieved powder catalyst should prefer-
entially be used. Similar considerations as for gas phase experiments can be made
for liquids and higher pressure studies, where also external mass transport limita-
tions at the fluid/solid interface may occur [16]. This compromise keeps the design
of new in situ cells a very active field to fulfill the best spectroscopic conditions
(depending on the photon energy, concentration of the element of interest as well as
the required spatial resolution) and optimum catalytic conditions (gas phase, liquid
phase, high pressure, temperature profiles, mass transfer limitations, continuous
flow or batch-like). Therefore, there cannot be a universal solution. Instead, differ-
ent applications require specific cell designs.

6.2 In Situ Cells for Studies of Catalysts in Form
of Powders and Pellets

One of the first cells for the in situ XAFS studies of catalysts was designed by
F. Lytle et al. [5]. The design (Fig. 6.3) has been adopted by many research groups
and it is one of the few commercially available cells [26]. It allows transmission
measurements on both self-supporting wafers and powders using a special boat-
type inset. An additional ion chamber detector with a built-in amplifier is available
for measurements in fluorescence mode. The gas atmosphere may be changed and
the cell can be evacuated. The maximum pressure is rated up to 100 bar. It is
possible to cool the sample holder with liquid nitrogen and to heat it up to approx.
1000 K using a built-in resistance heating unit. At the same time the outer shell of
the cell is water-cooled to prevent heating the beamline components and the
fluorescence detector. One downside of the design is the gas bypassing the sample
which prevents obtaining quantitative catalytic data acquisition. The other draw-
back is that the temperature of the catalyst sample cannot be measured directly.

A significant improvement of the same general layout was reported by
Hannemann et al. (Fig. 6.4) [7]. This cell allows measurements on (preferentially)
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Fig. 6.3 Schematic view of the Lytle cell. Reprinted with permission from ref. [5]. Copyright
1979, AIP Publishing LLC
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Fig. 6.4 Schematic view of the XAFS cell for transmission/fluorescence measurements and X-ray
diffraction
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powders (like the cell by Bazin et al. [21]) and self-supported wafers (pressed into
the sample compartment). It mimics a plug flow reactor, is suitable for both gas and
liquid environments and additionally allows online products analysis. The sample
holder further allows cooling down to the temperature of liquid nitrogen and
heating to 973 K. The heating is localized so that the temperature of the outer
body does not exceed 423 K even without water cooling. The inner volume of the
cell can be evacuated (e.g., to prevent ice formation on the X-ray windows during
measurements at liquid nitrogen temperature) or filled with He for measurements at
low energies. Different materials can be used for the sample holder depending on
photon energy, pressure and the chemical nature of reactants/products. The thick-
ness of the sample can be varied by using reaction cell insets of different thickness.
A variable sample positioning angle relative to the beam, wide windows and
funnel-shaped cutouts in the sample holder allow measurements of X-ray fluores-
cence and X-ray diffraction simultaneously with XAFS measurements in transmis-
sion mode. Notably, due to the windows on all four sides of the cell it can be used at
many different beamlines with different detector arrangement.

A much simpler but not less versatile cell was originally suggested by Clausen
etal. [19] and Thomas et al. [20], and further developed by Grunwaldt et al. (Fig. 6.5a)
[16]. The concept is based on a thin quartz (or glass) capillary (0.5-3 mm o.d.,
10-20 pm wall thickness, available from for example Hilgenberg GmbH, Hampton
Research, and a number of other suppliers) connected to a gas dosing and a gas
analysis units by means of graphite ferrules [16] or high-temperature epoxy glue for
gas-tight sealing [27]. The catalyst, in form of small grains (grain size is typically
within 50-150 pm range), is placed between two quartz wool plugs, and the overall
assembly has a geometry of a regular plug-flow catalytic reactor with virtually no
dead volume. The capillary can be cooled or heated by cold or hot nitrogen (air)
blowers. Some of them are commercially available, e.g., a Cryojet from Oxford
Instruments (85-500 K) [28] and a gas blower built by Cyberstar S.A. (now by
FMB-Oxford, heating up to 1273 K) [29]. An alternative air blower LE Mini Sensor

Gas flow 10 mm
— X-rays

Gas Blower

Fig. 6.5 (a) A photograph of the capillary cell used by Grunwaldt et al. [16], here mounted on top
of a FMB Oxford Gas Blower (heater). The capillary microreactor is glued in the stainless steel
holder by means of high-temperature epoxy-glue. (b) IR thermography image of the temperature
distribution in a microreactor capillary filled with a Pt/Al,O; catalyst at 400 °C Gas Blower
setpoint in a flow of 50 ml/min He
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from Leister Technologies AG originally designed for the plastic packaging industry
can be used up to 900 K [26].

The remarkable versatility of this design allows simultaneous measurements of
X-ray absorption, fluorescence, diffraction [6], and also optical spectroscopy such
as Raman [6, 13] or UV-Vis [30]. The capillary microreactor cell is also suitable for
studies of photocatalysts under working conditions [31]. Catalytic data can be
measured and evaluated as for any conventional plug-flow reactor. There are certain
drawbacks of the design, which should be taken into account when planning an
experiment. First of all, precise measurement of the catalyst temperature is not
possible, second, as for all plug-flow reactors, in case of fast reactions concentration
gradients along the catalyst bed will occur [32]. Furthermore, although the cell was
tested under pressures up to 50 bar [19], the actual maximum pressure depends on
the particular capillary and cannot be defined a priori. Heating by a gas stream leads
to temperature gradients (e.g., Fig. 6.5b) which may be critical and should be taken
into account for certain catalytic reactions, e.g., total oxidation [33] with steep
light-off curves. Some of the drawbacks can be negotiated with, i.e., heating of the
catalyst by the intense X-ray beam can be estimated based on the change in the
catalytic conversion [34], and in the case of concentration gradients spatially
resolved XAS measurements are required [32, 35].

For high throughput X-ray absorption studies (to increase the number of mea-
sured catalysts) also a microreactor array was developed that allows to study the
structural changes in six to ten solid samples with an independent gas supply to each
reactor channel and also fast independent MS analysis [36, 37] and thereby real
simultaneous operando acquisition of XANES spectra of working catalysts. The
setup uses a fast CCD camera with X-ray absorption contrast as is schematically
shown in Fig. 6.6.

Application of thin walled quartz capillaries limits the maximum pressure and
requires several safety precautions against breaking the capillary. Other materials
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Fig. 6.6 Setup for parallel screening of the structure of heterogeneous catalysts at work using a
CCD camera and a microreactor array. Reproduced from ref. [37] with permission.© IOP Pub-
lishing. All rights reserved
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with lower X-ray absorption than that of quartz were suggested for use as plug-flow
microreactors. Bazin used carbon foil [21], Bare used Be tubes with 3 mm outer
diameter and 0.5-0.75 mm wall thickness operated at temperatures up to 8§23 K and
pressures up to 14 bar as an in situ plug flow reactors [38]. One advantage of the
reported design is the possibility to directly measure the temperature of the catalyst
bed since the reactor tube is thick enough to accommodate a thermocouple. The
other advantage is that due to low X-ray absorption by the Be walls collection of
XAFS data at photon energies below 5 keV is possible. The disadvantages lie in the
chemical nature of the used beryllium (PF-60 grade Be contains up to 800 ppm Fe
and other trace elements, which limits its application for certain catalytic reactions)
and the toxicity of Be when oxidized which requires special care during handling
[39]. To overcome the disadvantages of Be as reactor material Kispersky
et al. reported the use of a vitreous carbon tube (glassy carbon, Fig. 6.7) as a robust
relatively low-cost plug-flow in situ reactor [40]. With a 6 mm outer diameter and
4 mm inner diameter it is comparable to the reactors used in laboratory test rigs. The
reactor was placed vertically for a down-flow operation which allowed spatially
resolved XAFS measurements along the catalyst bed. The reactor can be heated to
823 K in oxidizing atmosphere and has been tested under pressures up to 25 bar.
Both reactors of Bare [38] and Kispersky [40] were heated by means of an oven
with openings for incoming and transmitted X-rays and as such can be used only for
transmission XAS measurements.

High pressure studies (>20 bar) require special reactor designs as most of the
X-ray window materials cannot withstand such pressure if made thin enough for
low absorption of X-rays [41, 42]. Thus, the reactors and windows have to be
reinforced. An example of a plug-flow reactor for transmission studies at high
pressures (up to 150 bar) is shown in Fig. 6.8. The main body of the reactor is a



84 D.E. Doronkin et al.

Fig. 6.8 Schematic view of
a transmission cell for
catalytic studies at high
pressure (up to 150 bar)
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solid stainless-steel block with bored holes for gas (or liquid) inlet and outlet. The
catalyst is placed in the middle channel of the reactor body and covered by graphite
sealings and Be windows. Several sets of reactor covers and spacers allow different
thicknesses of the catalyst bed. The assembled reactor is heated by a specially
designed oven composed of two parts (Fig. 6.8) with a water- or air-cooled outer
shell to prevent heating of beamline components and to achieve fast cooling if
necessary.

6.3 In Situ Cell for Studies in Liquid Phase and at Elevated
Pressures

Not all catalytic processes are realized in flow-through reactors. Some liquid-phase
reactions and reactions in supercritical fluids require high pressure batch reactors to
run [41]. Also, hydrothermal synthesis of catalysts requires autoclaves [43]. An in
situ batch autoclave-like reaction cell was reported by Grunwaldt et al. [8]. This cell
(Fig. 6.9) mimics a conventional autoclave with a polyether—ether—ketone (PEEK)
inset with two beam paths, one in the middle of the cell to probe the liquid phase
and one at the bottom to probe the solid catalyst. The total volume of the cell is
about 10 ml and it is rated for pressures up to 150 bar. It is equipped with a magnetic
stirrer and can be heated up to 473 K. This cell allows monitoring solid species at
the bottom and soluble species in the liquid, which may be relevant for sample
preparation by hydrothermal or solvothermal synthesis [44], investigation of
heterogeneized complexes or Pd-catalyzed Heck-reaction [45, 46].
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Fig. 6.9 Scheme of an in situ batch cell for studies of liquids and liquid/solid interfaces at high
pressures

6.4 In Situ Cell for Studies of Chemical Sensors

Sensors are another type of nanomaterials closely related to catalysts in terms of
structure and gas—solid interaction (cf. Chap. 25). Therefore, as in catalytic studies,
characterization of sensing materials should be carried out in a realistic gas atmo-
sphere and at realistic temperatures. For semiconducting sensors an important
difference is for example the sandwich structure of sensors which is typically a
sandwich consisting of a sensing material, electrodes, a substrate and heater layers
[47]. In case of noble metal doped SnO,-sensors the strongly absorbing SnO,-
matrix and especially the only 50 um thick screen printed layer for chemical sensors
makes transmission XAS measurements difficult or impossible, and therefore, in
situ cells optimized for fluorescence measurements are required. In addition to the
cell design, the sensor itself should be fabricated in a way to avoid interference of
fluorescence from the element of interest and heaters or electrodes, e.g., for studies
of Pt-containing sensor materials Au electrodes and Au/Pd heaters can be used
[47]. An in situ cell suitable for studies of sensors is depicted in Fig. 6.10 [48]. It
consists of a gas tight vessel, sensor heater and readout connectors, large Kapton®
windows, a sensor holder and gas ports. Although primarily designed for fluores-
cence measurements, X-ray windows on both sides of the cell allow transmission
XAS to be recorded as well.
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Fig. 6.10 3D drawing of an X-ray absorption/fluorescence cell for in situ and operando studies of
sensors

6.5 In Situ Cells for Studies of Electrocatalysts

Unlike photocatalysts, electrocatalysts require specially developed cells for in situ
and operando X-ray studies. The design concept of in situ electrochemical cells
often reproduces real fuel cells and is based on a sandwich of electrodes. The anode
and cathode are coated with the corresponding electrocatalysts and an ion (proton)
conducting membrane. If the electrocatalysts to be studied are based on different
metals, the only major modification required to adapt the fuel cell to in situ studies
is to provide a thinning to serve as X-ray window [49, 50]. Some of the electro-
chemical cells do not require machining and can be built in the laboratory, e.g., an
easy-to-build flexible electrochemical “coffee bag” type cell which is composed of
a stack of metal and membrane foils in an aluminum bag with X-ray windows
[51]. During the XAS experiment using the above mentioned cells, X-rays are
transmitted through the whole fuel cell and in such a way anode and cathode
materials are studied simultaneously. This works well when absorption edges of
anode and cathode catalysts do not overlap, otherwise windows must be made in the
anode and cathode layers to be able to study them separately as was done by C. Roth
et al. who used a slightly modified commercial fuel cell as an in situ cell [52].

6.6 Conclusions and Outlook

The selected examples show that the combination of XAS and related photon-in/
photon-out techniques with reaction cells operating close to realistic conditions
provides a very powerful tool to establish structure—function relationships in catal-
ysis and related areas. An appropriate design of spectroscopic cells is one of the
keys to successful in situ and operando XAFS studies in gas and liquid phase or
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even under challenging high pressure conditions. Criteria which are typically
applied in chemical engineering are valuable for an optimization of in situ cells
for time-resolved and for operando studies. Reaction cell design will remain a very
active field in future as one can only aim for the “best compromise” and the criteria
described in this chapter may give a hint how to achieve this goal most rapidly. This
will significantly contribute to a better understanding of the dynamics of functional
materials, in particular the catalyst structure while monitoring the catalytic perfor-
mance or even the kinetics of catalytic processes.

References

—

10.
11.
12.

13.

14.

15.

. Weckhuysen BM (2003) Determining the active site in a catalytic process: operando spec-

troscopy is more than a buzzword. Phys Chem Chem Phys 5:4351. doi:10.1039/b309650p

. Topsge H (2003) Developments in operando studies and in situ characterization of heteroge-

neous catalysts. J Catal 216:155-164. doi:10.1016/S0021-9517(02)00133-1

. Grunwaldt J-D, Clausen BS (2002) Combining XRD and EXAFS with on-line catalytic studies

for in situ characterization of catalysts. Top Catal 18:37-43. doi:10.1023/A:1013838428305

. Banares MA (2005) Operando methodology: combination of in situ spectroscopy and simul-

taneous activity measurements under catalytic reaction conditions. Catal Today 100:71-77.
doi:10.1016/j.cattod.2004.12.017

. Lytle FW, Wei PSP, Greegor RB et al (1979) Effect of chemical environment on magnitude of

x-ray absorption resonance at Ly edges. Studies on metallic elements, compounds, and
catalysts. J] Chem Phys 70:4849-4855. doi:10.1063/1.437376

. Grunwaldt J-D, van Vegten N, Baiker A, van Beek W (2009) Insight into the structure of Pd/

ZrO, during the total oxidation of methane using combined in situ XRD, X-ray absorption and
Raman spectroscopy. J Phys Conf Ser 190:012160. doi:10.1088/1742-6596/190/1/012160

. Hannemann S, Casapu M, Grunwaldt J-D et al (2007) A versatile in situ spectroscopic cell for

fluorescence/transmission EXAFS and X-ray diffraction of heterogeneous catalysts in gas and
liquid phase. J Synchrotron Radiat 14:345-354. doi:10.1107/S0909049507024466

. Grunwaldt J-D, Ramin M, Rohr M et al (2005) High pressure in situ x-ray absorption

spectroscopy cell for studying simultaneously the liquid phase and the solid/liquid interface.
Rev Sci Instrum 76:054104. doi:10.1063/1.1914787

. La Fontaine C, Barthe L, Rochet A, Briois V (2013) X-ray absorption spectroscopy and

heterogeneous catalysis: performances at the SOLEIL’s SAMBA beamline. Catal Today
205:148-158. doi:10.1016/j.cattod.2012.09.032

The EXAFS Company. http://www.exafsco.com. Accessed 11 Aug 2016

Synchrotron Catalysis Consortium (SCC). http://www.yu.edu/scc. Accessed 11 Aug 2016
Abdala PM, Safonova OV, Wiker G et al (2012) Scientific opportunities for heterogeneous
catalysis research at the SuperXAS and SNBL beam lines. Chimia 66:699-705. doi:10.2533/
chimia.2012.699

van Beek W, Safonova OV, Wiker G, Emerich H (2011) SNBL, a dedicated beamline for
combined in situ X-ray diffraction, X-ray absorption and Raman scattering experiments. Phase
Transit 84:726-732. doi:10.1080/01411594.2010.549944

Martis V, Beale AM, Detollenaere D et al (2014) A high-pressure and controlled-flow gas
system for catalysis research. J Synchrotron Radiat 21:462-463. doi:10.1107/
S1600577513031937

Grunwaldt J-D, Hannemann S, Gottlicher J et al (2005) X-ray absorption spectroscopy on
heterogeneous catalysts at the new XAS beamline at ANKA. Phys Scr 2005:769. doi:10.1238/
Physica.Topical.115a00769


http://dx.doi.org/10.1039/b309650p
http://dx.doi.org/10.1016/S0021-9517(02)00133-1
http://dx.doi.org/10.1023/A:1013838428305
http://dx.doi.org/10.1016/j.cattod.2004.12.017
http://dx.doi.org/10.1063/1.437376
http://dx.doi.org/10.1088/1742-6596/190/1/012160
http://dx.doi.org/10.1107/S0909049507024466
http://dx.doi.org/10.1063/1.1914787
http://dx.doi.org/10.1016/j.cattod.2012.09.032
http://www.exafsco.com/
http://www.yu.edu/scc
http://dx.doi.org/10.2533/chimia.2012.699
http://dx.doi.org/10.2533/chimia.2012.699
http://dx.doi.org/10.1080/01411594.2010.549944
http://dx.doi.org/10.1107/S1600577513031937
http://dx.doi.org/10.1107/S1600577513031937
http://dx.doi.org/10.1238/Physica.Topical.115a00769
http://dx.doi.org/10.1238/Physica.Topical.115a00769

88

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

217.

28.
29.
30.

31.

32.

33.

34.

D.E. Doronkin et al.

Grunwaldt J-D, Caravati M, Hannemann S, Baiker A (2004) X-ray absorption spectroscopy
under reaction conditions: suitability of different reaction cells for combined catalyst charac-
terization and time-resolved studies. Phys Chem Chem Phys 6:3037-3047. doi:10.1039/
B403071K

Bare SR, Ressler T (2009) Chapter 6. Characterization of catalysts in reactive atmospheres by
X-ray absorption spectroscopy. In: Gates BC, Knozinger H (eds) Advances in Catalysis, vol
52. Academic Press, San Diego, pp 339-465

Lesage T, Verrier C, Bazin P et al (2003) Studying the NOx-trap mechanism over a Pt-Rh/Ba/
Al,O5 catalyst by operando FT-IR spectroscopy. Phys Chem Chem Phys 5:4435-4440. doi:10.
1039/b305874n

Clausen BS, Topsge H (1991) In situ high pressure, high temperature XAFS studies of
Cu-based catalysts during methanol synthesis. Catal Today 9:189-196. doi:10.1016/0920-
5861(91)85023-2

Sankar G, Wright PA, Natarajan S et al (1993) Combined QUEXAFS-XRD: a new technique in
high-temperature materials chemistry; an illustrative in situ study of the zinc oxide-enhanced
solid-state production of cordierite from a precursor zeolite. J Phys Chem 97:9550-9554.
doi:10.1021/j100140a002

Bazin D, Triconnet A, Moureaux P (1995) An Exafs characterisation of the highly dispersed
bimetallic platinum-palladium catalytic system. Nucl Instrum Methods Phys Res B 97:41-43.
doi:10.1016/0168-583X(94)00713-6

Grunwaldt J-D, Liitzenkirchen-Hecht D, Richwin M et al (2001) Piezo X-ray absorption
spectroscopy for the investigation of solid-state transformations in the millisecond range. J
Phys Chem B 105:5161-5168. doi:10.1021/jp010092u

Newton MA, Burnaby DG, Dent AJ et al (2001) Simultaneous determination of structural and
kinetic parameters characterizing the interconversion of highly dispersed species: the interac-
tion of NO with Rh'(CO),/y-Al,0s. J Phys Chem A 105:5965-5970. doi:10.1021/jp011621x
Levenspiel O (1972) Chemical reaction engineering. Wiley, New York

Grunwaldt J-D, Baiker A (2006) Time-resolved and operando XAS Studies on heterogeneous
catalysts — from the gas phase towards reactions in supercritical fluids. In: Hedman B, Pianetta
P (eds). AIP Conf. Proc. Stanford, California, p 597

Le Mini Sensor Kit. http://www leister.com/en-gb/leister-technologies/process-heat/products/
le-heaters/le-mini-sensor-kit. Accessed 11 Aug 2016

Tsakoumis NE, Voronov A, Rgnning M et al (2012) Fischer—Tropsch synthesis: an
XAS/XRPD combined in situ study from catalyst activation to deactivation. J Catal
291:138-148. doi:10.1016/j.jcat.2012.04.018

Oxford Instruments. http://www.oxford-instruments.com. Accessed 11 Aug 2016

FMB Oxford. http://www.fmb-oxford.com. Accessed 11 Aug 2016

Tinnemans SJ, Mesu JG, Kervinen K et al (2006) Combining operando techniques in one
spectroscopic-reaction cell: new opportunities for elucidating the active site and related
reaction mechanism in catalysis. Catal Today 113:3-15. doi:10.1016/j.cattod.2005.11.076
Chiarello GL, Dozzi MV, Scavini M et al (2014) One step flame-made fluorinated Pt/TiO,
photocatalysts for hydrogen production. Appl Catal B 160-161:144—151. doi:10.1016/j.
apcatb.2014.05.006

Grunwaldt J-D, Hannemann S, Schroer CG, Baiker A (2006) 2D-mapping of the catalyst
structure inside a catalytic microreactor at work: partial oxidation of methane over Rh/Al,O3. J
Phys Chem B 110:8674-8680. doi:10.1021/jp060371n

Ginzler AM, Casapu M, Boubnov A et al (2015) Operando spatially and time-resolved X-ray
absorption spectroscopy and infrared thermography during oscillatory CO oxidation. J Catal
328:216-224. doi:10.1016/j.jcat.2015.01.002

Boubnov A, Carvalho HWP, Doronkin DE et al (2014) Selective catalytic reduction of NO
over Fe-ZSM-5: mechanistic insights by operando HERFD-XANES and valence-to-core x-ray
emission spectroscopy. J Am Chem Soc 136:13006-13015. doi:10.1021/ja5062505


http://dx.doi.org/10.1039/B403071K
http://dx.doi.org/10.1039/B403071K
http://dx.doi.org/10.1039/b305874n
http://dx.doi.org/10.1039/b305874n
http://dx.doi.org/10.1016/0920-5861(91)85023-2
http://dx.doi.org/10.1016/0920-5861(91)85023-2
http://dx.doi.org/10.1021/j100140a002
http://dx.doi.org/10.1016/0168-583X(94)00713-6
http://dx.doi.org/10.1021/jp010092u
http://dx.doi.org/10.1021/jp011621x
http://www.leister.com/en-gb/leister-technologies/process-heat/products/le-heaters/le-mini-sensor-kit
http://www.leister.com/en-gb/leister-technologies/process-heat/products/le-heaters/le-mini-sensor-kit
http://dx.doi.org/10.1016/j.jcat.2012.04.018
http://www.oxford-instruments.com/
http://www.fmb-oxford.com/
http://dx.doi.org/10.1016/j.cattod.2005.11.076
http://dx.doi.org/10.1016/j.apcatb.2014.05.006
http://dx.doi.org/10.1016/j.apcatb.2014.05.006
http://dx.doi.org/10.1021/jp060371n
http://dx.doi.org/10.1016/j.jcat.2015.01.002
http://dx.doi.org/10.1021/ja5062505

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Cell Designs for In Situ and Operando Studies 89

Doronkin DE, Casapu M, Giinter T et al (2014) Operando spatially- and time-resolved XAS
study on zeolite catalysts for selective catalytic reduction of NOx by NHj. J Phys Chem C
118:10204-10212. doi:10.1021/jp5028433

Grunwaldt J-D, Kimmerle B, Hannemann S et al (2007) Parallel structural screening of solid
materials. J] Mater Chem 17:2603. doi:10.1039/b705334g

Grunwaldt J-D (2009) Shining X-rays on catalysts at work. J Phys Conf Ser 190:012151.
doi:10.1088/1742-6596/190/1/012151

Bare SR, Yang N, Kelly SD et al (2007) Design and operation of a high pressure reaction cell
for in situ X-ray absorption spectroscopy. Catal Today 126:18-26. doi:10.1016/j.cattod.2006.
10.007

Beryllium Products (Materion). http://materion.com/Products/Beryllium.aspx. Accessed 11
Aug 2016

Kispersky VF, Kropf AJ, Ribeiro FH, Miller JT (2012) Low absorption vitreous carbon
reactors for operandoXAS: a case study on Cu/Zeolites for selective catalytic reduction of
NOx by NH3. Phys Chem Chem Phys 14:2229-2238. doi:10.1039/C1CP22992C

Grunwaldt J-D, Baiker A (2005) In situ spectroscopic investigation of heterogeneous catalysts
and reaction media at high pressure. Phys Chem Chem Phys 7:3526-3539. doi:10.1039/
B509667G

Grunwaldt J-D, Wandeler R, Baiker A (2003) Supercritical fluids in catalysis: opportunities of
in situ spectroscopic studies and monitoring phase behavior. Catal Rev 45:1-96. doi:10.1081/
CR-120015738

Michailovski A, Grunwaldt J-D, Baiker A et al (2005) Studying the solvothermal formation of
MoO; fibers by complementary in situ EXAFS/EDXRD techniques. Angew Chem Int Ed
44:5643-5647. doi:10.1002/anie.200500514

Koziej D, Rossell MD, Ludi B et al (2011) Interplay between size and crystal structure of
molybdenum dioxide nanoparticles-synthesis, growth mechanism, and electrochemical per-
formance. Small 7:377-387. doi:10.1002/sml1.201001606

Ramin M, Grunwaldt J-D, Baiker A (2005) Behavior of homogeneous and immobilized zinc-
based catalysts in cycloaddition of CO, to propylene oxide. J Catal 234:256-267. doi:10.1016/
j-jeat.2005.06.020

Reimann S, Stotzel J, Frahm R et al (2011) Identification of the active species generated from
supported Pd catalysts in Heck reactions: an in situ quick scanning EXAFS investigation. J] Am
Chem Soc 133:3921-3930. doi:10.1021/jal08636u

Grunwaldt J-D, Hiibner M, Koziej D et al (2013) The potential of operando XAFS for
determining the role and structure of noble metal additives in metal oxide based gas sensors.
J Phys Conf Ser 430:012078. doi:10.1088/1742-6596/430/1/012078

Koziej D, Hiibner M, Barsan N et al (2009) Operando X-ray absorption spectroscopy studies
on Pd-SnO, based sensors. Phys Chem Chem Phys 11:8620. doi:10.1039/b906829¢

Tada M, Murata S, Asakoka T et al (2007) In situ time-resolved dynamic surface events on the
Pt/C cathode in a fuel cell under operando conditions. Angew Chem Int Ed 46:4310-4315.
doi:10.1002/anie.200604732

Principi E, Witkowska A, Dsoke S et al (2009) An XAS experimental approach to study low Pt
content electrocatalysts operating in PEM fuel cells. Phys Chem Chem Phys 11:9987. doi:10.
1039/6915086b

Villevieille C, Sasaki T, Novak P (2014) Novel electrochemical cell designed for operando
techniques and impedance studies. RSC Adv 4:6782. doi:10.1039/c3ra46184;j

Roth C, Martz N, Buhrmester T et al (2002) In-situ XAFS fuel cell measurements of a carbon-
supported Pt—Ru anode electrocatalyst in hydrogen and direct methanol operation. Phys Chem
Chem Phys 4:3555-3557. doi:10.1039/b204293b


http://dx.doi.org/10.1021/jp5028433
http://dx.doi.org/10.1039/b705334g
http://dx.doi.org/10.1088/1742-6596/190/1/012151
http://dx.doi.org/10.1016/j.cattod.2006.10.007
http://dx.doi.org/10.1016/j.cattod.2006.10.007
http://materion.com/Products/Beryllium.aspx
http://dx.doi.org/10.1039/C1CP22992C
http://dx.doi.org/10.1039/B509667G
http://dx.doi.org/10.1039/B509667G
http://dx.doi.org/10.1081/CR-120015738
http://dx.doi.org/10.1081/CR-120015738
http://dx.doi.org/10.1002/anie.200500514
http://dx.doi.org/10.1002/smll.201001606
http://dx.doi.org/10.1016/j.jcat.2005.06.020
http://dx.doi.org/10.1016/j.jcat.2005.06.020
http://dx.doi.org/10.1021/ja108636u
http://dx.doi.org/10.1088/1742-6596/430/1/012078
http://dx.doi.org/10.1039/b906829e
http://dx.doi.org/10.1002/anie.200604732
http://dx.doi.org/10.1039/b915086b
http://dx.doi.org/10.1039/b915086b
http://dx.doi.org/10.1039/c3ra46184j
http://dx.doi.org/10.1039/b204293b

	Chapter 6: Cell Designs for In Situ and Operando Studies
	6.1 Introduction and Criteria for the Choice of an Appropriate Cell
	6.2 In Situ Cells for Studies of Catalysts in Form of Powders and Pellets
	6.3 In Situ Cell for Studies in Liquid Phase and at Elevated Pressures
	6.4 In Situ Cell for Studies of Chemical Sensors
	6.5 In Situ Cells for Studies of Electrocatalysts
	6.6 Conclusions and Outlook
	References


