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Heterogeneous catalysts are materials with a complex structure on the atomic to mesoscopic scale,
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which depends on a variety of empirical parameters applied during preparation and processing. Al-

though model systems clarified the general physical and chemical phenomena relevant to catalysis,
such as hydrogen spillover, a rational design of heterogeneous catalysts is impeded by the sheer
number of parameters. Combinatorial methods and high-throughput techniques have the potential
of accelerating the development of optimal catalysts. We describe here a combinatorial approach
based on hydrogen ad-/absorption and hydrogen—deuterium exchange quantified by neutron imaging.

The method coined CONI is capable of measuring more than 50 samples simultaneously. As proof

of concept, we study Pt catalyzed WOj3 as an archetypal spillover system, and Ni-catalyst supported

on Al;O3 and SiO,. CONI is ideally suited to distinguish between irreversible surface adsorption and

reversible bulk absorption, providing quantitative information. Concretely, CONI yields the number
of reversibly ad-/absorbed hydrogen atoms in and on a great number of various catalysts in a single

experiment.
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1 Introduction

Theoretical prediction and experimental testing of optimal cata-
lyst structure, composition, and synthesis conditions, guided by
chemical principles and knowledge of the literature, is elaborate
and time consuming, because the parameter space to explore is
vast. Combinatorial methods and high-throughput techniques
have the potential of accelerating the process. These methods
first developed for drug discovery involves compiling mixtures of
a multitude of compounds into a library by parallel synthesis and
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screening them for their properties.m@ The high-throughput ap-
proach relies on both high-throughput preparation as well analy-
sis methods.®! Thermographic infrared screening of combinatorial
libraries of heterogeneous catalysts is one of the first examples
of a highly parallel approach to catalyst screening, tracking the
exothermic reactions that show up as hot spots. This thermal
imaging technique provides convenient and rapid parallel screen-
ing of entire catalyst libraries, but no chemical information about
the products generated, since only temperature is recorded.® To
gain further insight into the products, Hui Su et al. developed
a high-throughput screening method coupled with laser-induced
fluorescence imaging that allows specific product formations to be
tracked while a library of different catalysts is screened during the
reaction.”"? Simultaneous analysis and screening under identical
conditions not only shortens the time required, but also increases
reproducibility and facilitates comparison of the performance of
different samples, the latter two variables being important for cat-
alyst development. This approach can be used to build a library
of catalysts.

Our focus is on heterogeneous hydrogenation catalysis of CO,
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to synthetic fuels such as methane or methanol in the context of
the power-to-X concept. 1913 Large scale renewable drop-in fuel
production reducing greenhouse gas emissions requires highly ac-
tive catalysts with minimal metal loading.T#15 Typical catalysts
for this reaction are Ni and Cu nano-particles for methane16:18
and methanol™2U synthesis, respectively, that are deposited on
oxide supports such as alumina, silica and zeolites.2223 Hydrogen
is not only the reactant of the desired reaction; it simultaneously
changes the catalyst, promoting or inhibiting catalytic activity.
The modification of a catalytic system upon hydrogen exposure
as typically measured by temperature programmed reduction is
described by the term reducibility.2¥ Using model systems, Karim
et al.28 demonstrated the link between hydrogen chemisorption
and hydrogen mobility with hydrogen spillover and the reducibil-
ity of the system. However, application of these methods on in-
dividual real-world samples is error prone, as the various experi-
mental factors can hardly be perfectly reproduced.

To specifically monitor the hydrogen species during the reac-
tion, we took advantage of the large neutron scattering cross
section of hydrogen?7?29 compared to other elements. In ad-
dition, neutrons are not subject to any optical selection rules,
making them optimal for tracking reactions involving hydrogen
or hydrogen-containing species.2? Here, we demonstrate a high-
throughput analysis method based on neutron imaging to study
several hydrogenation catalysts under identical conditions.30-32
To achieve this, a high-throughput aluminum reactor setup able
to accommodate up to 69 samples was designed (Fig. [I). Alu-
minum was used as reactor material due to its property of being
nearly transparent to neutrons.232 Furthermore, this particu-
lar design allowed to reduce the pressure gap reported by pre-
vious methods, where ultra-high vacuum is required,m as the
analysis could be performed at pressures up to 1.5 bar bring-
ing the experiment conditions closer to those used industrially.
Hydrogen uptake and spillover were investigated on 64 sam-
ples by pressure dependent uptake and hydrogen-deuterium ex-
change experiments respectively. These experiments provide in-
sights into the bonding between hydrogen and the catalyst sur-
face, whether it is present as absorbed hydrogen, mobile hydro-
gen or as pre—existing OH groups.

We showcase the method coined CONI (combinatorial neutron
imaging) method along the investigation of reversible and irre-
versible hydrogen uptake in oxide supported hydrogenation cata-
lysts.

2 Experimental

Reactor construction The CF100 aluminum flanges were pur-
chased from Baruvac AG and processed into our reactor by our
workshop. The reactor consisted of 69 sample holders (depth
12 mm, diameter 5.6 mm) drilled into the first flange (see Fig
and a gas inlet and outlet on the second flange (see Fig[2). The re-
actor was heated with a heating jacket equipped with heating car-
tridges (P =800 W). The thick aluminum walls and the powerful
heating cartridges guaranteed a fast heat exchange and tempera-
ture regulation (see Fig.[2). Thermal insulation was maintained
by wrapping the reactor with several layers of aluminum, since
other insulating materials used normally would absorb too much
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Fig. 1 Modified aluminum high—throughput reactor filled with various
catalysts that differ in metal loading and metal-support combinations.

of the neutron beam.

Reaction conditions and controlling Gas flow and pressure
were controlled with Bronkhorst thermal mass flow controllers
and a backpressure regulator, connected to a Labview interface.
The temperature was controlled with a temperature regulator
from Eurotherm (see Fig D). Typical flow rates were 100 sccm
for H, and D,, pressures between O to 1.5 bar and temperatures
from RT up to 350 °C.

Catalyst preparation All samples were prepared by the conven-
tional wet impregnation method using metal nitrates. The sam-
ples were all ground and the powder was filled into the sample
holes in the reactor.

Ni(NOs,), - 6H,O (Sigma Aldrich) in different loadings (0.5 %-
at, 5 %-at, 40 %-at) was added to Al,O5 (Sigma Aldrich, 199443)
and dissolved in deionized water. The samples were sonicated in
a watherbath (RT) for 20 minutes and afterwards dried in a oven
at 100 °C overnight. Calcination of the samples was perfomed in
a tubular oven at 400 °C with an air flux of 1 L/min for 4 hours.33

Ni(NOs), - 6H,O (Sigma Aldrich) in different loadings (0.5 %-
at, 5 %-at, 40 %-at) was added to SiO, fumed (Sigma Aldrich),
dissolved in deionized water and left for two weeks to impreg-
nate. The samples were then transferred into a bigger beaker
with 150 mL of deionized water and stirred at 70 °C. Later the
the temperature of the heating plate was set to 250 °C and the
samples were continuously stirred overnight. On the next day the
samples were once again transferred into a smaller beaker with
rinsing of the residual samples with deionized water and dried in
a oven at 90 °C overnight. Calcination of the samples was per-
fomed in a tubular oven at 400 °C with an air flux of 1 L/min for
4 hours.>

The Pt@WO4 sample was prepared by stirring an aqueous so-
lution of Pt(NH;),(NOs), (Sigma Aldrich) dissolved at 1 %-wt Pt
with respect to WO (Sigma Aldrich, purity > 99.9%) in deion-
ized water at 110 °C for 1 hour. The remaining solid was dried
overnight at 125 °C and calcined at 550 °C for 3 hours®>
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Table 1 Elemental compositions of the different catalysts measured by X-ray photoelectronspectroscopy.
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XPS HAXPES
Catalyst metal (%) oxygen (%)  support cation (%) metal/cation | metal (%) oxygen (%) support cation (%) metal/cation
Pt@WO, 1.26 73.94 24.80 0.05 1.10 66.99 31.91 0.03
A1203 - 66.89 33.11 - - 56.41 43.59 -
Ni@Al, O3 L 0.39 67.12 32.5 0.01 0.35 55.59 44.06 0.01
Ni@Al,0; M 7.95 66.12 25.92 0.31 4.71 57.72 37.57 0.13
Ni@AlZO3 H 43.14 51.02 5.84 7.39 38.61 47.32 14.07 2.74
Sio, - 69.55 30.45 - - 61.67 38.33 -
Ni@SiO, L 0.07 69.67 30.27 0.002 0.18 62.22 37.60 0.005
Ni@SiO, M 0.84 69.10 30.06 0.03 0.87 62.19 36.94 0.02
Ni@Si0, H 2.88 68.68 28.44 0.10 3.12 61.23 35.65 0.09
Gas in
+
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Fig. 2 A. Schematic representation of the neutron imaging process. The neutron beam irradiates the reactor filled with the samples and leaves with
reduced intensity, which is detected by a scintillator, resulting in an area-resolved image. B. One Neutron image of the reactor during the experimental
run, with a marked area corresponding to the area-averaged intensity used for I;; in red. C. Photograph of the reactor with heating jacket, heating
cartridges and reactor holder. D. Schematic representation of the experimental setup.
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Fig. 3 X-ray diffraction pattern of the nickel catalysts on Al,O3 (A.)
and SiO, (B.) compared to reference patterns of y-Al,O3 (ICSD number
66559, in yellow color) and NiO (ICSD number 9866, in purple color).

Catalyst characterization Catalysts characterization was per-
formed by powder X-ray diffraction (XRD), X-ray photoelectron
spectotroscopy (XPS & HAXPES) and surface area measurements
by N, adsorption at 77 K using the Brunauer, Emmett and Teller
(BET) analysis.

X-ray photoelectron spectroscopy (XPS) was combined with hard
X-ray photoelectron spectroscopy (HAXPES) using a PHIQuantes
spectrometer (Ulvac-Phi), equipped with a conventional low-
energy Al-Ka source (1486.6 eV) and a high energy Cr-Ka
(5414.7 eV) X-ray source. Both sources are high flux focused
monochromatic X-ray beams (further details below). The meth-
ods give the elemental concentration of the catalyst (Table[I) with
an averaged information depth of 2-4 nm and 10-20 nm for the
Al- and Cr- source, respectively.2® A comparison of the two con-
centrations reveals the distribution of the elements as expressed
by the ratio between the catalytic metal and the support cation
(WO, A3, Si**). As an example, the sample Ni@Al,0, H with
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Table 2 Surface area and pore volume of the catalysts.

Catalyst BET surface area | pore volume
(I'Il2 g—]) (Cl’l’l3 g—l)
Pt@WO, 3.49 0.042
AL, O, 179.87 0.280
Ni@Al, 04 L 180.03 0.285
Ni@Al,0; M 180.34 0.276
Ni@Al,O5 H 139.41 0.219
SiO, 349.35 0.837
Ni@SiO, L 249.22 0.985
Ni@SiO, M 249.02 0.976
Ni@SiO, H 173.10 0.971

highest Ni-loading contains 43 %-at Ni within a depth of around
3 nm, but only 39 %-at within 15 nm.2? The metal-cation ratio
changes from 7.4 to 2.7. This means that Ni is concentrated at
the surface in the oxidized form. The trend is observed for all
investigated systems (Table .

XPS/HAXPES detail spectra: A detection angle of 6 = 45° with
respect to the sample surface was used. XPS detail spectra were
recorded with a step size of 0.05 €V at a constant pass energy of
55 eV averaging 10 scans using the Al-Ko source (power 24.5 W;
beam diameter 100 pm). HAXPES detail spectra were recorded
with a step size of 0.05 eV at a constant pass energy of 55 eV
averaging 80 scans using the Cr-Ko (power 51.6 W; beam diam-
eter 91.6 um). Quantification of each element was performed
using the MultiPak 9.9 software of Ulvac-Phi. Atomic concentra-
tion of the elements were calculated from the integrated peak
areas, using the sensitivity factors provided by the manufacturer,
as derived according to ISO 18118.

X-ray diffraction (XRD) patterns were obtained using a PAN-

alytical X'Pert-Pro powder X-ray diffractometer, using Cu Ka
monochromatized radiation (1.541 10\) in the range of 26 =
5-90° (X-ray gun setting at 45 kV and 40 mA).
Although Al,O5 and SiO, are nanocrystalline and amorphous ma-
terials, respectively, XRD gives some important background infor-
mation (Fig. . Al, O, is identified by broad peaks; SiO, is vis-
ible through a broad amorphous background at lower scattering
angles. The background shape does not change with catalysts
loading, indicative of an unmodified support after Ni-loading.
On Al, 04, peaks of NiO are visible for highest Ni-concentrations
only, while the corresponding peaks occur for much lower Ni-
concentrations on SiO,. This indicates that Ni is finer dispersed
on Al, 04 and SiO, during the impregnation/calcination process,
i.e., NiO agglomerates faster on SiO, to XRD-visible particles
(d >14 nm) than on Al,O5. Nucleation of nanoparticles relies on
the existence anchor points (seeding),=832 mostly defects, which
are different on both supports.

N, sorption at 77 K was measured in a Micromeritics TriS-
tar II analyzer. Samples (approximately 0.05 g) were evacuated
to 50 mbar at 623 K for 12 h prior to the measurement. The
Brunauer-Emmett-Teller (BET) method was applied to calculate
the total surface area, SBET. The pore volume, V)., was deter-
mined from the amount of N, adsorbed at a relative pressure of
p/p0=0.99. The surface area of the impregnated catalysts de-
creases with increasing nickel concentration (Table. The same
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trend is observed for the total pore volume, but less pronounced
especially between catalysts with similar nickel loading.

Neutron imaging The reactor was placed in a collimated neu-
tron beam (thermal neutrons) in the NEUTRA#Y radiography sta-
tion (SINQ, PSI Switzerland)4Y in front of a detector, a scintilla-
tor CCD-camera system. The scintillator, doped with gadolinium
(neutron absorber), converts the neutron beam into visible light,
which is then recorded by the CCD-camera via a mirror.

The neutrons are markedly scattered by hydrogen only, while
aluminum has a relatively small effective cross section for neu-
trons.2728 Images of the ongoing reaction are taken every 20 sec-
onds, allowing in-situ analysis of processes on a minute timescale.

Processing of neutron images Image and data processing were
performed with ImageJ software using built-in functions and a
Matlab script for the data extraction and calculation of the neu-
tron attenuation A in cm~! and hydrogen concentration ¢ in
mol cm™3:

Li—Ipc
. A 7_]H(10;_]I;LC) %)
UNp dUNy

with d being the sample thickness (here 1.2 cm), N4 the Avo-
gadro constant, 4 =4.7- 10723 cm? the scattering cross-section of
neutrons for hydrogen in water molecules by the thermal neu-
trons of NEUTRA%Z (see discussion), I; j is the extracted area-
averaged intensity of each image measured for 20 seconds, with i
indicating the image number from the experimental sequence and
j representing the sample, Ip¢ the background noise (no neutron
flux) from the CCD camera and Iy; being the reference image of
each experimental run, which is derived from the mean value of
several images measured under vacuum at the beginning of each
experimental sequence.

Before data extraction from the images, the raw data images
were processed to correct inhomogeneities of the experimental
setup. First, the background noise from the CCD camera Ipc was
subtracted from each image I;;. Second, outliers caused by direct
hits of y-photons on the CCD camera were removed using the "re-
move outliers" option in Image J (pixels 4.0, threshold 300) for
all acquired images. In a next step the images were corrected
for scattered neutrons by black-body correction using the Kip-
tool software.“3 The black body correction is required for neu-
tron imaging analysis, because no optical elements are included
for neutron imaging leading to artifacts from multi-scattering and
secondary radiation. It is particularly important for samples with
highly different scattering areas as is the case for the multi-sample
reactor.42

Since we are only interested in the difference in hydrogen up-
take of the samples, the images were normalized by the reference
image Ip;. All corrections (except the black-body corrections)
were perfomed with the software Image J. The data was extracted
using a Matlab script extracting the now corrected, area-averaged
intensities (indicated by a red square in Fig. [2B) of each sample
for each experimental run.

Physical Chemistry Chemical Physics
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3 Methodology

Before each sequence, the reactor was degassed at 350°C in vac-
uum for at least 30 min for all measurement series. The vacuum
pressure was given by the rotary pump base pressure of around
0.1 mbar. Then the reactor was set to the desired temperature of
the experiment. The first 5-10 images (100-200 s) of the reactor
in vacuum were later used as reference image I; for normaliza-
tion. Hydrogen was then added to the samples at a flow rate of
100 sccm and the pressure was increased stepwise from 0.5 to
1.5 bar. After this step, vacuum was again applied to monitor
the reversibility of the hydrogen uptake. This was followed by
the steady-state isotopic transient kinetic analysis, in which hy-
drogen was alternately exchanged with deuterium and vice versa
(flow rates 100 sccm at 1 bar).

The difficulty of hydrogen analysis in catalysts stems from two
facts: the coverage of mobile hydrogen, e.g., reversibly adsorbed
hydrogen on the surface of the catalyst is high at high pressures
and low in vacuum (8 = 1 — 0).44 The number of irreversibly ad-
sorbed hydrogen atoms, e.g., hydrogen bound to the surface as
hydroxide can be high, too.42 However, the averaged hydrogen
concentration as determined by non-local measurements is orders
of magnitude lower than the local surface concentration. Hydro-
gen is also dissolved in the bulk at low concentrations by practi-
cally every material, 4®/ which makes the assignment difficult. The
second difficulty is that hydrogen can be detected and quantified
by very few in-situ methods only. 472 Terreni et al.*2% demon-
strated the use of neutron radiography for hydrogen detection in
catalysts. Neutron imaging is element-specific for hydrogen and
compatible with the harsh conditions in catalysis, but lacks chem-
ical selectivity. To have some chemical information, the experi-
mental procedure is adapted by the parallel measurement (high-
throughput) of designed model samples. A multitude of samples
is prepared in a way that changes in the hydrogen uptake can be
traced back to the intentional structural or chemical differences
of the samples (combinatorial approach).

The averaged hydrogen concentration c is obtained by attenua-
tion of neutrons by scattering, see experimental section, utilizing
the Lambert-Beer law (eq. . The attenuation of neutrons de-
pends on a variety of parameters including total number of neu-
trons, detection efficiency, scattering by reactor walls and scatter-
ing by the atoms of the sample including the irreversibly adsorbed
hydrogen. The number of irreversibly adsorbed hydrogens atoms
(mostly as OH) will not vary upon change of the conditions ap-
plied here (hydrogen pressure, temperature), unless very extreme
conditions are applied, which are inaccessible in most setups.1
As the attenuation is derived from intensity changes, irreversibly
absorbed hydrogen cannot be detected. To account for these hy-
drogen atoms, the samples are exposed to deuterium, which can
exchange with the hydrogen already present in the samples. The
exchange process is a chemical reaction with a negligible change
of the Gibbs free energy;,22 and thus mainly kinetically limited.>3
Deuterium has a markedly lower neutron scattering cross sec-
tion.%8 The attenuation of neutrons by a sample containing both
reversible and irreversibly absorbed hydrogen decreases upon ex-
posure to deuterium proportional to the total amount of H.
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With these two methods, we can access the kinetics as well
as thermodynamics of hydrogen sorption in catalyst. The de-
pendence of these properties on the microstructure is probed by
studying a series of samples with identical setup but one struc-
tural parameter. In this paper, we showcase this idea along Al, O,
and SiO, supported Ni catalysts with various amounts of Ni cor-
responding to a different coverage of the oxide by the Ni metal
particles. A limited chemical selectivity is obtained by studying
a series of identical samples, in which one constituent is varied.
Here, we use various supports as an example.

4  Results

In the experiment, 64 different samples were measured simul-
taneously under exactly the same reaction conditions. We first
start with a sample couple interacting contrarily with hydrogen:
Pt@WO; and Ni@Al,O5 H. WO, is the archetypal oxide known
to absorb reversibly up to one hydrogen per formular unit. 482452
In addition to the reversibly absorbed bulk hydrogen, WO, has
some irreversible hydroxide and/or water adsorbed at the sur-
face.“8 Hydrogen in and on Al,Oj is a complex chemical sys-
tem. Due to the high stability of Al,0,°” hydrogen in Al,O5 is
limited to defects in the material.*® Only at high water partial
pressure, hydroxide formation is thermodynamically favored.>?
The situation is different at the surface. Since long, the rich sur-
face chemistry of Al,O, is investigated and utilized for catalysis
applications.>! H, readily chemisorbs on the pristine Al,O5 sur-
face forming Al-H and O-H. The number and reactivity depends
sensitively on the water partial pressure.®? Technical surfaces are
usually hydroxylated, and heating up to 500 °C leads only to
a partial dehydroxylation.®? Nevertheless, hydrogen—deuterium
exchange takes place on such surfaces.©20l In both cases, the
metal nano-particles of Pt on WO5 and Ni on Al, O, respectively,
are added to accelerate hydrogen dissociation. Their influence is
discussed later.

Figure shows the neutron attenuation % from
Ni@Al,O5; H and Pt@WO, during a typical measurement cycle
(see Sec. for details). After annealing in vacuum, all samples are
simultaneously exposed to hydrogen at 0.5 bar and subsequently
up to 1.5 bar. The attenuation of Ni@Al,O5; H hardly changes.
There is a small increase at the pressure step, which is attributed
to hydrogen in the macro- and micro pores of the sample (red ar-
row in Fig. [4A). Applying vacuum has no significant effect (blue
arrow in Fig. ). With exposure to deuterium, a strong positive
signal develops indicative of irreversibly adsorbed H, which is ex-
changed by D (green arrow in Fig. [4A). Within the measurement
time, saturation of the exchange is not reached.

An extrapolation gives a neutron attenuation of A = 0.04 cm~!.
This translates into a total number of irreversibly absorbed hydro-

gen of
c= é v ~5.2Hnm 2 2
u mApgr

with the mass m = 0.274 g and volume V = 0.24 cm? of the sam-
ple and the measured surface area (see table [2). This is in good
agreement with literature, if H is present as OH on the surface:
Zhang et al.®2 find 4 OH nm~2 by MAS-NMR on y-alumina.

The amount of absorbed hydrogen is significantly smaller (red
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Fig. 4 A. and B. show the neutron attenuation in cm~! versus time in s

of the catalysts Ni@AI,O3 H and Pt@WO; at 200 °C. The arrows reflect
the hydrogen uptake (red), hydrogen desorption (blue), exchange of mo-
bile/intercalated hydrogen with deuterium (purple) and the exchange of
the hydrogen with deuterium in the previously present hydroxy groups
(green). C. Schematic representation of the hydrogen intercalation and
the hydrogen—deuterium exchange in the two catalysts.

arrow in Fig. @A). Within measurement time, we reach neutron
attenuation for the pristine Al,O, support of A = 0.003 cm™! at
100 °C corresponding to a concentration of ¢ = 0.3 H nm~2, at
200 °C a concentration of ¢ = 0.5 Hnm™2 and a concentration
of ¢ =2.1 Hnm 2 at 300 °C (Fig. . Jourbert et al. find ¢ =
0.043 Hnm ™2 and ¢ = 0.069 H nm~? of Al-H sites at 25 °C and
150 °C, respectively using a titration procedure quantified by solid

Page 6 of 12


https://doi.org/10.1039/d2cp03863c

Page 7 of 12

Published on 21 October 2022. Downloaded by Lib4RI on 10/24/2022 10:44:33 AM.

0.05

0.04 +
0.03 1

0.02 4

A (cm!

-0.02

B 0.05

0.04 +
0.03 +

0.02 H

A {cm

-0.01 4

-0.02 1

c 005

0.04 H

Fig. 5 A.,B., and C. shows the neutron attenuation during hydrogenation
and hydrogen—deuterium exchange versus time of various NiQAI,O3 cat-
alysts with different Ni loads and the pristine Al,O3 support at 100 °C,
200 °C and 300 °C, respectively.

state NMR.60 Giving the fact that the measurement procedure are
very different, the agreement is reasonable.
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Fig. 6 A.,B., and C. shows the neutron attenuation during hydrogena-
tion and hydrogen—deuterium exchange versus time of various Ni@SiO,
catalysts with different Ni loads and the pristine SiO, support at 100 °C,
200 °C and 300 °C, respectively.

The situation is different for Pt@WO5. Upon exposure to hy-
drogen during the first 1500 seconds, the initial attenuation drops
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fast, and continues at a slower pace indicative of fast hydrogen
uptake (red arrow in Fig.[4B). The hydrogen uptake is reversible:
the attenuation weakens again fast and then slowly back to small
absolute values when vacuum is applied (blue arrow in Fig. [4B).
The final value differs to the initial one, which can be interpreted
in two ways:

Hydrogen intercalates only partially into WO, (Fig. ), and
some hydrogen interacts irreversibly with the surface forming sta-
ble hydroxides and/or water; or the hydrogen intercalation (dif-
fusion) into WO, is time dependent, in particular at low hydrogen
contents. For both scenarios, arguments can be found in litera-
ture.48153156163165/ By, applying deuterium, we probe all kinetically
accessible hydrogen in the sample, including the thermodynam-
ically irreversibly absorbed hydrogen. The attenuation returns
back to zero (violet arrow in Fig. [4B), and only a small positive
attenuation develops (green arrow in Fig. ), which is indicative
of (irreversibly absorbed) hydrogen that was present before first
hydrogenation at t = 0.

Similar to Ni on Al, O, the hydrogen concentration in WO4 is
derived from the neutron attenuation. As we are interested in
the bulk absorption of H,WO3, the number of hydrogen atom at
200°C is given relative to the number of WO,:

AV, M
x= . samplem WOs .09 H per WO, 3)
UN4 Mgample )
The amount measured at 100 °C reached x = 0.26 (not shown),
which is in fair agreement with Berzins et al.2> reporting x = 0.36
and x = 0.20 in H,WOj3 for 100 °C and 200 °C, respectively.

The hydrogen interaction with catalysts is very sensitive to tem-
perature. The high-throughput method is ideal to study this de-
pendency of a great number of samples in parallel reducing the
unavoidable errors from experimental uncertainties, because the
error is identical for all samples. As a demonstration, we studied
the system Ni on Al,O5 and Ni on SiO, as a function of Ni load
and temperature. Figure [5|shows the neutron attenuation during
hydrogenation and hydrogen— deuterium exchange versus time of
various Ni@Al, O, catalysts with different Ni loads and at various
temperatures.

The 200 °C curve was already discussed above (Fig. [d). The
results are similar for all investigated systems, i.e., a small re-
versible hydrogen uptake, and comparably larger irreversible hy-
drogen concentration. Not surprisingly, the catalysts with high-
est Ni loads have fastest kinetics (Fig. [5] & [7A). The tempera-
ture of maximum hydrogen-deuterium exchange rate is shown
in Figure [7A. The kinetics were obtained by fitting the hydro-
gen—deuterium exchange for all samples with a linear equation
for the first 200 s. The slope obtained in this way was then multi-
plied by the corresponding time to calculate the attenuation and
the amount of exchanged hydrogen with deuterium, respectively.
Interestingly, the differences are negligible at 300 °C, where hy-
drogen uptake as well as exchange is almost equally fast even on
the pristine Al,O5 support (Fig. ). Furthermore, the effect of
Ni is significant only above a certain concentration (above a ratio
of 0.3 Ni/Al, 0.03 Ni/Si respectively, Fig.[5|and Table[T)) at lower
temperatures. The Ni concentration as determined by XPS and
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HAXPES (see experimental section) is an integral measure of the
number (coverage) and size of Ni-particle on the oxide support. It
is not expected that the catalytic activity for hydrogen—-deuterium
exchange of the Ni particles depend significantly on size. How-
ever, at very low concentrations and thus coverage, the diffusion
length of H and or D is markedly larger than for high Ni concen-
trations. Karim et al.2® find maximum diffusion lengths of 15 nm
on Al,O,, i.e., the effect of a catalyst on hydrogen spillover is very
local in perfect agreement with our results. Karim et al. substanti-
ate the limited diffusion length with DFT-calculations finding that
hydrogen desorbs during surface diffusion. This implies that this
surface hydrogen is reversible. Indeed, we find the amount of
reversible hydrogen (i.e., hydrogen adsorbed during hydrogena-
tion) increases with temperature, while the amount of irreversibly
adsorbed hydrogen (i.e., hydrogen-deuterium exchange) first in-
creases (kinetics) and then decreases again at high temperature
for the catalyst with highest Ni load (Fig.|5) and thus fastest ki-
netics . Following the argument of Joubert et al., hydrogen ad-
sorption on Alumina is fully reversible at 400 °C.€0

Hydrogen adsorption on Al,O5 is known to be special, in par-
ticular the existence of hydrogen linked to Al with acidic charac-
ter. The number of these ’acidic sites’ are much smaller on sil-
ica than on alumina.38166°69 making Ni@SiO, a good system for
comparison. The amount of Ni on the catalyst surface of SiO, is
smaller by one order of magnitude compared to the Al,O, cata-
lysts, even though the same amount of nickel precursor was used
(table.g&39 Figure E]shows the neutron attenuation during hy-
drogenation and hydrogen— deuterium exchange versus time of
various Ni@SiO, catalysts with different Ni loads and at various
temperatures.

The number of adsorbed and exchanged hydrogen is markedly
smaller on Ni@SiO, than on Ni@Al,O5, thus leading to more
noisy neutron attenuation data. Using eq. [2| and a BET surface
area of Aggr = 173.1 m?g~!, the mass m = 0.112 g and a neutron
attunation of A = 0.012 cm~!, we obtain an irreversibly bound
hydrogen concentration of around 2.2 H nm~2 for Ni@SiO, H at
300°C (see Fig.[f). Chronister et al. report values between 1 and
2 H nm 2 using pyridine adsorption.”

Overall the Ni on SiO, impregnated catalysts show a similar
trend compared to the alumina catalysts. The amount of re-
versible hydrogen (i.e., hydrogen adsorbed during hydrogena-
tion) increases with temperature. The amount of irreversibly
adsorbed hydrogen (i.e., hydrogen—deuterium exchange) first in-
creases, i.e., the adsorption is limited by kinetics. At high tem-
peratures, the Ni loading becomes less relevant for the uptake
(Fig. @, while the rate still depends on the Ni loading (Fig. ).
This means that at higher temperature, also the desorption is in-
creased and thus the irreversibly adsorbed hydrogen decreases
again.

5 Discussion

We introduced a quantitative method to monitor the H-uptake
and hydrogen—deuterium exchange in materials, in particular cat-
alysts. A particular strength of the method is that it gives quanti-
tative data without needing a reference sample, which is indeed
confirmed by comparison with literature data based on different
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Fig. 7 A. and B. show the hydrogen—deuterium exchange after 200 sec-
onds of applying deuterium on Ni catalysts supported by Al,O3 (A.) and
SiO, (B.), respectively. The amount of Ni is given as metal to support
cation ratios obtained by XPS analysis (from Table .

methods. However, there are limitations to this approach:

* signal to noise ratio: The final result, i.e., the hydrogen
(OH) coverage in Al, 05 and SiO, supported catalysts is sim-
ilar, but the underlying signal to-noise ratios vary markedly
(compare scattering of A in Figs.[5|and [6). The difference is
due to different total amounts of hydrogen as a result of the
total amount of the sample and its hydrogen content. The
neutron attenuation is proportional to the number of hydro-
gen atoms, an extensive property, and not to the coverage or
concentration, which is an intensive one. The signal to noise
ratio can thus be enhanced by increasing the sample amount
(attenuation length d) until the total intensity is too low to
be detected.

* Cross section u: Equation contains only experimental pa-
rameters, except i, which is approximated to be constant.
This is based on the assumption that neutrons are atten-
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uated by nuclear interaction with protons. However, the
chemical bonding of the hydrogen with its environment in-
fluences the scattering cross section.”% For the free hydro-
gen molecule, uy, = 3.7-1072% cm? per H,%” while uy, =
4.0-1072 cm? per H,227U for hydrogen in ZrH,. We chose
ta,0 = 4.7-10723 cm?2742 assuming hydrogen in H,O to be
similar to hydrogen in OH. Without additional energy dis-
crimination, CONI being based on an interaction between
neutrons and nuclei cannot distinguish between atomic hy-
drogen, hydride ion or proton.

With the combinatorial approach of CONI considering all known
different physical parameters of the individual samples, we can
conclude on the chemical behavior of the studied systems:

* WO, is one of the best known examples of the hydrogen

spillover effect. The oxide is reduced by hydrogen when it
comes into contact with a metal catalyst (here Pt). Reduc-
tion can mean hydrogen intercalation forming H,WQOj;,>>
adsorption at the surface and formation of hydroxy groups at
surface, 7273 and oxygen removal by water formation lead-
ing to oxygen deficient WO;_5.48/74 The latter takes place at
higher temperatures only, and can thus be omitted here.>>
The competition between irreversible surface adsorption and
reversible bulk absorption is debated since long.>36172I73
CONTI is ideal to distinguish the two processes (Fig.[4B). Bulk
absorption is characterized by the reversible hydrogen up-
take (red/blue arrow), while the existence of irreversible hy-
droxy groups is evidenced by hydrogen-deuterium exchange
(green arrow).

Al,Ozand SiO, are archetypal catalyst support materials.
Here, hydrogen interaction is supposed to take place on the
surface, which is indeed observed by CONI. Both catalyst
supports are non-reducible and therefore less susceptible to
hydrogen spillover, i.e., only negligible net atomic hydro-
gen transport from the metal particle to the support sur-
face.’2645 The most common form of hydrogen transport on
non-reducible supports is a proton-deuteron exchange of ir-
reversible hydrogen, i.e., no additional hydrogen/deuterium
absorption occurs on the catalyst/support surface (see fig-
ures [5] & [6). However, if alumina and silica are treated and
evacuated at higher temperatures, defect sites are released
which can then absorb atomic hydrogen, i.e. experience H,
spillover (see figures [5IC & [6lc). #5160 Alumina in particu-
lar has relatively strong Lewis acid sites (aluminum elements
that are not fully coordinated) that can be activated during
treatment at elevated temperatures.51€075 These activated
sites can carry out hydrogenation reactions.”®7Z Qur find-
ing of absorbed hydrogen on Al,O5 (Fig.[5) after evacuation
at elevated temperatures differs not only by the observed
amount of absorbed hydrogen (see results), but also by the
fact that the hydrogen—deuterium exchange is temperature
dependent, i.e. occurs only at higher temperatures, from the
findings of Joubert et al.©% and Wischert et al.>¥ The amount
of hydrogen—deuterium exchange increased with tempera-
ture for the pristine Al,O5 support. At 100 °C hardly any
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hydrogen-deuterium exchange was observed on the pristine
Al, 04 support, where as at 300 °C the exchange was equal
to the Ni impregnated catalysts. Several aspects could be
assigned for the difference in the findings, e.g. the signal-
to-noise ratio, the starting materials and their preparation.
Since the signal-to-noise ratio was relatively high for the
Al,O4 samples (Fig. , the latter can be considered as the
cause of the difference. The nature of the starting materials
(i.e., fumed silica, base-activated alumina) may also have
contributed to the fact that the alumina catalysts were im-
pregnated with much more nickel (Table[I)). However, it can
be assumed that the impregnation had no effect on the sup-
port structure, as observed in the XRD (Fig. [3).

Overall the determination of the total OH concentration with
neutron radiography, yielded concentrations in good agree-
ment with literature. The temperature dependence of the H
intercalation and hydrogen—-deuterium exchange show that
an increased nickel content accelerates hydrogen—deuterium
exchange, especially at lower temperatures. In addition,
it is also evident that although the exchange rate of H/D
increases at the highest temperatures (Fig. [7), the total
amount absorbed is much smaller compared to lower tem-
peratures (see figures. [5} &[6] This can be attributed to hy-
drogen desorption from the surface, which increases with
higher temperatures.2°

Spillover is dissociation of dihydrogen on the metal particle and
the net transport of hydrogen over the surface of the support.4>
This is to be distinguished from hydrogen—-deuterium exchange
on hydrogen covered surfaces (e.g., in the form of OH). Here,
the metal particle splits hydrogen/deuterium and thereby enables
H/D-exchange, but there is no net transport over the surface, i.e.,
there is no additional hydrogen—deuterium adsorption (i.e., an lo-
cal exchange of a proton with a deuteron). The neutron imaging
visualizes these two effects (see, e.g., Fig. |5/ C). The attenuation
of neutrons increases upon hydrogen exposure indicative of hy-
drogen uptake. The reversibility is partially observed in H@WO,
(red/blue arrow in Fig. ), but hardly in H@AI, O, (Fig. ).
The H/D-exchange process is reversible, but it relies on already
existing hydrogen on the surface. In most cases, the hydrogen was
already existing and is thus irreversibly adsorbed hydrogen such
as OH. Despite involvement of irreversibly adsorbed hydrogen,
hydrogen-deuterium exchange is very fast in contrast to spillover:
for spillover, a net transport with correspondingly longer diffusion
paths is needed, while hydrogen-deuterium exchange requires
only local exchange.4>

6 Conclusion and outlook

In this paper we utilize neutron imaging together with a combi-
natorial reactor (CONI method) as a valuable tool to characterize
and probe the catalytic properties of up to 69 samples simultane-
ously, i.e., under identical reaction conditions. Overcoming the
pressure gap we obtain more reliable catalyst properties closer
to the industrially used conditions. The importance of the com-
position of the catalyst system (i.e., metal nanoparticles, metal
loading, support) are well demonstrated. The use of neutrons
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and the prior knowledge of the catalytic system allow to quan-
tify the amount of and to distinguish between hydrogen adsorp-
tion/uptake, intercalation and exchange with deuterium. The
presented case study of the Ni catalysts shows a clear dependence
between the nickel content and the hydrogen exchange rate, es-
pecially at lower temperatures.

Future goal is to compare and correlate the measured neutron
data with the catalytic reactions measured separately. This will
contribute to the debated question,#2 to what extend spillover
determines the activity of a catalyst for a given hydrogenation
reaction.
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