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Introduction

In heterogeneous catalysis we are mainly concerned with a chemical kinetics
problem where reaction rates are studied as a function of concentration, temperature and time.
The goal is to obtain a mathematical description that can capture the main features of the
reaction mechanism allowing control and prediction of the catalyst performance. The classical
approach usually involves the solution of a sequence of elementary steps and derivation of a
Langmuir-Hinshelwood (LH) reaction rate expression. Mathematically, the problem reduces to
finding the corresponding rate constants by fitting experimental reaction rates and bulk
concentrations or theoretically from microkinetics. While straightforward, in practice, this
approach could lead to many different LH models that can satisfactorily explain experimental
data. A reduction in the number of models to those mechanistically relevant could be achieved
with high level first-principles calculations, but this is costly. One of the reasons for this is that
the nature of active sites at reaction conditions is oftentimes uncertain which obligates the
evaluation of many different model surfaces. In situ spectroscopic measurements of adsorbed
species at steady state conditions have been also used to reduce the number of models, but
these results could be misleading due to the inability of this methods to differentiate surface
reaction intermediates from spectator species which predominate catalyst surfaces. This is one
of the main reasons that has hindered advances in spectrokinetics, that is, the determination of
kinetic parameters directly from in situ spectroscopic measurements at reaction conditions.

In this work, we will demonstrate: 1) the use of modulation excitation spectroscopy
(MES) to discriminate surface reactive species [1]; 2) the application of charge transfer —
spectrokinetic analysis (CT-SKAn) as a technique to assess true reaction intermediates [2]; and
3) the potential of modulation excitation — spectrokinetic analysis (ME-SKAn) of surface
species to obtain reaction rate constants in steps where these species are involved.

Materials and Methods

Ethanol oxidation reaction on gold catalysts was used as a test reaction to
demonstrate MES and CT-SKAn. In situ modulation excitation — phase sensitive detection
(ME-PSD) of DRIFTS or DRVis-NIR data was carried out in homemade or modified
commercial in situ cells. Experiments and data analysis were previously reported [1-3]
including catalyst preparation, experimental details, and the description of MES-PSD-DRIFTS
and ME-PSD-DRVis-NIR methodologies. Similarly, an in situ UV-Vis CT-SKAn procedure
was followed as described in [2]. The latter method combines Vis-NIR CT processes (e.g.,
plasmon, d-d transition), DFT calculations, and LH kinetic models to assess reactive surface
oxygen species. Moreover, a mathematical description of ME-SKAn based on model reactions,
material balance, and phase shifts of surface species demonstrates the potential of MES at
different concentration modulation frequencies to evaluate rate constants of elementary steps.

Results and Discussion

Figure 1 illustrates the main steps of the CT-SKAn methodology: 1) Operando
DRVis-NIR during ethanol oxidation to capture CT processes occurring at reaction conditions
on Aw/TiO,. They were found to be CT on Au (plasmon region) and TiO (d-d transition
region) (Figure 1, left). 2) Isotopic measurements indicated that the rate determining step (rds)
was the BC-H oxidative dehydrogenation of adsorbed ethoxy species to acetaldehyde. This
allowed the derivation of LH CT models (Figure 1, middle) for different oxygen species
relating CT and reaction rate terms. They could be evaluated from in situ Vis-NIR ([¢]), DFT
(net CT n), and operando (r, Po:) measurements. All these results combined proved that
surface HOO, HO, and O (e.g., Figure 1, right) were reactive surface intermediates. The
results demonstrated the relevance and utility of CT in catalytic mechanisms.

In a theoretical study (MES material balances over a catalytic cycle) of surface
species in simple reaction schemes (e.g., A + S —k«/— AS —k:«2— B + S), we derived
correlations between elementary steps rate constants, MES surface species phase shifts (¢), and
modulation frequency. For example, these correlations demonstrated that over a wide range of
modulation frequencies certain phase shifts combinations can determine gas residence time
(9B — @AS), k+1 (A — ®Ain), and k+2 (pA — @AS). These results (not shown) confirmed ME-
DRIFTS as a potentially high sensitive surface technique for evaluation of reaction rate and
equilibrium constants. Overall, these works highlighted the potential of ME-PSD-DRVis-NIR
and ME-DRIFTS as sensitive techniques for reactive intermediates determination and their
spectrokinetic evaluation in heterogeneous catalysis.
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Figure 1. Left: ME-PSD-DRVis-NIR of ethanol oxidation during O, modulation (ethanol 1
kPa, Oz ~0-1.5 kPa, 0.0111 Hz) on Au/TiOz at 240 °C. Middle: CT kinetic models for different
surface oxygen species. Right: Sample result for surface atomic oxygen correlation between
absorbance at 900 nm (as a proxy for CT) and LH CT model.

Significance

This work proves the feasibility of utilizing steady state and transient in
situ/operando spectroscopy to extract mechanistic information that reduces and leads to robust
kinetic models. It also opens new avenues to explore kinetics and mechanisms with CT data in
heterogeneous catalysis.
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