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ABSTRACT: Chemical reactions that are crucial for energy conversion require
catalysts with intricate functional interfaces characterized by high structural and
compositional complexity. Computational catalysis offers predictive insights through
the simulation of surface structures and elementary processes, but reliable
experimental benchmarks are essential for validation. In this study, we provide
such experimental data by determining the energetic distribution of adsorption sites
of short-chain alkanes (ethane, propane, n-butane) and alkenes (ethene, propene, 1-
butene) on the surface of the polycrystalline oxides V,05, MnWO,, SmMnOj, and
MoVO,, and on the benchmark catalyst vanadyl pyrophosphate (VO),P,0, (VPP)
using microcalorimetry. From the measurement of the heat of adsorption as a
function of the degree of coverage, energy distribution spectra were derived, which
represent a quantitative energetic fingerprint of the functional interface. Using the
adsorption data, turnover frequencies were determined for the oxidation of propane,
which served as a complex probe reaction. The integral heat of adsorption of the reactant propane normalized to the number of
adsorption sites was thus determined as a descriptor for activity. Correlation diagrams of propane and propene adsorption allow to
predict the selectivity. The maximum turnover frequency of the formation of valuable oxygenates is found at moderate adsorption
strength of the intermediate propene. The presented method provides a reference data set for systems where detailed atomistic
information about the structure of active sites is difficult to obtain due to their inherent complexity.

KEYWORDS: microcalorimetry, propane adsorption, propene adsorption, adsorption sites, alkane oxidation

B INTRODUCTION

Adsorption at catalytically active interfaces allows chemical
reactions to proceed more energy-efficiently than in the
homogeneous phase since the reacting molecules are activated

energetic surface heterogeneity of the adsorption centers.’ For
the energetic distribution of Brensted and Lewis acid sites in
zeolites, so-called acidity strength spectra were recorded in the
late 1970s.'°~"* Since then, no other solid catalyst has been

for alternative reaction pathways. The thermodynamics of
adsorption processes are described by adsorption models, such
as the widely used Langmuir adsorption isotherm. It is
assumed that (i) an interaction takes place at identical
adsorption sites via dispersion forces or the formation of
chemical bonds, (i) the heat of adsorption is constant
regardless of surface coverage, and (iii) the adsorbed molecules
do not interact with each other.' Microkinetic models
frequently use the Langmuir adsorption isotherm to describe
the kinetics of heterogeneously catalyzed reactions.”” How-
ever, the validity of the above boundary conditions is rarely
verified experimentally for exactly the catalyst systems whose
kinetics is being studied.

The introduction of adsorption microcalorimetry®® enabled
the quantitative analysis of the heat of adsorption as a function
of the degree of coverage on single crystals and powders and,
thus, the characterization of the energetic distribution of
adsorption sites on the surface of model systems and more
complex catalysts.®™” Calorimetric measurements of the
adsorption of probe molecules on oxides applied as
heterogeneous catalysts show, in most cases, considerable
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studied similarly.

Microcalorimetry applied to characterize catalyst surfaces
mainly involves the study of probe molecules, such as
ammonia, SO, or CO. In rare cases, adsorbed reactants of
relevant catalytic reactions are employed. In fact, there is
essentially no information on the energetic distribution of
adsorption sites on real high-performance catalysts.

Generally, the active sites on the surface of a heterogeneous
catalyst are challenging to detect analytically. According to
Taylor’s concept,’” only a small fraction of particularly
coordinatively unsaturated surface atoms enables the activation
of the adsorbed molecule for a reaction, and all other
adsorption sites are resting places or sites for the adsorption
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of spectator species. In complex reaction networks involving
sequential and parallel chemical transformations, it cannot be
excluded that several different active sites are involved in the
overall pathway.'* Detection is further complicated by the fact
that the active state of a catalyst forms only under reaction
conditions.">' Thus, the determination of turnover frequen-
cies (TOF),"” which represent an absolute scale of catalytic
activity in units of reacting molecules per active site per
second, is a challenge in heterogeneous catalysis.

Computational heterogeneous catalysis generates key
mechanistic insights and predicts improved catalysts."®
However, this requires accurate quantification of the
adsorption energies of major species involved in a reaction
mechanism."” Explicit DFT calculations combined with a
reduction of possible active surface structures of interest
through machine learning techniques can accelerate progress in
gaining insight.”"~>* Adsorption energies calculated by DFT,
primarily derived for metals, reported values comparable with
<expe1‘iments.8’23”24 However, atomistic information for complex
catalyst surfaces and composites is lacking. Since the structure
of the adsorption complex is unclear, computational studies
that address oxides or other multicomponent systems can be
subject to significant uncertainties.”” But chemical reactions,
which are essential for energy storage and conversion, usually
require functional interfaces in catalyst materials with exactly
this higher structural and compositional complexity.”® Thus,
the validity of energetic parameters used in the mechanistic
analysis is critical when addressing the current challenges in
catalysis research.””’ To tackle the complexity, systematic
experiments on relevant high-performance multicomponent
catalyst materials are needed, which may serve as benchmarks
for theory.

In this work, we probe the adsorption energy distribution for
C2—C4 alkanes and alkenes on metal oxides and phosphates,
including V,0,,°* MnWO0,,””*° (V0),P,0,,>%"!
SmMnO;,”>** and MoVO,,**** and present a comprehensive
data set for the interaction of alkanes and alkenes with oxide
surfaces. The selection of materials focused on diversity in
chemical composition and catalytic properties.’®” Alkane
oxidation is an example of a highly complex type of
reaction.”®*” The industrial catalyst vanadyl pyrophosphate
(VO),P,0, (VPP) was included as a benchmark.”® The
nanostructure and surface composition of the compounds were
previously investigated extensively by electron microscopy and
synchrotron-based near-ambient-pressure photoelectron spec-
troscopy (NAP-XPS). Observed were phenomena such as
surface elemental enrichment,”>** specific surface termination
with an isolated group of atoms, point defects,”” intergrowth of
phases, segregation from channels, interstitial regions and
inclination.” The cross-sectional area of the hydrocarbon
molecules (0.1-0.5 nm?) roughly corresponds to the
dimensions of the surface irregularities (0.6—1.5 nm”) detected
by electron microscopy. Therefore, the adsorption experiments
are expected to reflect well the energetic distribution of surface
sites.

Since there is practically no data on the distribution of
adsorption energies of reactants on the surface of complex
catalysts, our research aims to fill this gap. By determining the
energetic distribution of adsorption sites, data for the
validation of models used in computational chemistry are
provided. Furthermore, our method enables the experimental
determination of descriptors for the activity and selectivity of
catalysts. This empirical validation underlines the robustness

and applicability of our approach in the characterization of
catalysts and highlights the benefits of the technique.

B METHODS

The catalysts were synthesized and characterized according to
rigorous protocols in the framework of a data-centric approach
to heterogeneous catalysis.”” Catalyst synthesis, character-
ization and catalytic properties in alkane oxidation have been
reported elsewhere.”™*” Accordingly, the materials investigated
here are polycrystalline, phase-pure compounds.

Adsorption Microcalorimetry. Adsorption energies of
alkanes and alkenes were determined at 313 K using BT2.15
and MS70 Tian-Calvet type Calorimeters (SETARAM). The
calorimeters were equipped with a custom-designed high
vacaum and gas dosing apparatus (volumetric-barometric
system)** and an in-house constructed high vacuum all-metal
cell with batch geometry.*” This configuration allowed
hydrocarbon dosages as small as 0.02 umol. A pressure
transducer (MKS Baratron type 121) was used to detect
pressure variations of 0.001 mbar. The calorimetric sensor was
calibrated using a contact-free method based on the Joule
effect. A dedicated vessel with a built-in electrical heater
(Ohmic resistance 1 kQ) was used to simulate the
experimental vessel containing the sample, and calibration
was carried out using a series of precise heat inputs. The
catalysts were analyzed as 100—200 pm sieve fraction using
2.04, 2.6, 0.508, 1.914, and 1.6 g of MnWO,, V,05, MoVO,,
VPP, and SmMnO;, respectively.

First, the catalysts were pretreated in the calorimeter cell
under ultrahigh vacuum at 423 K for 2 h. Subsequently, the cell
was cooled down to 313 K in a vacuum and transferred into
the calorimeter. Hydrocarbons were stepwise introduced into
the evacuated cell (p < 3 X 107 mbar), and the pressure
evolution to determine the amount of the adsorbed molecule
as well as the heat signal were recorded for each dosing step.
Gases (Air Liquide) of 99.5—99.9% purity were adsorbed
(C,Hs (2.5), C,H, (2.5), C3Hg (3.5), C3Hg (2.3), n-CHyo
(2.5), 1-C,H, (2.5)].

The first adsorption experiment was finished when the heat
of adsorption was dropped to about 25 kJ-mol™!, and the
corresponding adsorption isotherm exhibited a plateau. Then
the cell was evacuated (pg,q ~ 107° mbar) at 313 K for 2 h,
and a readsorption was carried out according to the procedure
described above. The difference between the two adsorption
isotherms determines the amount of irreversibly adsorbed
species.

Calorimetry Data Evaluation. The raw data of an
adsorption experiment are exemplarily shown for propene
adsorption on MnWO, in the Supporting Information, Figure
S1. The quantitative values derived from microcalorimetry are
defined in Scheme 1.

Both the integral heat evolved Q; and the equilibrium
pressure p; of the adsorbates were measured for dosages in
small increments and plotted as a function of time for each
dose added (Figure S1a). The calorimetry data were processed
with the tools of the Origin software. Figure S1b shows the
differential heat, qdiff (molar heat of each dose of adsorbate), as
a function of the adsorbed amount n4, (eq 1).

g™ = f(n,4,) (1)
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Scheme 1. Definition of the Quantitative Values Derived
from the Microcalorimetric Experiments

9 heat of adsorption g4fat 8 = 0 [k] - mol™1] (3)

Gmax = 9% at maximum ::‘Z'jiff [k] - mol™1] 4)

Qoo = S22 (K- mol™] (5)

qetr molar heat of each dose of adsorbate (differential
heat)

o coverage @ = N/N;orar

N number of adsorbed molecules at each step

Nwtzr number of adsorption sites in a monolayer

Nads total amount of adsorbed molecules defined as
sum of molecules adsorbed with g% >25 Kk]-mol*

Qi integral heat of a single adsorption event 7in K]

nj amount adsorbed molecules at each step in mol

For an easier comparison of the heat profiles of hydro-
carbons on various oxide surfaces, the results were presented as
adsorption energy distribution spectra (eq 2, Figure Slc).'*™"

: d?’l d
f(qdlff) ai s
dqdff (2)

Differential heats of adsorption usually decrease with
increasing surface coverage. To reduce the error of differ-
entiation, the data were sorted so that ¥ decreases evenly.
The fitted differential heat profile was then replotted as n,4, =
f(q™) (red dashed line in Figure S1b), and the function was
differentiated (Figure Slc). In Figure Slc, the y axis
corresponds to the fractional occurrence (in %) of adsorption
sites with a given heat of adsorption from the total number of
adsorption sites, which is defined as dn,,/dg¥®n,q~!, and
which is set to 100%. The area under this curve represents the
number of probe molecules that were adsorbed with a given
evolved heat.**

Various specific heats are defined (Scheme 1). The heat
measured when the molecule adsorbs on an empty surface (6 =
0) is called gy, the heat for the most abundant adsorption
centers as ., and g, corresponds to the integral heat
normalized to the total number of adsorbed molecules in a
monolayer (6 = 1).

Propane Oxidation. The catalysis data were taken from a
previous publication.”” Since TOFs were calculated from these
data and the adsorption data obtained in the present work, the
formulas used to calculate the conversion of propane Xy (eq

6), the selectivity S; to product i (eq 7), and the consumption

and formation rates (eqs 8—10) of propane (rcsHs) and the

various products (rco,c,u,c,1,0,), Tespectively, are given below

Z:‘zl I\Iici

R — X 100
s Y Ne+3x cc,H, (6)

S = Ne; x 100

b Y Ng (7)

where N; is the number of carbon atoms in the product i, ¢; is
the concentration of the product i in the gas leaving the
reactor, and cc y_is the concentration of propane in the gas
leaving the reactor.

The rates of C;Hg consumption, and C;Hg, C,H,O, and
CO, formation have been calculated using the following
equations

_ XC3H8
TeH, = w
(%) (8)
N
= o, X oo
2 N (9)

where i is C;Hg, C,H,0, or CO,, W is the mass of the catalyst
in g, and F is the total flow rate in L-h7%

The turnover frequency of propane consumption was
determined using the integral propane consumption rate at
548 K, which is the lowest reaction temperature at which all
catalysts were active

7

TOE = —

Mads(CyHy ) (10)

where n1,45c ) is the total amount of adsorbed propane in a
monolayer (adsorption capacity) as measured by adsorption
calorimetry at 313 K (Table 1).
The turnover frequency for oxygenate formation at 548 K
was calculated as follows
TeH,0,
TOFcyo =——
’ Mads(C,H) (11)

where 71,45, is the surface monolayer adsorption capacity of
propene as measured by adsorption calorimetry at 313 K
(Table 1), and rc,0, is the oxygenate formation rate at 548 K.
Oxygenates involve acetic acid, acrylic acid, acetone, propanal,

and propionic acid. Further experimental details can be found
in the Supporting Information.

Table 1. Specific Surface Area S,*” Adsorption Capacity n,q, Heats of Adsorption q of Propane and Propene at 313 K

ID“ formula S, m*g™! N4y pmol-g~* o KJ-mol™ Gmaw KJ-mol™ Grotay KJ-mol™
C,H, C,H, C,H, C,H, C,H, C,H, C,H, C,H,
32024 MnWO, 35 6.4 50 35 69 35 42 32 49
31034 V,054 S 0.16 34 82 84 30 46 30 56
31012 MoVO, 61 4.4 58.2 35 100 30 95 31 67
31650 VPP 20 0.25 24.2 97 141 30 140 30 10S
30869 SmMnO; 7.5 4.5 2.6 64 338 45 320 46 138

“Unique sample ID of the synthesized batch to distinguish reproductions in catalyst synthesis.
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B RESULTS

Determination of Adsorption Energy Distributions.
The adsorption of alkanes and alkenes was performed at 313 K.
Alkane oxidations over the materials investigated involve
complex reaction networks in which a multitude of secondary
and parallel transformations can occur.*’ The alkene is the first
intermediate in a consecutive reaction that leads to oxygenated
products, such as acrolein or acrylic acid, and finally to
undesired CO,, as schematically shown in eq 12.

C;Hg + O, —» C;Hy — oxygenates — CO, (12)

Figure la shows the differential heat of adsorption (g%f
further also denoted as q) as a function of coverage measured

100} @ eorb
50 k-
80 F
- <40 F
: £ |
2
60 | -
2 T3k
5 g
o N ‘
40 | © 20} |
10 f
20 _ _ _ _ _ ________
GAC;Hy)
: 0

00 01 02 03 04 80 70 60 50 40 30
n C,H, (umol g™) q9" (kJ mol™)
Figure 1. Propane adsorption on V,0; measured by microcalorimetry
at 313 K; (a) differential heat profile, i, the heat of adsorption
measured as a function of the amount of adsorbed molecules and (b)
adsorption energy distribution spectrum, i.e., the number of
adsorption sites as a function of the heat of adsorption (dn,y/

dq®)-n.g, 7t = f(q), (see eq 2).

on V,0; during stepwise propane dosing (eq 1). The heat
decreases with each step and eventually approaches the heat of
condensation of propane (g, = 16 kJ-mol™"). The monolayer is
completed when the heat of adsorption approaches a plateau,
indicating that all adsorption sites on the surface of the catalyst
are occupied. The plateau, i.e., the total amount of adsorbed
molecules 7,4, in the monolayer (also called adsorption
capacity, Table 1) is reached at a slightly higher heat of 20—
30 kJ-mol™" (marked with a dotted line in Figure la for V,05)
compared to the heat of condensation of propane most likely
due to significant adsorbate—adsorbate interactions in the
monolayer.*" This is the energy range of physisorption, which
is also indicative for multilayer formation.

Differentiation of the function shown in Figure la gives the
energy distribution spectrum of propane adsorption on V,Og
(Figure 1b). The adsorption energy distribution spectra should
not be interpreted as a snapshot of the pristine surface at a
given moment but as its evolution with increasing partial
pressure of the adsorbate, i.e., with increasing coverage.

Mapping the number of adsorption sites as a function of the
heat of adsorption by recording energy distribution spectra
allows a quick and direct comparison of the energetic profiles
of different catalyst surfaces (Figures 2 and S2). From these
graphs, information about the diversity of adsorption sites can
be obtained at first glance. In addition, the strength of the
interaction of the adsorbates at the solid—gas interface
becomes apparent.'’”"**¥**” This method gives direct access
to quantitative values, such as the heat g, obtained when a

molecule is adsorbed on the empty surface (definition in eq 3
in Scheme 1), which generally characterizes the stron§est
adsorption sites if lateral adsorbate—adsorbate interactions” "**
or possible restructuring of the surface in the course of the
adsorption experiment do not lead to unusual patterns.”” The
heat g, represents the heat of adsorption at the most
abundant adsorption sites on the surface (definition in eq 4 in
Scheme 1). Furthermore, the total heat gy, is determined by
summing up all the evolved heat divided by the total number
of adsorbed probe molecules n,4, which gives an average
information on the overall strength of the adsorbate interaction
with the surface (eq S in Scheme 1). In the following, the
differences between the catalysts for both propane and
propene adsorption are discussed (Figure 2). The heat of
adsorption as a function of coverage and readsorption
experiments for all hydrocarbons investigated in the present
study are shown in Figure S2.

Adsorption of Propane. Propane is weakly and reversibly
adsorbed (gunax < SO kJ-mol™") on all surfaces (Figures 2a and
S2a,b), with the heat of adsorption on the most abundant
energetic sites g, showing the following trend: V,0 =
MoVO, = VPP < MnWO, < SmMnO; (for numerical values
see Table 1). Compared to the adsorption of propane on the
001 single crystal surface of V,05 (37 + S kJ-mol™"), the heat
for the most abundant adsorption centers on the polycrystal-
line V,05 studied here is slightly lower at 30 kJ-mol ™.

Even though most of the adsorption sites on SmMnOj; and
VPP interact only weakly with propane, there are a few sites on
these surfaces that reveal strong interaction, resulting in higher
values of q, of 64 kJ-mol™" for SmMnOj; and especially of 97
kJ-mol™" for VPP (Figure 2a, Table 1).

In general, the span in the energy of adsorption and the
width of the individual peaks indicate the degree of
(in)homogeneity of the surface and, thus, the diversity or
uniformity of the adsorption sites.

The width of the adsorption range for VPP and V,Oj; points
to a particular energetic diversity of these surfaces. This is
strikingly different from the adsorption of hydrocarbons on
zeolites, where energetically very uniform adsorption centers
are present.”””° Likewise, on the chemically even more
complex oxidation catalyst MoVTeNbO,, an adsorption
isotherm was measured in which the boundary conditions of
a Langmuir isotherm with respect to uniformity of the
adsorption sites and absence of adsorbate—adsorbent inter-
actions are clearly better fulfilled than in the case of the
vanadates investigated here.”® For the materials studied in the
present work, it should be noted that adsorbate—adsorbate
interactions in pores and confinement effects do not
significantly affect the present results because the samples
have a comparatively small specific surface area and no
microporosity (Table 1).

Adsorption of Propene. Propene, as the first stable and
desorbable reaction product in the consecutive oxidation of
propane reveals much stronger interaction and a broader
adsorption energy spectrum than propane (Figures 2b and
S2¢,d). The energy of the most abundant propene adsorption
sites g, shows the following trend: MnWO, ~ V,0; <
MoVO, < VPP < SmMnO; (Table 1). Propene covers a
considerably wider range of strong chemisorption (100—150
kJ-mol™") and reactive adsorption (200—350 kJ-mol™") than
propane.

All catalysts exhibit several kinds of adsorption sites with
discrete energy values. The SmMnO; perovskite contains two
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Figure 2. Adsorption energy distribution spectra, i.e. the number of adsorption sites as a function of the heat of adsorption (dn,g,/ dq®®)-ng " =
f(q*®), (see eq 2), of (a) propane and (b) propene at 313 K determined by measuring the heat of adsorption by microcalorimetry as a function of
coverage (Figure S1b), which was determined based on a simultaneously performed volumetric measurement of the adsorbed amount
(determination of the adsorption isotherm 1,4, = f(p)); Bars denote the heat of adsorption taken from the literature and determined experimentally
on single-crystal references and polycrystalline reference compounds for propane on V,05 (001),”" a-V,05, and a-MoO,,"” and values calculated
by DET for propene adsorption on V,0; (001),%*** oxygen terminated planes of Bi,Mo;0,, (010),>* MoO; (010),>* and clusters of Mo;0,;>* All
spectra are shown to the energy of 25 kJ-mol™’, which corresponds to the beginning of multilayer formation; The heats of adsorption of the
molecules on an empty surface q, and on the most abundant adsorption sites q,,,, (Scheme 1) are indicated; The numerical values are provided in

Table 1; For the differential heat profiles please see Figure S2a,c.

groups of most abundant sites, where high-energy sites with
Gmaxt ~ 350 kJ-mol™" and physisorption sites with g, .0 ~ 30
kJ'mol™" are evenly distributed. The energy distribution on
V,0; matches the V,0; (001) single crystal reference well but
features a considerable additional peak near g, = 76 kJ-mol ™.
This heat is in accordance with the reaction energy of propene
activation.”> Subsequent readsorption after evacuation at the
adsorption temperature of 313 K shows that the strong sites
are no longer available for propene on all catalysts except
MoWO,, where blocking of the sites occurs only to a limited
extent (Figure S2c,d). Here, weak adsorption sites associated
with reversible interaction with g < 65 kJ-mol™" are accessible
for readsorption.

Diftuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) confirms reactive adsorption and blockage of
adsorption sites (Table SI1 and Figure S3a—d). MoVO,,
VPP, and SmMnO; with high energy centers (g, > 80 kJ-
mol™") transform adsorbed propene to oxygenates already at
room temperature by a redox reaction with the catalyst, as
evidenced by the appearance of bands due to C—O and C=0
stretching vibrations in the region between 1750 and 1400
cm™ upon propene adsorption at 313 K. The intense bands
between 1650 and 1600 cm™ due to C=C stretching modes
and 1450—1320 cm™' due to C—H deformation modes
confirm, in addition, the irreversible binding of the propene
molecules even after evacuation to 107 mbar on all catalysts
(Figure S3e). Peaks at 1595 and 1571 cm™" for the perovskite
(Figure S3a) indicate the evolution of conjugated C—O/C=0
groups, which agrees with the exceptionally high energies of

12585

200—-350 kJ-mol™" in the reactive adsorption of propene on
SmMnOj; (Figure 2b). The peaks at the higher wavenumbers
1695 and 1672 cm™ are associated with C=O stretching
modes of carbonyl groups.’®”” In contrast, MnWO, with
narrowly distributed chemisorption sites (g, = 42 kJ-mol™")
interacts gently with propene in line with the bands at 1608
and 1635 cm™" ascribed to the C=C stretching vibrations of
propene weakly z-bonded to two different adsorption sites
(Figure S3d). However, the shoulder at 1661 cm™ also
indicates carbonyl groups forming on this catalyst. A
combination of flow calorimetry and mass spectrometry
confirms that no gaseous products are released at the
adsorption temperature of 313 K (Figure S4). Therefore, we
also exclude the desorption of oxygenates, CO, or H,O in the
microcalorimetric experiments. This means we rule out a
falsification of the measured equilibrium pressures by products
that desorb. Thus, the heat released during the adsorption of
propene, results from a superposition of heat due to reversible
adsorption and reaction heat, the latter being liberated due to
the formation of strongly adsorbed surface species.
Adsorption Capacities of Propane and Propene.
Regardless of structure and composition, all catalysts provide
a low capacity of ~0.1—6 umol-g™" for the adsorption of
propane at 313 K that does not correlate with the specific
surface area determined by nitrogen adsorption at 77 K
(Figure SSa, Table 1). The density of propane adsorption sites
is comparable on all catalysts and scatters around 0.1 nm™>
(Figure SSb). In contrast, the amount of C;H, increases
significantly with the specific surface area of the materials
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(Figure SSa, Table 1), which is consistent with more specific
adsorption of the alkene. Furthermore, a higher surface density
of the adsorbed species is observed. For example, adsorbed
propene shows an increased density of adsorption sites of
approximately 0.8 molecules nm™ on VPP and MnWO,
(Figure SSb). The differences are due to the different chemical
interactions of propane and propene, which can occur on the
one hand via the hydrogen atoms of the adsorbed molecule to
surface oxygen atoms or via a carbon atom or the C=C bond
in case of the olefin to Lewis acid centers.

Influence of the Hydrocarbon Chain Length. The heat
of adsorption at the most abundant adsorption sites on the
surface ¢,,,, does not correlate with the carbon number in the
adsorption experiments of C2—C4 alkanes (Figure S6a),
suggesting weak and unspecific adsorption of alkanes on the
investigated materials, and differing from what has been
reported on zeolites.*’

There is also no trend with the energy of the weakest
methylene C—H bond, as the difference in energies for C2—C4
alkanes is small, not exceeding 10 kJ-mol™" (Figure S6b). For
the alkene, however, the interaction between H atoms and
oxygen atoms is relevant because q,,,, scales linearly with the
carbon chain length for the adsorption of the homologous
C2—C4 alkenes (Figure S6c). In addition, the strength of the
weakest C—H bond in the olefin shows a negative correlation
with g, (Figure S6d). This means that the less strong the
weakest C—H bond in the olefin (444 kJ-mol ™" for ethene, 361
kJ-mol™" for propene, and 345 kJ-mol™" for 1-butene),”**” the
stronger the interaction with the catalyst. In other words, the
interaction between ethene and the catalysts is the weakest,
followed by propene and 1-butene. However, the difference in
the heat of adsorption of the homologous alkenes varies for
each surface. For example, there is virtually no difference
between ethene and 1-butene for MnWO,, a difference of
about 100 kJ-mol™ for MoVO, and VPP, and a significant
difference of about 450 kJ-mol™" for SmMnO; (Figure S6d).
This could be due to variations in the Lewis acidity of the
surfaces studied and to the change in proton affinity of the
alkenes with altering chain length.”” The positive induction
effect, growing with an increasing chain length of the alkyl
group at the C=C double bond, should cause an increase in
the basicity of ethene via propene to 1-butene in the gas phase.
The strong dependence of the heat of adsorption on the chain
length measured on SmMnO; (Figure S6d) suggests that the
interaction via the C=C double bond with Lewis acidic
centers dominates the adsorption of alkenes on the perovskite.
The differences in the interaction of the catalysts studied here
with reactants and intermediates can explain the differences in
the reactivity in alkane oxidations, in particular the differences
in selectivity. In the following, we analyze and discuss this
based on the example of propane oxidation.

From Adsorption to Reaction. The adsorption energy
distribution spectra show that all catalysts exhibit a more or
less heterogeneous distribution of adsorption sites (Figure 2).
Thus, it can be assumed that not every site is equally
responsible for the processes of bond rearrangement in alkane
oxidation. Likely, all of them contribute to the overall
performance in a complex manner owing to a combination
of geometric, electronic and confinement parameters.”’

Since propane adsorption on all catalysts is similar and
unspecific, the heat of adsorption of the most abundant sites
determines the total heat value (Figure S7a). For propene
adsorption, however, there is a linear relationship between g,

and ¢, The slope of 0.35 means that g, contributes
significantly to the total heat of propene adsorption for all
catalysts studied in the present investigation. Frequently, g, is
used in modeling and interpreting catalysis data, while q,,,,, is
hardly ever considered. Indeed, the initial heat of propane
adsorption on the different catalysts varies (black open squares
in Figure S7b and Table 1), while g, remains relatively
constant. In contrast, a linear correlation with a slope
approaching 1 is obtained when plotting g, as a function
of gy in case of propene adsorption (red symbols in Figure
S7b). This means that in propene adsorption, the energy of the
frequently occurring sites mainly corresponds or is close to the
initial heat of adsorption.

Comparing the adsorption of propane and propene in a
single contour plot for multiple catalysts is informative, as
these two molecules constitute a common reaction network."”
Propene is the first intermediate product in propane oxidation
(eq 12). Correlation diagrams of the adsorption energy
distribution of propane and propene (Figure 3) are particularly
instructive as an orientation map through the whole array of
bonding possibilities on multifaceted surfaces. The intensity in
the contour plot reflects the number of adsorption sites. A
relatively narrow energetic distribution of propane adsorption
sites is found for MnWO, and MoVO,, while the distribution
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Figure 3. Adsorption-strength covariance diagram of propane and
propene illustrating the energetic abundance (fractional occurrence)
as a correlation parameter to analyze the relationship between
propene and propane adsorption energies in the adsorption spectra;
This 2-D covariance diagram shows the various bonding possibilities
for the two molecules, which occur in the common reaction network
of propane oxidation; The color indicates the catalyst, the shading the
abundance of molecules adsorbed with this energy; This diagram
serves as a model, providing an energetic snapshot of the pristine
surface; Filled spheres correspond to the position of g,,,, for literature
data of propane and propene adsorption on the MoVTeNDb catalyst*’
and on the V,0, (001) single crystal surface;”' ~>* The hexagons are
the position of gy, of propane and propene for a given catalyst; The
dashed line is a hypothetical line where the heat of adsorption on the
most abundant centers for propane and propene is equal (gp,.(C3Hg)
= gmuw(C3Hg)); The diagram acts as a model and conveys the
adsorption energy of the specific molecule aside from the
spatiotemporal aspect.
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Figure 4. (a) Turnover frequency based on the propane consumption rate measured in steady-state at 548 K [r(CyHg)/n,4,(C3Hy)], where
1,4,(C3Hg) is the total amount of adsorbed propane in a monolayer (adsorption capacity), as a function of the activation barrier for propane
oxidation calculated as gy, + E, P, where g, is the total adsorbed amount weighted heat of propane and E,** is the apparent activation energy of
propane consumption (Figure S8b); (b) turnover frequency based on the oxygenate formation rate [r(CxHyOz) /1n,4(C3Hg)] as a function of gy
of propene; oxygenates involve acetic acid, acrylic acid, acetone, propanal, and propionic acid. The TOF values are estimated under the assumption
that the adsorption at 313 K is also representative for the surface at 548 K and that propane is only converted at C;Hg-specific adsorption sites and

the oxgenates are only formed at C;Hg-specific adsorption sites.

at the perovskite is broader. For V,05 and VPP, on the other
hand, the distribution of propane adsorption heats is very
broad. The perovskite, conversely, shows a vast range of
energies for the propene adsorption sites.

Although it is immediately apparent from a simple
inspection of the correlation plot which catalysts adsorb
propene more weakly than propane (data above the dashed
line in Figure 3), and should therefore be comparatively
selective for propene formation, general conclusions about
selectivity to the various products that can occur in propane
oxidation are not so straightforward. However, the measured
data, in combination with the catalytic data, can form the basis
for evaluation using machine learning methods to predict
selective catalysts for complex reactions, which, however, goes
beyond the scope of the present experimental work.

The catalytic performance of the five catalysts has been
measured in an extensive campaign according to standard
operating procedures and published elsewhere for propane
oxidation over the vanadium-containing catalysts,*® and the
oxidation of C2—C4 alkanes over all catalysts.”” Based on the
adsorption data determined in the present work, it is now
possible to calculate TOF (Figure 4). The catalysis data used
for the calculation are recompiled in Figure S8 for discussion in
this paper. The activity decreases in the order MoVO, >
SmMnO; > MnWO, > V,0; =~ VPP (Figure S8a). This
sequence is not reflected in the apparent activation energies,
which increase as follows: MoVO, < V,05 < VPP < SmMnO,
> ~MnWO, (Figure S8b). This trend confirms earlier
indications that propane oxidation on manganese-containing
catalysts proceeds according to a different mechanism than on
the vanadium-containing catalysts, especially as far as the
regeneration of the active sites is concerned, which could
become rate-relevant here.*

For all catalysts, the TOF decreases with increasing
activation barrier (Figure 4a). The TOF was calculated
based on the integral propane consumption rate normalized
to the adsorption capacity of propane n,4, determined by
microcalorimetry (eq 10, Table 1). According to eq 13, the
activation barrier is the sum of the apparent activation energy
of propane consumption (Figure S8b) and the heat of propane
adsorption measured by microcalorimetry (Table 1).°'

E'=EM +4q (13)

The two kinetic parameters integral propane consumption
rate and apparent activation energy were measured in a fixed
bed reactor and thus represent the average catalytic activity of
the surface over the entire catalyst bed. Interestingly, the
correlation between TOF and E* is only found when the total
heat (i), but not gy or gn., and the total number of
molecules adsorbed (n,4) are used to calculate the TOF
(Figure 4a). This is impressive evidence that all propane
adsorption sites contribute to the propane consumption rate
on the investigated mixed oxides, underlining that the overall
activity (typically measured in the catalytic reactor) is a
“weighted distribution of activities among different active
sites”, i.e,, an average of the activities of each available site for
each reaction step, weighted by the energetic importance of
that step and the concentration of the corresponding site on
the investigated material.”’

At low conversions, all catalysts show some selectivity to
propene (Figure S8c) that can be further oxidized to
oxygenates and carbon oxides. According to Sabatier’s
principle, maximum formation rates can be expected at
medium adsorption strength for reactants or products
depending on the nature of the transition state.”

In the present work, the maximum turnover frequency of the
formation of oxygenates is found at MoVO,, which has
medium heats of adsorption for the intermediate propene
(Figure 4b). Again, the total heat of propene adsorption on the
surface (g) is the basis for the correlation. The adsorption
sites on the surface of VPP are highly inhomogeneous and
distributed over a wide range of adsorption energies for
propane and propene (Figures 2 and 3). This variety of
adsorption sites leads to the most diverse product distribution
CO,/C;H¢/CO/oxygenate = 19/14/32/33 among the five
catalysts (Figure S9). Given the diversity of mechanisms
discussed in propene oxidation, such as here in DFT studies of
Mo-,*> and V-based systems,”>®* the simple relationship
shown in Figure 4 b is surprising. The nature of the transition
state depends on the composition and defect structure of the
catalyst as well as the reaction path or selective oxidation
product formed. Therefore, no mechanistic conclusion should
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be drawn from the present experimental observation, as
phenomena can overlap. Nevertheless, the integral heat of
propene adsorption seems to be a global indicator for the
selectivity of the structurally different and representative
catalyst materials investigated in the present study.

In summary, the heat g, appears to be an essential
parameter for predicting the performance of a selective
oxidation catalyst, even if g, is measured under conditions
(low equilibrium pressures, 313 K) that are far from the
conditions of catalysis. Interestingly, this descriptor could be
identified, although it is known that the surface of the materials
investigated here is generally subject to restructuring under
working conditions.>* 35376567 However, the trends meas-
ured on the fresh catalysts appear to be maintained. The
stability of the bulk phase under reaction conditions is
undoubtedly an essential requirement.

Limitations and Further Development. The presented
approach is limited in that microcalorimetry cannot be applied
operando. To provide a better understanding, a potential
solution is to compare freshly synthesized catalyst precursors
with catalysts that have been activated under reaction
conditions or deactivated catalysts.

While flow calorimetry has the potential for operando
studies,”® it presents challenges in differentiating the heats of
reaction from those caused by phase transformations of the
catalyst under reaction conditions and heats of adsorption.
Conversely, microcalorimetry can discern between adsorption
processes and chemical reactions by analyzing the heat profiles
released during dosing (Figure Sla).

Particularly at the reaction temperature, but in general, there
is a challenge with regard to the detection limit if only a few
adsorption sites are available on the surface of the catalyst due
to low specific surface area and/or low site density or if the
adsorption constants are small. The detection limit depends on
the sensitivity of the employed technique. The maximum
calorimetric sensitivity for the equipment used in this work is
40—50 uV/mW for microcalorimetry and 7 yV/mW for flow
calorimetry. In addition to the superior sensitivity of the
microcalorimeter, the equipment utilizes larger cells, enabling
the handling of sample loadings that are 10 times greater than
that achievable with a flow calorimetry reactor. In practice, the
microcalorimetric setup we use can detect surface concen-
trations down to 0.02 x mol'm™ for energies of 40—60 kJ
mol 1.

Essentially, all catalyst materials can be investigated using
the present approach. The materials do not necessarily have to
be homogeneous. However, homogeneity in terms of volume
and surface properties, such as phase purity and narrow particle
size distributions, facilitates the interpretation of the data.

Another limitation of microcalorimetry is the comparatively
long time required for recording complete adsorption
isotherms. The heat g, can also be measured much faster
using flow calorimetry in a fixed bed reactor, allowing for the
accelerated screening of larger material libraries.

Despite these limitations, the acquisition of energy
distribution spectra by microcalorimetry in combination with
operando or in situ vibrational spectroscopy of adsorbed
reactants, intermediates and products can support the theory in
the development of realistic models for surface structures of
complex high-performance catalysts by matching adsorption
enthalpies of a variety of hypothetical models and adsorption
complexes with experimental values.

B GENERAL DISCUSSION

The way the kinetics of a catalytic reaction is generally
described is based on the principles of Langmuir adsorption
and the kinetic formalism of Hinshelwood, assuming ideal
surfaces with equivalent adsorption sites and adsorbates that
are randomly distributed and do not interact. The current
investigation of complex metal oxides in reactions subject to
complicated reaction networks shows that the actual situation
is far more intricate and requires more than the distinction
between active and resting sites. This is a frequently argued
assumption, but the strength of the adsorption of reactants on
the surface of real high-performance catalysts has never been
experimentally quantified for such a set of diverse materials.

In the present work, we did this by measuring the energy
distribution spectra of adsorbed reactants and intermediates in
propane oxidation. Since a catalyst can have multiple surface
centers and adsorption is coverage-dependent, many simulta-
neous reaction pathways are possible. Each site is differently
active and contributes to the overall reaction rate as a
nonlinear superposition of multiple rates. A parallel can be
drawn here to the empirical structure—sensitivity relationship
for CO, reduction over a nickel catalyst, where each of the Ni
facets contributes differently to the target reaction for a given
particle size.””° Moreover, depending on adsorbate coverage,
the dynamic adlayer experiences lateral interactions that
already result in a distribution of adsorption energies, as
shown for CO adsorption on Pt and Co single facets.””** To
account for this complexity, adsorption and catalysis data are
essential to support studies using computational chemistry.
Thus, machine learning methods may be able to predict which
interaction (heat of adsorption) is required for the formation
of a certain product in complex reactions. This could also be
used to derive material properties that need to be adjusted
during the synthesis and formation of a selective catalyst.”’

However, microcalorimetric measurements are not routine
investigations and are comparatively time-consuming (1 day to
2 weeks per sample). Therefore, data science techniques that
can cope with small data sets are required for their evaluation.
But, if g, is relevant, as in the present reaction, flow
calorimetry can provide integral heats much faster and, if
necessary, also in parallel. Furthermore, if measured according
to well-defined protocols and documented in consistent
formats, microcalorimetric data can also be collected in
publicly accessible repositories that can provide much more
extensive data sets over time, which can then be analyzed in
many different ways. This can accelerate discoveries in all
interface-based sciences that deal with functional materials.

Finally, it should be emphasized that with so many different
unspecific adsorption centers on complex oxide catalysts, i.e.,
diversified binding possibilities, there cannot be only one
descriptor, but an interplay of different adsorption sites is
always responsible for the activity and selectivity measured in a
fixed-bed reactor in complex reactions such as the selective
oxidation of propane. Consequently, kinetic models must
replace the “active sites”, generally symbolized by “*”, with
active site distributions to realistically describe complex
reactions on multifaceted interfaces. These distributions of
active sites can be determined using the method presented in
this paper. Reaction rates would then become probability
functions controlled by the shape of the adsorption energy
distribution spectra.
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B CONCLUSIONS

Adsorption microcalorimetry can be used as a complementary
technique to e.g. operando spectroscopy and in situ electron
microscopy’ ' to analyze and map the energetic distribution of
adsorption sites on catalyst surfaces of complex composition
when investigating the adsorption of reactants at temperatures
below the reaction temperature.

Despite the phase purity of the bulk catalysts studied here, it
is clear that even in binary oxides the surface generally shows a
distribution of adsorption sites, also due to differences in the
surface structure compared to the bulk. The present work
therefore clearly supports the thesis that the bulk structure
cannot be solely responsible for the reactivity, i.e., the ideal
configuration in the crystalline volume phase cannot be used as
a basis for extrapolating the surface structure, but the nature of
the surface centers should be verified experimentally.

Using the measured total heat g, of propane adsorption
and the apparent activation energy determined in a fixed-bed
reactor in propane oxidation, activation barriers can be
estimated experimentally, the trend of which corresponds to
the trend of the activity of the investigated catalysts.

Furthermore, it can be shown experimentally that the
highest turnover frequency for the formation of valuable
oxygenates in propane oxidation is obtained with medium
strong binding of the intermediate propene to the surface of
the catalyst. Thus, the total heat g, of propene adsorption
determined by microcalorimetry can be used as a descriptor for
the prediction of selective oxidation catalysts.

Our method provides experimental reference values for the
validation of computational approaches. The experimental
adsorption energy distribution spectra can be aligned with
computational techniques such as machine learning and linear
scaling DFT methods developed to increase the speed of
obtainin§ realistic atomistic models for heterogeneous
catalysis,® as well as DFT functionals that enable the
calculation of increasingly accurate total energies to account
for surface irregularities, stacking faults, grain boundaries and
defects in real high-performance catalysts. Rigorous exper-
imentation,®®*””> and the availability of adsorption data for
complex materials in publicly accessible databases can thus
make an essential contribution to the faster development of
new data science methods and sophisticated electron structure
calculations based on first-principles for the accelerated
discovery of improved functional materials.
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