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ARTICLE INFO ABSTRACT

Keywords: Operando methodologies are widely used in heterogenous catalysis to understand unique state of catalyst ma-
UV-vis terials emerging under specific reaction conditions and to establish catalyst structure-activity relationships.
lefusedreﬂemon Recent studies highlight the importance of combining multiple operando techniques (multimodal approach) to
operando

gain complementary information as well as looking into chemical and material gradients and spatial variations
on the reactor scale. In this work, we developed an operando UV-vis diffuse reflectance spectroscopy (DRS) setup
compatible with a common fixed-bed tubular reactor. The design is based on optical calculations, validation
experiments and signals considerations. A spatial resolution of 1 mm along the axial direction of the reactor was
successfully demonstrated and combined with a time resolution of seconds with good signal to noise. CO
oxidation over Pt/Al,O3 was performed as a proof of principle experiment demonstrating the capabilities of the
new setup. The information gained by the space-resolved operando UV-vis DRS was combined with other space-
resolved operando studies such as diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS), gas
sampling and temperature profiling. The study shows that the nature of active sites (Pt redox state) and thus the
reaction mechanism alter with reaction temperature and also in space. Spatiotemporal UV-vis DRS is also
demonstrated, showing the capability for transient studies with space-resolution.

Space- and time-resolution
CO oxidation
Pt/Al,04

1. Introduction

In heterogeneous catalysis, the states of active sites are widely
explored and debated to enhance the understanding of reaction mech-
anisms and structure-activity relationships. Such detailed knowledge
can be obtained through “real-time-in-action” experiments, which
involve studying catalytic materials under operando conditions [1,2]. In
other words, measurements are performed in-situ while the reaction is
taking place. Alongside the significance of operando measurements,
there is a growing consensus on the importance of investigating chem-
ical gradients, such as fluid and surface species concentrations, redox
state and catalyst structures as well as temperature in catalytic reactors
to fully understand the catalytic activity observed at the reactor outlet.
Such information requires space- and, in some cases, time-resolved
measurements using multiple operando techniques (multimodal study)
[3-6]. This is the field actively being developed, and expanding the

repertoire of spatiotemporal operando tools is crucial for the catalysis
community. It enables a more precise understanding of catalysis and
facilitates the use of such information in designing next-generation
catalytic material and processes.

Among operando methodologies, UV-vis diffuse reflectance spec-
troscopy (UV-vis DRS) is one of the fundamental investigation tools to
study, for example, the coordination environment and redox state of
transition metals and to investigate the formation of coke on active sites
causing catalyst deactivation or serving as reaction intermediate [7-9].
The Praying Mantis diffuse reflection optical accessory in combination
with the reaction chamber made by Harrick is the popular setup as re-
ported by several groups to perform in-situ UV-vis spectroscopy in
heterogeneous catalysis [10-—14]. The optical cell enables measuring at
high temperatures and collects about 20 % of the diffuse reflected light
avoiding the collection of the specular reflection [15]. However, this
configuration is designed to measure a fixed point of the catalyst bed.
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Use of optical fibers overcame this spatial limitation and offered new
possibilities to perform spatial- and time-resolved UV-vis DRS at the
reactor scale. Thermally resistant optical-fiber reflection probes can be
used to gain local (i.e., a fixed point of catalyst bed) information of
catalyst materials and reaction intermediate in combination with other
spectroscopic techniques [16-19] and multiple of such probes can be
placed to acquire UV-vis spectra along the axial direction of a fixed-bed
reactor [20-22]. The challenge of this configuration is the light collec-
tion efficiency of the reflection probe and also little flexibility geomet-
rically to study various catalytic systems under varying conditions.
Thus, it is desired to develop a UV-vis DRS configuration which allows
high-sensitivity measurements while adapting a widely available UV-vis
spectrometer such as a modular one.

In this work, we developed a UV-vis DRS tool capable of detecting
material gradients inside a catalytic reactor. To ensure its applicability
in kinetic studies, a tubular reactor was used while aiming at a spatial
resolution of 1 mm and a time resolution of several seconds. Given the
practical constraints, such as the tubular geometry and temperature of
the catalytic reactor, we used long working-distance excitation and
collection objectives coupled with optical fibers to the light source and
spectrometer, respectively. Due to the inherently low luminosity of such
a setup, we optimized all optical elements and paths to attain high light
throughput (etendue) while respecting the 1 mm spatial resolution cri-
terion. Additionally, to avoid the collection of specular reflection, the
exciting and collection pathways were separated geometrically. The
achievable time resolution with reasonable signal-to-noise (S/N) is
heavily sample-dependent, and the choice of light source can compen-
sate for weakly absorbing samples. Thus, two different light sources with
distinct spectral and intensity characteristics were evaluated.

A proof-of-principle space-resolved (SR) UV-vis DRS study was
performed with three colorful samples sequentially inserted in the
reactor and by translating the sampling spot through the axial direction
of the reactor. After confirming its functionality, on operando study on
CO oxidation, a crucial reaction in automotive catalysis, was performed
with Pt/Aly03. While the reaction is considered simple, there are still
ongoing debates regarding the active sites and reaction mechanisms.
Notably, under specific reaction conditions, the active Pt can undergo
oxidation, potentially leading to spatial and temporal alterations in the
reaction mechanism. In this study, we demonstrate how the Pt redox
state information gained by UV-vis DRS can offer vital insights to solve
the puzzle of reaction mechanism. These results are supported by
complementary reactor-scale space-resolved studies using diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS), gas
sampling and temperature measurements. Finally, the potential of the
developed UV-vis DRS configuration for both space- and time-resolved
studies is showcased by applying it to CO oxidation under unsteady-
state operation wherein CO and O, are alternately passed through the
reactor.

2. Development of space- and time-resolved UV-vis DRS

Light intensity of the signals of our interest, i.e., diffuse reflected
light collected from the catalyst surfaces, and their spectral quality are
influenced by multiple factors. We have chosen to consider the follow-
ings to achieve space- and time-resolved UV-vis DRS with maximized
signal intensity and a spatial resolution of 1 mm:

(i) Collection of diffuse reflection based on the angles of incident and

reflected light

(i) Magnification to define the size of the sampling area, i.e., spot
size of the diffuse reflected light

(iii) Throughput optimization to enhance light collection efficiency
defined by the relationship between optical system, which in-
cludes optical fiber diameter and light divergence, and light in-
tensity at the detector
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(iv) Signal-to-noise (S/N) due to the choice of light sources and
measurement parameters such as integration time and spectral
averaging

In this section, we describe the theoretical background of (i)-(iv)
relevant to design our space- and time-resolved UV-vis DRS setup, fol-
lowed by the description of the actual sampling configuration and proof-
of-principle space-resolved experiments.

2.1. Collection of diffuse reflection

When an incident light irradiates the material’s surface with an angle
of incidence a, two types of reflection can occur, namely specular and
diffuse reflection (Fig. 1). By its definition, specular reflection leaves the
surface at the same angle to the normal plane as the incident light. The
specular reflected light is characterized by its brightness since it does not
undergo diffuse reflection on the material surface and the light trajec-
tory is well defined, easing the light collection. However, for catalysis
research, specular reflected light often contains little information about
the catalyst due to small penetration. On the contrary, the diffuse re-
flected light has a weak intensity at a specific light collection point,
which makes the light collection challenging. If the catalyst surface is
supposed to be Lambertian, i.e., ideal diffuse reflection, the reflected
light leaves the surface with an angular distribution that is independent
of the angle of incidence a. For most cases in catalysis, rough surfaces are
dealt and thus diffuse-scattered light contains rich information on the
catalyst materials and adsorbates, while specular-reflected light con-
tains only the external surface information. Hence maximizing the
diffuse reflected light is crucial and that is the aim of the unique designs
in the commercial optical accessories.

To avoid the collection of specular reflection, the detector can be
placed at any angle that is different from the angle of incidence a. For
example, the contribution of specular reflected light is excluded by
simply fixing the light collection system perpendicularly to the surface
as shown in Fig. 1. This configuration enables to collect only the diffuse
reflected light.

2.2. Magnification of the collection of the light

To add spatial resolution, a deliberate choice was made to monitor
the spot size of the collected light rather than focusing the incident light
on a small spot. Improper focusing of the incident light would result in
reduced intensity and consequently weakening the intensity of the
diffuse reflection at the detector. Therefore, the magnification of the
light collection is employed to prevent great loss of light intensity.
However, simple use of optical fibers for guiding and gathering the
incident and reflected light is not sufficient to obtain a small spot size. In
this work, two thin-lenses positioned between the catalytic bed and the

Light collection
A

Incident light

Specular
reflection

o

Diffuse reflection

Fig. 1. Specular vs. diffuse reflection, and angular configuration to collect
diffuse reflection in this work.
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probe were used. These lenses define the spot size of 1 mm while
achieving efficient collection of the diffuse reflected light.

Fig. 2 presents the design principle of our optical system. The rays
leave the fiber exit with a divergence angle 6,,,x (also called acceptance
angle [23]) and are aligned parallel to the direction of the propagation
of the rays by the collimating lens (L; ). The parallel rays are focused by a
plano-convex lens (Lp) which is placed at a distance (d) from L;. This
lens combination defines the transverse magnification of the optical
system (Mr). Therefore, My is determined by the combination of the two
lenses, lens characteristics (focal points, Fy,F,), the positions of the fiber
exit and sample along the direction of the propagation of the rays (so1,
siz). Finally, the spot-size (&S) is defined by the fiber diameter (JD) and
transverse magnification (Mr).

M7 is determined by the product of the transverse magnification of
the collimating lens, My, and the plano-convex lens, Mr». By definition

[23], the transverse magnification of L; and Ly is equal to M1; = 7;']—‘1 and
Mry = —2 wheres,; is called as the object distance and s; as the image

distance (j =1,2). Based on the Gaussian lens formula (Eq. ( 1)) the
focal length f;(j = 1, 2) can be calculated as follows.

1 1 1

c=—+—(=12) @

fi S Sy

The image distance s; can be expressed according to fi, sn = ssj‘f}l,
and the object distance s,» according to d, s,, = d — s;.Thus, the
transverse magnification of the thin-lens combination is equal to the

following.

_ Sisi
d(svl _fl) — Soifi
The response of the optical system can be computed by equation ( 2)

depending on the configuration of the optical system to determine the
spot size IS,

My (2)
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2.3. Throughput calculations

Section 2.2 explains how a desired spot-size can be achieved by thin
lens combination and fiber diameter. However, the light collection ef-
ficiency may not be sufficient to obtain high S/N influencing the mea-
surement time and thus the time-resolution of UV-vis DRS. For this
reason, the light collection efficiency needs to be optimized in order to
maximize the intensity of the diffuse reflected light collected. The
throughput (G) (also named as geometrical extend, optical extend, op-
tical invariant, or etendue) can be calculated in such cases to quantify
the radiant flux given, for example, at the entrance and exit of optical
fibers and apertures of lenses. G calculations applied to every optical
component in the OS enable to target which component will limit the
maximum radiant flux by identifying which component has the smallest
G value. The smaller the G value is, the less light will come in and out of
the given component. Therefore, the light collection efficiency of the
system can only be enhanced by increasing the smallest G value of the
identified optical component. The throughput is used in radiometric
analysis to design efficient light coupling optical system (OS) [24].
Designing high-throughput OS to enhance the resolution of spec-
troscopical methods has been done previously applied to Raman spec-
troscopy by Hug and Hangartner [25] and by Meade et al. [26] and
applied to interferometric spectroscopy by Wang et al. [27].

The present OS is simply constituted by thin lenses and optical fibers
both defined by their divergence angle 6,,,x (see Section 2.2, geometrical
parameter indicating an angular limit for the rays to enter and exit) [23].
The light-gathering capabilities of optical components are determined
by Omax via the numerical aperture (NA) and f-number (f/#) specific to
optical fibers and thin-lenses, respectively. Usually, NA is provided by
the supplier and can be calculated as,

NA:,/nffng 4

@S = My x @D &) with the refractive index of the cladding n. and the core n;. Based on the
Ly L,
EMRME
I
- Xo —>= fi > d—>w Jor———rwapr
= So1 S S5 — Sig————*

Fig. 2. Thin-lens combination of a collimating lens L; and a plano-convex lens L, separated by a distance d. F; and f; are L; focal point and focal length,
respectively. F, and f» are L, focal point and focal length respectively. At the fiber exit, characterized by the fiber diameter @D, the rays diverge with an angle 6,,,.

The fiber exit is placed at the object distance s,; and its image is formed at the image distance s; both to L;

normal plane. This image forms an object for Ly with s,

the object distance and s;, the distance separating the normal plane of L, with the sample. &S is the spot size. The distances measured from the focal points with the
object and image distance are defined as x, and x; for the object and image respectively.
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Snell’s law, 0,,,x can be calculated for optical fibers as,

Sin(Omax) = L na 5)

n;

with n; the refractive index of the incident medium index. In most cases,
it is simply air and n; = ngr = 1.00028 ~ 1. Similar to NA, f/# is given
by the supplier and depends on lens focal length f and diameter D,
f 1
#H=—r—— 6

=5 2(NA) ©)

Making use of trigonometry relations, the equation (6) can be rear-
ranged with 6, to the following expression.

1

tan(Omax) = m

@)
The geometrical parameters for optical fibers and lenses are repre-
sented Fig. 3.
By definition, 6, is related to the divergence cone of the optical
component. To calculate G, Oy, is converted into a solid angle Q as a
spherical cap.

0 =27(1 - cos(Omx) ) (8)

Finally, the throughput G is the product of the solid angle Q of the
optical component by its diameter D as follows.

2
G =10 (g) O]

Hence, G can be illustrated (Fig. 4) as multiple spherical caps
distributed over the area of lenses aperture and optical fibers entrance/
exit and delineated by the divergence cones defined by 0.

2.4. Signal-to-noise ratio

The last key point to achieve space- and time-resolved (STR) UV-vis
DRS is to have high S/N of the collected light with a proper choice of
light source and intrinsic spectrometer parameters such as integration
time and spectral time-based averaging.

The integration time is the length of time during which the CCD is
exposed to photons. Increasing this time led to an increase in the
accumulation of the charges on the pixels due to an increase in photons
exposure. However, if the number of charges exceeds the CCD saturation
limit called as pixel well depth, spectrum will present characteristic
features of the light source which take over the features of the sample on
its spectrum. Time-based averaging calculates an average of each pixel
information over the number of spectral acquisitions (i.e., spectral
scans). On the one hand, by increasing the integration time without
exceeding the saturation limit, the photon count of the signal from the

a

cladding
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sample raises and the other hand, by increasing the time-based aver-
aging, the oscillation of the signal from the multiple sources of noise (i.
e., photon noise, dark noise, electronic noise, etc.) is reduced. Therefore,
S/N can be enhanced by increasing both integration time and time-based
averaging.

In addition, the choice of the light source has strong effects on the
quality of the S/N regarding first, its intensity which determines the
intensity of the diffuse reflected light and second, its discrete or
continuous emission spectrum which leads to a tendency for the CCD to
saturate in the intense light regions. Herein, deuterium-halogen lamp
(AVALIGHT-D-B-DUV and AVALIGHT-DH-B, Avantes) and high-
pressure mercury lamp (SwiftCure PLU10 — UV Consulting Peschl)
were tested as light sources, and their performances were compared
(Fig. 5). Deuterium-halogen lamp has a smooth emission spectrum
(apart from the deuterium characteristic Balmer lines Dy at 486 nm and
D, at 656 nm) in the range of 200-2500 nm favorable for UV-vis
broadband spectroscopy, but its intensity is relatively weak making its
use for diffuse reflectance methodologies challenging. Unlike
deuterium-halogen lamp, high-pressure mercury lamp has a higher
UV-vis intensity and is therefore often used for photocatalysis. How-
ever, its discrete emission spectrum leads to the saturation of the de-
tector at the characteristic mercury emission lines.

Emission spectra of both lamps are compared in Fig. 5 based on the
integration time value which leads to the start of CCD saturation. This
information helps to evaluate the quality of S/N for time-resolved
studies. For instance, high time-resolution can be achieved by setting
small integration time. High-pressure mercury lamp enables to attain a
good signal with a small integration time of 20 ms due to its great in-
tensity whereas deuterium-halogen lamp requires a minimum of 260 ms
integration time. Therefore, the high-pressure mercury lamp can be
interesting to study fast catalytic processes that require short time res-
olution; however, this choice compromises spectral quality due to un-
avoidable effects of the CCD saturation. The deuterium-halogen lamp is
more suitable for high spectral quality applications thanks to its
continuous emission spectrum but compromises for lower time-
resolution.

2.5. STR UV-vis DRS setup

A schematic drawing of the complete setup is shown in Fig. 6. As
explained earlier, deuterium-halogen lamp and high-pressure mercury
lamp were used as light sources. The light source is then coupled to a
multi-mode optical fiber (FC-UV1000-1-BX-SR, Avantes, 0.22 NA,
<100 °C, step-index fiber) with 600 um diameter leading to a
throughput value of 0.174 mm®.sr. A collimating lens (FOA-COL-SMA,
Lewvak, fused silica) fixed at the probe exit avoids the divergence of the
incident light and therefore ensures a homogeneous irradiation onto the
catalyst bed and prevents great losses of incident light. Its focal length is

Fig. 3. (a) Rays entering with 6,,,, and undergoing total reflection in a clad optical fiber. (b) Rays entering with 6,,,x and undergoing refraction in a plano-

convex lens.
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b

Fig. 4. Illustrations of the throughput (blue hemisphere), (a) for a thin optical fiber, (b) for a large optical fiber.

— D+H (260 ms x 700 = 3,03 min) Saturation of the detector
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Fig. 5. Emission spectra of deuterium halogen (D-+H) lamp collected with an integration time of 260 ms and averaged 700, i.e., 3 min time resolution, versus high-
pressure mercury (Hg) lamp collected with an integration of 20 ms and averaged 100, i.e., 2 s time resolution.

11.99 mm, and its diameter is 4.06 mm, leading to a G value of
4.74 mm?.sr. The probe and collimating lens gathering the incident light
are placed at the angle of incidence « for the reasons described in Section
2.1.

Then, the diffuse reflected light is collected perpendicularly to the
catalyst bed thanks to the combination of a collimating lens (L;) (COL-
UVVIS-25, Avantes, fused silica) with a plano-convex lens (L)
(G063339000, Qioptic, fused silica). Alternatively, the setup could be
mounted such that the combination of lenses is placed at the angle a
while the incident light system is fixed perpendicular to the catalyst bed.
However, the tubular interface of the reactor does not allow achieving a
small and accurate spot size with the combination of lenses placed at
due to geometrical principles. Therefore, this reversed setup was not
chosen for further development. Afterwards, L; was chosen for its var-
iable focal length from 54 mm to 71 mm offering flexibility in the
optimization of Mt (Eq. ( 2)). Similarly, L, was chosen for its focal length
that enables to fix the lenses combination far enough from the reactor to
avoid the heating of the optical components while the reactor is being
heated. The focal length is refractive index-wavelength dependent,

hence f; is in the range from 49.42 mm to 55.85 mm belonging to the
wavelength range from 193 nm to 1064 nm. L; and L, have a
throughput of 0.6380 mm?.sr and 52.24 mm?.sr, respectively. At the
output of L, the light is gathered by the collection optical fiber (FC-
UV1000-1-BX-SR, Avantes, 0.22 NA, < 100 °C, step-index fiber) with
600 pm diameter leading to a G value of 0.174 mm?.sr.

In this described OS, the throughput values of all the optical com-
ponents were gathered and compared and the optical fibers present the
smallest G value. Therefore, they limit the OS in terms of luminosity and
this limit can only be enhanced by increasing their diameter (D) (Eq.
(9)). However, increasing their diameter led to the increase of the spot
size (Eq. ( 3)) hence, for our applications, the optimum was found for
optical fibers of 600 ym @D. In that way, a spot size of 1 mm could be
measured within the wavelength range of visible light by adjusting L;
focal length to form an optic 1:1, i.e., the focal lengths are equals thus
there is no magnification of the collection fiber exit &D.

Finally, the collection fiber is connected to the spectrometer (AvaS-
pec-3648-USB2, Avantes) with CCD linear array (TOSHIBA 3648), at a
resolution of 5.2's (260 ms x 20) with deuterium-halogen light source
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(@)

200 nm - 800 nm

(o) (d)

Fig. 6. Schematic drawing of the experimental setup within blue the incident light and in yellow the diffuse reflected light. (a) deuterium-halogen light source or
high-pressure mercury lamp, (b) optical fiber of 600 um diameter core, (c) incident collimating lens, (d) quartz reactor tube, (c) quart wool holding the catalytic bed
in the tube, (f) catalyst materials, (g) plano-convex lens (L), (h), collection collimating lens (L;), (i) collection fiber of 600 um diameter core, (j) UV-vis

spectrometer.

and 1.35s (2.7 ms x 500) with high-pressure Mercury lamp to achieve
high S/N.

2.6. Proof of principle: benchmark experiment for spatial resolution

In order to prove the UV-vis DRS setup capabilities for space-
resolved experiments, the tubular quartz reactor was filled with a
sequence of three colorful samples and was scanned along axial direc-
tion by the UV-vis spectrometer. At the interface region between two
components, the expected UV-vis spectrum should present the contri-
bution in absorption bands of both chemicals hence proving the spatial
resolution of the instrument. Copper(II) chloride dihydrate (a), benzo-
phenone-4.4"-dicarboxylic acid (b) and erioglaucine disodium salt (c)
were selected for this study for their strong absorption bands in the
UV-vis region that were clearly distinguishable from one to the other.
For this study, high-pressure mercury lamp ensured the excitation of the
chemicals while the location of the sample bed was changed along the
axial direction by connecting the whole quartz reactor to a motorized
motion system. A time resolution of 1.35 s could be achieved with a
good S/N.

The UV-vis DR spectra from the region containing the pure chemical
show the expected pure spectra with their characteristic absorption
bands (Fig. 7a-c). On the other hand, the UV-vis DR spectra from the two
interface regions at 5.2 mm and 10 mm clearly show a combination of
spectral features from each chemical hence proving the spatial resolu-
tion of the setup.

3. CO oxidation over Pt/Al,03: experimental methods
3.1. Catalyst synthesis

3wt % Pt was supported on y-Al,Os (Thermo Fisher) by wet
impregnation method using tetraammine platinum (II) nitrate (Sigma
Aldrich, >99.995 %) as precursor. The resulting mixture was dried
overnight at 80 °C and then calcined at 400 °C for 3 h.

3.2. CO oxidation: space-resolved gas sampling and temperature
measurements

Catalytic tests were performed in a continuous flow fixed-bed reactor
with 66 mg of the catalyst pellet with a sieved fraction of 100-300 pm.
The catalyst was placed in a quartz reactor (I.D.: 4 mm, O.D.: 6 mm) and
the bed length was 7 mm. The reaction was performed under steady
state (2.5 % CO, 10 % O in He, total flow: 100 mL/min) at temperatures
of 150 and 200 °C, maintaining the reaction temperature within + 2 °C
using a heat gun in a housing to keep the reactor temperature homog-
enous from all directions. Prior to the experiments, the catalyst was
pretreated with 5 % Hy/Ar at 300 °C for 1 h. Catalytic tests were also
performed under unsteady state conditions, consisting of reduction
phase (2.5 % CO in He, total flow: 100 mL/min, 150 s) and oxidation
phase (10 % O; in He, total flow: 100 mL/min, 150 s) at 200 °C.
Switching between the two phases was enabled by a 4-way value
controlled by LabVIEW. To avoid the pressure fluctuation due to valve
switching, the pressure of the exhaust stream at the 4-way valve was
kept same as that of the reactor outlet by equalizing the pressure drops
using a metering valve. The outlet gas composition was measured by
transmission Fourier transform infrared spectroscopy (FT-IR, ALPHA,
Bruker).
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Fig. 7. Space-resolved UV-vis spectra demonstrating the sufficient resolution to study materials in the catalytic reactor. The spectra were measured on the spots
represented on the quartz tube with their corresponding colors. Barium sulfate was used as the reference. The pure spectra in the single component region are showed
in (), Copper(Il) chloride dihydrate, (b) benzophenone-4.4-dicarboxylic acid, and (c), erioglaucine disodium salt. The spectra measured at the interface region are
showed in (d) and (e) where the doted lines present the spectra from the spots next to the interface.
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Spatially resolved gas and temperature sampling, shown by the
experimental setup schematic in Fig. 8b, was obtained by inserting a
stainless steel capillary (I.D.: 500 um, O.D.: 700 um, REACNOSTICS
GmbH), with four diagonal sampling holes (50 yum) and a K-type ther-
mocouple inside the capillary aligned with the holes, through the center
of the catalyst bed. The capillary was controlled bi-directionally using
movable stages equipped with actuators of < 1 um accuracy. A mass
spectrometer (Omnistar Pfeiffer Vacuum) was connected to the outlet of
the capillary to measure the gas composition passing through the holes
from the catalyst bed at intervals of 1 mm.

3.3. Operando DRIFTS

Space-resolved steady-state spectra were acquired using a custom-
made cell as previously reported [28,29]. The DRIFTS cell was placed
inside a Harrick Praying Mantis optical accessory and the measurements
were performed using Bruker INVENIO R FT-IR spectrometer, equipped
with a LN-MCT detector, at a resolution of 4 cm ™. Spectra recorded at
steady state (under same operating conditions as catalytic studies) were
an average of 800 scans at 40 kHz, taken at 0.5 mm intervals across the
catalyst bed. Background reference spectra were collected after the
reduction pretreatment (5 % Ha/Ar, 300 °C, 1 h) before starting DRIFTS
measurements under CO adsorption (2.5 % CO, total flow: 100 mL/min)
and reaction conditions (2.5 % CO, 10 % O, in He, total flow:
100 mL/min). The effluent gas mixture was analyzed by transmission
FT-IR spectroscopy (ALPHA, Bruker).

3.4. Operando UV-vis DRS

Spatiotemporal UV-vis spectroscopy was performed using the
configuration described above. A 600 um fibre coupled with a colli-
mating lens (Avantes, FOA-COL-SMA, Lewvak, fused silica) guided the
incident light from the deuterium-halogen light source. Another 600 pm
fibre coupled with an assembly of a collimating lens (COL-UVVIS-25,
Avantes, fused silica) and a plano-convex lens (Avantes, G063339000,
Qioptic) was used to guide the diffused reflected light to an Avantes
UV-vis spectrometer (AvaSpec-3648-2USB2). A measurement time of
4.5 min was used for the steady-state measurements. For unsteady-state
measurements, a time resolution of 5s was used. The spectra plotted
here were averaged over multiple cycles to attain high S/N. The oper-
ating conditions for steady- and unsteady-state were identical to the
catalytic tests. The effluent gas mixture was analysed by transmission
FT-IR spectroscopy (ALPHA, Bruker).

4. CO oxidation over Pt/Al»O3: results and discussion

4.1. Space-resolved operando methodologies applied for CO oxidation on
Pt/Al;03 under steady-state conditions

CO oxidation over Pt/Al;Os3 is widely studied in the field of heter-
ogenous catalysis due to its simplicity and practical significance [30,31].
In this work, we have selected it as the model reaction to illustrate the
potential of operando UV-vis setup in extracting the information about
Pt redox state. Pt serves as the active site for CO oxidation, while Al,O3
acts as an irreducible and inactive support facilitating the dispersion of
Pt particles [32]. In the synthesized sample, the dispersion of Pt was
found to be 26 % from CO pulsed chemisorption measurements (details
in Supplementary Material).

Conventionally, insights into the reaction mechanisms and pathways
are offered by the analysis of effluent gas composition. However, such
analyses solely based on the outlet concentration can be misleading due
to the existence of potential concentration (gas and surface species) and
temperature variations in the reactor, which can have significant impact
on the reaction mechanism, as indicated in previous studies [33].
Therefore, in this work, space-resolved techniques for gas sampling,
temperature measurement and DRIFTS were employed to study CO
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oxidation over Pt/Al,O3 and identify the spatial variations gas and
surface species and temperature, and their correlations. As the unique
information of the developed UV-vis DRS, we complement the infor-
mation by highlighting the dynamics and gradient of Pt redox state in
the reactor.

The analysis of the outlet gas concentration revealed CO conversion
of 4 % and 99 % at 150 and 200 °C, respectively. Fig. 8a shows the
concentration profile of CO5 formed at different axial position across the
catalyst bed at 150 (blue) and 200 °C (orange) and the schematic of the
setup is shown in Fig. 8b. The spatial concentration and temperature
profiles (Fig. 8a) show no significant formation of CO;, at 150 °C, and
consequently, no detectable temperature rise was observed due to the
minor exothermicity. In contrast, at 200 °C prominent CO5 formation
was observed between 1 and 4 mm of the catalyst bed. This CO2 con-
centration increase was accompanied by a temperature rise due to the
exothermicity of the reaction. Fig. S1 clearly depicts that the highest CO4
formation occurred between 1 and 3 mm with a maximum temperature
rise of 34 °C at 2 mm. Nearly 99 % CO conversion was observed at 4 mm
which defines the CO oxidation activity over Pt/Al,O3 at 200 °C before
this position of the catalyst bed.

To understand the gradient in the coverage of CO on Pt across the
catalyst bed, space-resolved DRIFTS measurements were performed
over Pt/Al,03 at 150 and 200 °C. DRIFT spectra recorded under reaction
conditions (one example at 150 °C, Fig. 8d) show a sharp band at
2069 cm™! and a weaker band at 2106 cm™! associated to CO linearly
adsorbed to defect Pt (step, edge) and terrace Pt, respectively [34]. A
broader band at 1825 cm ™' was assigned to bridged Pt-CO species [34].
Fig. 8c shows the spatial variation of normalized coverage of combined
Pt-CO (atop and bridged) species assuming that the absorption cross
sections of CO stretching vibrations of all differently adsorbed CO spe-
cies on Pt are identical. The method of calculating normalized coverage
is crucial to compare the signals from the different axial positions and it
is detailed in the supplementary information (Fig. S2). It is clear from
Fig. 8c that the normalized coverage of CO on Pt was ca. 1 at 150 °C at
all positions, indicating that the Pt surface was effectively covered by CO
and that the surface was largely poisoned and inaccessible for O,
dissociative adsorption. This explains the negligible CO, formation
(Fig. 8a). At 200 °C, the normalized CO coverage was ca. 1 between
0 and 1 mm and decreased along the axial direction of the catalyst bed
correlating with the increase in CO5(g) formation and rise in tempera-
ture (Fig. 8a). As CO approached full conversion at >4 mm, the
2106 cm™! terrace Pt-CO band became more dominant adsorbed spe-
cies, with defect and bridge species largely depleted (Fig. 8d). The
presence of Pt-CO species indirectly informs about the redox state of Pt,
as CO is expected to adsorb to metallic Pt while it is immediately
oxidized when Pt is oxidized, possibly with the presence of reactive PtOy
islands on Pt surface [35,36]. The depletion of CO adsorbed on defect
sites and stability of CO adsorbed on terrace sites suggest an increased
oxidation of Pt at step-edges and preferential retention of metallic Pt on
the terraces.

The space-resolved study of CO oxidation over Pt/Al,O3 by DRIFTS,
gas sampling and temperature profiling suggest that the nature of active
sites can vary and alter in space, depending on the reaction temperature.
Specifically, it was indicated that Pt is reduced throughout the catalyst
bed by dominant CO coverage at 150 °C, whereas the Pt, initially
reduced at the front position, gets oxidized in the highly reactive zone of
the catalyst bed. This information can only be studied by operando
methodologies because the state of the catalyst is unique; hence the
common analytical techniques to study the redox state of chemical el-
ements and metals such as X-ray photoemission spectroscopy cannot be
used. Hard X-ray absorption spectroscopy is the method of choice.
However, this requires commonly a synchrotron X-ray source. It is not
convenient or not possible to perform such measurements under the
identical conditions due to limited accessibility and optical constraints.
To gain insights into the redox state of Pt, we employed the space-
resolved UV-vis DRS developed in this work under operando



L. van Beek et al.

conditions. Importantly, the reactor and experimental conditions are
identical to those used for gas sampling and temperature measurements,
enabling simultaneous measurements and facilitating a multimodal
mode of operando study.

Fig. 9 summarizes the results obtained by space-resolved UV-vis DRS
during CO oxidation at 150 and 200 °C. Due to the rather small spectral
changes, the UV-vis DR spectra are presented as difference spectra with
reference to the reduced state of Pt/Al;Os. In other words, if the spectral
feature is none (i.e., straight line around zero intensity), this implies that
Pt is in the reduced metallic state. First, to evaluate if UV—vis DRS is able
to differentiate the redox states of Pt, we oxidized Pt/Al,O3 by passing
10 % O at 150 and 200 °C. The black lines in Fig. 9 show the spectra
recorded under the oxygen atmosphere, clearly demonstrating the
increased absorbance below ca. 250 and above 350 nm, whereas the
absorbance decreases between 250 and 350 nm with respect to the
reduced state of Pt. The spectral features of the catalyst under the
oxidizing condition are consistent at all positions and at the two tem-
peratures. A more careful look shows that the spectral changes at 200 °C
is more prominent than those at 150 °C with even more negative ab-
sorption at 260-270 nm. This is indicative of higher degree of Pt
oxidation or more bulk oxidation. This degree of Pt oxidation or the state
of Pt oxide is one of the most critical aspects to understand the active
sites for CO oxidation, but this elucidation is out of the scope of this work
and for future studies. Here, we interpret the oxidized state of Pt
qualitatively.

Under CO oxidation (Fig. 9), the difference spectra underwent
changes as expected. The spectra obtained at 150 °C (indicated by the
blue line) exhibit nearly straight-line profiles. As noted above, this in-
dicates that Pt in the catalyst is in its reduced state during the CO
oxidation at 150 °C throughout the catalyst bed, in accordance with the
space-resolved DRIFTS results (Fig. 8c). On the other hand, at 200 °C
(indicated by the red line) the redox state of Pt is close to the reduced

P1 P2
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state near the front position (0.5 mm), whereas the redox state changed
to the oxidized state to the maximum extent defined by the oxygen
concentration and temperature. The results are in perfect accordance
with the space-resolved results presented in Fig. 8 and confirm that the
normalized CO coverage is a good indicator of Pt redox state. The redox
state of Pt changes in the reactor at 200 °C in the region where the CO5 is
most produced. The results imply also the change in nature of active sites
within the reactor at 200 °C and consequently changes from Langmuir-
Hinshelwood mechanism (reaction between adsorbed CO and dissoci-
ated oxygen on Pt) to Eley-Rideal or Mars-Van Krevelen mechanism
where CO reacts readily with the reactive surface oxygen of oxidized Pt
or with such oxygen species combined from the gas phase. Further
studies are necessary to clarify the mechanisms, but the results show that
it is important and necessary to take into account the exothermicity,
inhomogeneous concentration gradients and active site variations to
understand reactivity and that we need to be careful about these factors
for kinetic studies where commonly homogenous active sites and reac-
tion mechanisms are assumed.

4.2. Space- and time-resolved operando UV-vis DRS applied for CO
oxidation on Pt/Al;03 under unsteady-state condition

The above study demonstrates the capability of the developed setup
to perform space-resolved UV-vis DRS. Therein, the Pt redox state in-
formation and its spatial variations were elucidated. Using the new tool
developed, it is important to stress that the UV-vis spectra can be
recorded in a highly time-resolved manner. When it is combined the
space-resolved study, i.e. by translational movement of the probe or the
reactor along the axial direction, we enable spatiotemporal operando
UV-vis DRS study. The effective temporal resolution is typically limited
not by the instrumental restrictions but rather by the S/N defined by the
light source and light absorption by a sample. In this section, we describe
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the use of the developed setup to perform spatiotemporal operando
UV-vis DRS to elucidate the redox state of Pt under unsteady-state CO
oxidation over Pt/Al;03 at 200 °C by alternately passing 2.5 % CO and
10 % O diluted in He to induce CO oxidation by adsorbed CO and
surface atomic oxygen species. The time resolution of the spectra was
5 s, but the spectral quality was improved by averaging several CO vs.
O, cycles after reaching the quasi-steady-state.

Fig. 10 presents the temporal evolution of the difference UV-vis DR
spectra at 325 nm at three positions (P1-P3) along the catalyst bed. The
wavelength was chosen because this region is sensitive to the redox state
of Pt (Fig. 9). Apparently, the spectral response goes positive to negative
upon switching the atmosphere from CO to O,. This indicates that an
oxidized state of Pt is formed by switching from CO to O and this state is
reversibly changed back to the metallic state upon switching back to CO.
The results clearly show the capability of the developed setup for time-
resolved studies. Furthermore, the spectral response at the three loca-
tions evidences that the spectral changes occurs sequentially from the
more front position (P1) towards the back position (P3), as expected.
This change of redox state from P1 to P3 takes about 10-20 s with
slightly slower changes when switching from O3 to CO compared to
switching from CO to O,. This implies that reduction of oxidized Pt takes
more time at this temperature than oxidation of Pt. This study firmly
demonstrates that the setup can be indeed used to study the variation of
metal redox states in the catalytic reactor with time-resolution, offering
great opportunities to investigate numerous systems in heterogenous
catalysis, in combination with transient studies.

5. Conclusions

An optical fiber-based UV-vis DRS setup was designed to study the
state of catalyst in a fixed-bed reactor with spatial resolution on the
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reactor scale. By collecting diffuse reflected light from a localized spot
and enabling translational movement along the axial direction of the
reactor, space-resolved studies became possible. When a bright light
source is used, high time-resolution can be also achieved, allowing for
spatiotemporal operando studies. The design of the setup is practical, as
it was specifically tailored to study a tubular fixed-bed catalytic reactor.
Thus, the catalytic performance and reaction conditions are not
compromised during operando studies using this setup.

CO oxidation to COy over Pt/Al,O3, operated under steady-state
(CO+0, feed) and unsteady-state (periodic CO vs. O, feed), was cho-
sen as the model reaction to validate the capabilities of the UV-vis DRS
setup for heterogenous catalysis research. The information gained by
space-resolved DRIFTS, gas sampling and temperature profiling were
combined with the data obtained by UV-vis DRS. The results clearly
show that Pt is reduced and fully covered by CO at 150 °C, hindering the
adsorption, dissociation and thus activation of O, for CO oxidation and
resulting in low CO conversion. In contrast, the oxidation state of Pt
transitions from the metallic state to a more oxidized state, as observed
through the coverage of CO in DRIFTS and directly confirmed by UV-vis
DRS. Through space-resolved gas sampling and temperature profiling,
the locations where the reaction takes place and exothermicity arises are
elucidated. Furthermore, dynamic temporal changes in the Pt redox
state were clearly observed by UV-vis DRS during CO oxidation under
unsteady-state operation. By examining different locations within the
catalyst bed, the movement of the Pt redox front and its timing within
the catalyst bed were elucidated. The developed UV-vis DRS setup
provides new opportunities for multimodal operando studies, offering
both space- and time-resolution.
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