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Broader context

Elucidating the validity of electronic
characteristics of transition metal perovskites as
descriptors bridging electro- and chemocatalysis¥

Sonja D. Murtz, (2 £ Johannes Simback, (2 £°° Feng Zeng, (2 < Mahnaz Ghiasi,®
Simon Schoénebaum, €2 °¢ Ulrich Simon, €2 °© Frank M. F. de Groot 2 and
Regina Palkovits (2 *a°

The analysis of electronic characteristics as descriptors for the efficacy of catalysts provides fundamental
insights into catalyst design criteria, but few studies address the applicability of descriptors across a
broader range of reactions. This study on perovskite-type, B-site substituted LaCoOs derivates analyses
the generalisability of the descriptor nature of electronic characteristics for electro- and chemocatalytic
reactions — more specifically the occupancy of transition metal (TM) 3d orbitals, charge-transfer energy
(CTE), and covalency in the interaction of O 2p — TM 3d states. The results show that among the
analysed characteristics only covalency is a quasi-linear descriptor for the performance in
electrocatalytic oxygen evolution reaction (OER), glycerol electro-oxidation reaction (GOR), as well as in
five chemocatalytic reactions. The analysis of the reduction reaction of NO or N,O by CO illustrates that
not only reaction rates but also selectivity is determined by the same electronic catalyst characteristics.
Measurement conditions in the analysis of electronic characteristics need to be chosen to recreate the
oxidation state during the reaction-specific kinetically relevant step to yield adequate descriptor
correlations. The results imply that significant synergies may be leveraged by enhanced collaboration
across electro- and chemocatalysis research.

Knowledge-based design of solid catalysts has been a long-standing challenge in catalysis research. Despite significant progress in structure-activity
relationships through sophisticated experimental and computational methods, a holistic view of generalizable catalyst properties or even catalyst prediction
has been elusive. The analysis of electronic characteristics as descriptors for the efficacy of catalysts provides fundamental insights into catalyst design criteria,

but few studies address the applicability of descriptors across a broader range of reactions. This study on perovskite-type, B-site substituted LaCoOj; derivates
analyses the generalisability of the descriptor nature of electronic characteristics for electro- and chemocatalytic reactions. It focusses on the occupancy of

transition metal (TM) 3d orbitals, charge-transfer energy, and covalency in the interaction of O 2p - TM 3d states. The results show that among the analysed
characteristics only covalency is a quasi-linear descriptor for the performance in electrocatalytic oxygen evolution reaction, glycerol electro-oxidation reaction,

as well as in five chemocatalytic reactions. The analysis of the chemocatalytic reduction reaction of NO or N,O by CO illustrates that not only reaction rates but

also selectivity is determined by the same electronic catalyst characteristics. The results imply that significant synergies may be leveraged by enhanced

collaboration across electro- and chemocatalysis research.
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reduce experimental and computational effort.'

The descriptor nature of electronic characteristics for
perovskite-type transition metal (TM) oxides has been discussed
for many decades and is typically focused on the occupancy of TM
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3d orbitals, split into t,, and e, orbitals.”® Volcano-type or linear
correlations of e, and t,; occupancy with performance have been
reported for several different electrocatalytic reactions,® in parti-
cular the electrocatalytic oxygen evolution reaction (OER) on
differently substituted perovskite-type oxides, as well as for che-
mocatalytic reactions, e.g. in flue gas abatement."®'" In addition,
charge transfer energy (CTE) or bands near the Fermi-level and
covalency have shown to be a descriptor in electro- and
chemocatalysis,'®'* respectively. In these catalytic applications,
perovskite-type oxides are low-cost alternatives to platinum group
metals because of their inherent activity"> and vast compositional
flexibility."* The latter underlines the need for catalyst design
criteria to efficiently guide the search for catalysts with excellent
performance in different reactions.

Recently, perovskite-type TM oxides have also gained
increasing attention in the field of organic electrosynthesis,"
where studies address the lack of fundamental knowledge on
the electro-oxidation of alcohols on metal oxides, a potential
alternative anode reaction in water splitting. The identification
of reaction descriptors could accelerate the search for suitable
materials, which is especially needed in the context of low-cost
hydrogen production. To date, the literature about the electro-
oxidation of alcohols is scarce. Although White,"® Deshpande,"”
and Lan'® have tested an impressive number of perovskite
oxides for the electro-oxidation of methanol, there are few
preliminary studies regarding higher alcohols. Lan et al'®
investigated the electro-oxidation of ethanol on LaRuO; and
SrRuO; and Dulce Morales et al.*® and Santiago et al.*° studied
the performance of LaNiO; and LaCoOj; in glycerol electro-
oxidation reaction (GOR). However, no correlation of the per-
formance with electronic properties was reported. Hence, the
identification of structural and electronic descriptors is highly
desired in this field and GOR is chosen as an example reaction
in this study.

The B-site substituted perovskite-type oxides (LaCo;_,B,Os,
with B = Al, Ni, Zn) in this work have been used in a prior study,
that introduced covalency in perovskite-type oxides as a
descriptor for chemocatalytic reaction rates in NO oxidation,
CO oxidation and N,O decomposition."* Covalency was analysed
by normalized quantification of the hybridized O 2p and T™M 3d
states as determined from X-ray absorption spectroscopy (XAS) at
the O K-edge.”' The descriptor nature of both t,, and e, occupancy
as well as covalency has been interpreted as a measure for the
electron transfer between active sites and reactants in the kineti-
cally relevant step of the reaction and, thus, for the activation of
the reactants. The correlation of TM 3d occupancy and covalency
with surface-specific reaction rates depends on XAS measurement
conditions as well. NO and CO oxidation rates correlated only with
electronic characteristics measured in UHV-XAS when catalysts
were partially reduced. In contrast, N,O decomposition rates were
linked to electronic characteristics of fully oxidized catalysts and
did not yield any correlation with partially reduced catalysts. The
limited scope of this previous work'" motivated a look at a broader
range of reactions.

This work uses the previously reported data on electronic
characteristics to assess a broader scope of their use as
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descriptors towards correlations of electronic parameters with
electrocatalytic performance in OER and GOR to bridge the
fields of chemo- and electrocatalysis. Furthermore, it includes
correlations with selectivity and surface specific reaction rates
in the chemocatalytic reduction reactions of NO or N,O by CO.
Efficacy in all examined chemocatalytic reactions and the
selectivity in the NO + CO reaction are quantified in steady
state measurements for chemocatalysis, while overpotential,
Tafel slope, and charge transfer resistance are determined
for electrocatalytic efficacy. The effects of different catalyst
composition and characteristics thus become apparent in the
descriptor correlations, which are compared among all avail-
able reaction data spanning three electrocatalytic (including
ORR from literature) and five chemocatalytic reactions (includ-
ing three previously reported examples). The discussion of
these correlations explores the generalisability of the descrip-
tors and offers insights on possible knowledge transfer in
catalyst design criteria between different reactions and fields
of catalysis.

Results and discussion
Recapitulation of catalyst characteristics

The characteristics of the perovskite-type oxides used herein,
with a composition of LaCog X, ,03 (LCX-82), where X = Al, Ni,
Zn, or LaCo,_,Al, O3 with x = [0-0.8] (LaCo, gAl; ,O3 = LCA-82,
for example), have been analysed in detail before: The electro-
nic structure of the phase-pure perovskite-type oxides near the
Fermi-level is generally dominated by contributions of O 2p as
well as Co and Ni 3d states, in the catalysts at hand.**** The
non-TM cations La**** AI®™%° z+26
and do not contribute to the relevant density of states at this
energy level. Electronic parameters were, thus, derived from
analysis of respective TM L, ;-edges and O K-edges, which were
acquired in ultra-high vacuum (UHV) or in O, presence (0.37 kPa)
at 623 K. The covalency factor was found to correlate with the CTE
for the materials in this study. The analysis of the electronic
parameters and their correlations are detailed in ref. 11 and
summarized in Supplementary Notes 1-4 (ESIt).

and Zn are of stable valence

Reaction-specific analysis of descriptors for single reactions

For the catalysts at hand, we present an analysis of the role of
electronic parameters as descriptors for the performance in the
electrocatalytic OER and GOR, as well as in the reduction
reactions of N,O or NO with CO. The results for N,O decom-
position as well as the reaction of NO or CO with O, have
already been published'! and are included in the final compar-
ison of the descriptors of all aforementioned reactions.
Oxygen evolution reaction. We investigated the electroche-
mical performance of the obtained materials in a typical three
electrode cell in a 1.0 M KOH solution. Despite a divergence in
conditions between electrochemical measurements and XAS
measurements, the electronic characteristics can be used for
correlation with the electronic characteristics (see Supplemen-
tary Note 5 for more details, ESIt). The electronic parameters

© 2023 The Author(s). Published by the Royal Society of Chemistry
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least squares fits. (Electronic characteristics detailed in ref. 11.)

obtained in O, (fully oxidized, Co®* ions) show a better correla-
tion with OER performance than those acquired in UHV (partial
Co®" presence) because the oxides are expected to be fully
oxidized in KOH solution under OER conditions (Supplemen-
tary Note 6, ESIT).

The OER potential at a current density of 100 pA cm™
decreases linearly from 1.71 to 1.59 V versus reversible hydrogen
electrode (RHE) with increasing e, occupancy (Fig. 1a, details in
Supplementary Note 7, ESIt). Perovskite-type TM oxides gen-
erally show a volcano shape in the correlation of OER activity
and e, occupancy, with a reported optimum at e; occupancy =
1.2.>” The materials at hand with an e, occupancy lower than
1.2 thus appear on the left branch of this volcano plot. More-
over, both the Tafel slope and charge transfer resistance (R.)
decrease with increasing e, occupancy (Fig. S9, ESIT). All these
correlations support the enhanced OER performance with increas-
ing e, occupancy in the investigated range. The volcano-type
correlation has been interpreted in analogy to the Sabatier princi-
ple, which describes an ideal binding strength of reaction inter-
mediates, i.e. neither too strong nor too weak.>” In electrocatalysis,
the intermediate reactant binding strength is amended by the
capability of electron transfer that both take place in key reaction
steps of the OER (Supplementary Note 9, ESI}).

In contrast to the correlation with e, occupancy, the OER
potential increases with increasing covalency (Fig. 1b).
Abrishami et al. described a similar correlation of higher
covalency factor and lower OER efficacy, citing degradation
due to the oxidation of lattice oxygen at higher covalency.”®
The opposite trend of increasing OER efficacy with covalency
factor has been reported for a series of LaMO3, with (M = Mn,
Co, Ni), which was ascribed to enhanced electron transfer.>
A direct comparison of the work at hand to that study of non-
substituted TM perovskites oxides is hampered by the effects
of substitution in the LCAI materials. These conflicting reports
may originate from a change in the OER mechanism as
electronic characteristics vary, which has been shown for
different values of CTE'? (Supplementary Note 9, ESIY).

The OER potential at a current density of 100 pA cm™? as
well as Tafel slope and R, increases with increasing CTE from

2

© 2023 The Author(s). Published by the Royal Society of Chemistry

4.4 to 5.7 eV (Fig. 1c and Fig. S9, ESIt), indicating sluggish
kinetics. Interestingly, the catalytic performance to charge
transfer correlation is less sensitive to the measurement con-
ditions. In UHV, the potential also increases linearly with
increasing CTE in analogy to literature reports,'” indicating
that CTE may be more suitable as a descriptor for OER. The
lower efficacy in OER is observed as increasing CTE weakens
the materials’ ability to screen charge by introducing holes in
O 2p band, thus decreases electron mobility to the surface and
increases the necessity to adsorb OH™ to compensate charge at
the interface.'>*° With high CTE, the electron transfer is the
rate determining step (RDS) due to the strong hydroxide affinity
and slow electron transfer. As the CTE decreases, the rate
determining step may shift to a concerted pathway because of
the facilitated electron transfer and weakened hydroxide affi-
nity. Further decreasing CTE leads to proton transfer as the
RDS."? Concerning the catalysts in this study, the RDS may shift
from an electron transfer step (LCA-82, LCZ-82, LCA-64, and
LCA-28) to a concerted pathway (LCN-82 and LC) as the CTE
decreases.

Glycerol oxidation reaction. The role of electronic para-
meters as descriptors for the performance in the electrocataly-
tic GOR is investigated in the same three-electrode setup with
1 M glycerol in 1 M KOH solution. Stronger correlations of the
electrocatalytic performance were found with the parameters of
the fully oxidized catalysts determined from XAS in O, presence
which better matched the catalyst state under electro-oxidative
conditions than data acquired in UHV. In addition, Oliviera et al.**
demonstrated that Ni** plays a critical role as the catalytic active
species in GOR. This insight combined with results from MeOH
oxidation®** on perovskites highlights the significance of high
valence ions at the B-site for GOR and indicates that the fully
oxidized state of the catalyst is crucial for accurate evaluation of its
electrocatalytic performance. Fig. 2a depicts the correlation of the
GOR potential at 100 pA cm™> with the occupancy of the ey
orbitals, capturing the binding strength between catalyst surface
and adsorbate sufficiently, although the metal-adsorbate inter-
action can be further enhanced through n-back donation involving
try states.” The GOR performance is enhanced by increasing e,

EES Catal, 2023,1,961-971 | 963
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occupancy as the used catalysts are located in the left branch
of a volcano plot according to the Sabatier principle described
above.

The metal-oxygen covalency determines the ability of the
active site to interact with surface species during the kinetically
relevant step. It is particularly considered as a descriptor when
lattice oxygen participates in the reaction mechanism via the
Mars-van-Krevelen mechanism because e, filling is not an
accurate descriptor in this case.'” The ability of the active site
to interact is important for the mechanism as the following
steps are proposed for CO oxidation: Adsorption of CO on the
B-site takes place, followed by the reaction of adsorbed CO with
the lattice oxygen forming CO, and leaving a positively charged
oxygen vacancy in the lattice. Further, the hydroxyl ions from
the electrolyte are attracted by the oxygen vacancy, retaining the
surface structure of the perovskite."® Although further research
is needed to fully understand the mechanism of GOR on
perovskite oxides, studies on CO oxidation suggest that lattice
oxygen may also play an active role in oxidizing adsorbed
methoxy groups of organic substrates.**” Therefore, high oxide
ion and vacancy mobility is desirable. The thermodynamics of the
oxygen vacancy formation and mobility are influenced by the
position of the Fermi level, which is decreased by a more
electronegative metal on the B site. Conversely, increasing
the electron density in Co-O by Al substitution decreases the
GOR performance with increasing covalency, as shown in
Fig. 2b. Moreover, the efficiency of electrocatalytic reactions
is strongly affected by the electron transfer barrier. Hence, the
CTE is an important descriptor of electrocatalytic performance in
GOR because it reflects the ease with which electrons can be
transferred between the catalyst and the reactants. A lower CTE
means that electrons can more easily transfer from the catalyst to
the reactants, leading to faster reaction rates and higher catalytic
efficiency as mentioned above. This study demonstrates that
decreased CTE promotes electrocatalytic performance in GOR as
shown in Fig. 2c, complementing the results from OER in
the previous section. Tafel slope and R, follow the same trend
as the GOR potential for all three electronic parameters (see
Fig. S10, ESIY).

964 | EES Catal, 2023,1, 961-971

N,O + CO reaction. The reduction reaction of N,O by CO
selectively yields the products N, and CO,. The impact of
reaction steps from N,O decomposition is insignificant
because reaction temperatures were below the threshold of
N,O decomposition activity in tests of the same catalysts.""
The N,O + CO reaction rate increases linearly with higher t,,
and lower e, occupancy but only when the electronic para-
meters are derived from XAS in O, presence, when the catalysts
are fully oxidized (Fig. 3a and b). The covalency factor in fully
oxidized catalysts is a similarly adequate linear descriptor for
increasing reaction rates as well (Fig. 3c). These results are
analogous to correlations of the N,O decomposition rate with
the same electronic parameters.’* The correlation of reaction
rates with characteristics of the oxidized catalysts indicates an
oxidizing interaction during the kinetically relevant activation
of N,O in the reaction with CO*. The mechanistic analysis (see
Supporting Note 11, ESIT) elucidated that the kinetically rele-
vant step involves a facilitated activation of adsorbed N,O*
(O m') on TM sites. In this binding environment the N-O bond
weakens with an increased transfer of electron density from TM
states into the anti-bonding lowest unoccupied molecular
orbital (LUMO) of the N,O molecule, which transitions from
linear into bent geometry’® (Fig. 4a). The withdrawal of electron
density from the catalyst reflects the oxidizing interaction
during the kinetically relevant step, where CO,* is the remain-
ing product on the surface, typically adsorbed as electron
density withdrawing carbonate.’® Thus, the mechanistic analy-
sis agrees well with the result that correlation of N,O and CO
reaction rates with electronic characteristics are only valid
when measured of the fully oxidized catalysts.

NO + CO reaction. Details of the NO + CO reaction, which
yields CO, and N, or N,O as products, on perovskite-type oxides
have been the subject of several studies as reviewed by Royer
et al.® In general, the selectivity branching point between N, or
N,O adds complexity to the analysis of the NO + CO reaction
compared to the N,O + CO reaction.® In this work, the choice
of reaction conditions at 523 K allows to disregard any con-
secutive reaction of N,O to N, because conversions for both
N,O decomposition and the reduction of N,O by CO were below

© 2023 The Author(s). Published by the Royal Society of Chemistry
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5% at conditions below 573 K on the catalysts at hand. It should
be noted, however, that any comparison to reaction measure-
ments at elevated temperatures needs to consider consecutive/
parallel reactions, which cause a shift towards N, selectivity as
reported in several studies.'® Furthermore, isocyanate (NCO")
surface species are unreactive in the reaction conditions
applied here.*’ Mechanistic analysis shows that the dispropor-
tionation reaction of two NO molecules is not a major pathway
to form N,O under the reaction conditions applied here (see
Supporting Note 11, ESIf). As a result, the reaction of two
adsorbed N atoms (eqn (S12), ESI{) remains the only N,
formation pathway under the applied reaction conditions,
whereas N,O forms in a parallel reaction of N* and NO*
(eqn (S11), ESIt).

The ratio of product formation rates of N,O/N, in the NO +
CO reaction correlates with the electronic parameters of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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fully oxidized catalysts (Fig. 5a-c): N, selectivity decreases with
increasing covalency and t,, orbital occupancy, while it
increases with e, occupancy. Analysis of the origin of this effect
of electronic parameters on the selectivity requires a compar-
ison of the competing reaction steps in the formation of N, or
N,O and the respective interaction of active site and reactant.
The N,O formation in the reaction of N* with NO* involves the
activation of the NO* molecule. This activation is facilitated
by electron transfer into the anti-bonding LUMO of the NO
molecule through t,, n-interactions, which weaken the N-O
bond (Fig. 4¢).*> The TM e, orbitals of the active site of the
catalyst also interact with the NO molecule via c-interaction,
wherein electron density is transferred from the bonding 2c,-
bond of the NO molecule. In contrast, the formation of N, in
the reaction of two N* atoms with N 2p orbital character does
not involve comparable activation through the interaction with
t,g and e, orbitals of the TM. Thus, the selectivity towards N,O
increases with elevated covalency, which is a descriptor for
potential electron transfer from the active site into the NO*
molecule.

The correlation of the selectivity ratio with electronic char-
acteristics of the fully oxidized catalysts is an indication that
the active site of the catalyst is oxidized or in an oxidized state
during the decisive interactions with reactants in the relevant
elementary steps, N* and NO* (Scheme S2, ESIt). The electro-
negative N* is highly electrophile and thus may act partially
oxidizing analogously to oxygen species. NO* is partially elec-
tron withdrawing in nature as described above for its activa-
tion, as the electron transfer into the anti-bonding LUMO leads
to the formation of an NO~ species.*” The oxidizing nature of
the reactants in the relevant elementary steps thus leads to
the necessity of measuring electronic characteristics on fully
oxidized catalysts.

In remarkable contrast to the selectivity correlations, the
overall reaction rate in the NO + CO reaction correlates only
with the electronic characteristics analysed for the partially
reduced catalysts (Fig. 5d-f). The correlations with t,, and e, in
volcano-type plots and the linear increase of the reaction rates
with covalency in UHV are analogous to results for NO or CO
oxidation reaction rates."* This finding indicates that in this
reaction pathway, a partially reduced active site is present
during the kinetically relevant step, i.e. the surface reaction of
NO* and CO* (see analysis in Supplementary Note 11, ESIT).
The TM surface site is in a partially reduced state during the
interaction with the adsorbed electron-donating CO molecule,
similar to the case in CO oxidation."" The correlations with the
electronic parameters are valid for partially reduced catalysts
only, despite the typically oxidizing effect of NO, which
appears to be superseded by the reducing effect of CO in the
corresponding transition state of the surface reaction. The
present analysis of oxidation states via XAS in UHV and
O, presence does not allow sufficient insight to discern the
effects of adsorbed reactants on surface oxidation states of the
catalysts, meriting future investigation of the catalyst state
in the presence of different reactant gases in in situ XAS
measurements.

EES Catal., 2023,1,961-971 | 965
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relevant step (KRS) of the respective reaction. Please note that the schematic does not include the complexity of binding sites on the catalyst.
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Descriptors for different reactions - parallels and differences

In the first part of this work, correlations between electro-
catalytic performance and electronic parameters have been
analysed for OER and GOR. The results confirm that the
electrocatalytic activity of the TM-based perovskite-type oxides
can be described by e, occupancy, covalency, as well as CTE (see
Table 1). Electrocatalysis involves electron transfer in the
catalyst material as a potential is applied. The ease of electron
transfer in the catalytic material increases with lower CTE, as
this is the energy required for the electron transfer of O 2p
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states in the valence band to Co 3d states in the conduction
band. At low CTE values activity reportedly becomes quasi-
independent of it, but no catalyst in this work is below this
threshold."” As both electron transfer and molecular activation
of the reactants are relevant for the catalysts at hand both
covalency and CTE are descriptors in OER and GOR. However,
literature on ORR surprisingly reports no performance correla-
tion with CTE, but only with e, occupancy and covalency.*>**
The latter can even be extended to CO, reduction and hydrogen
evolution.*®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Overview on viable correlations of e4 or t,g occupancy, covalency, and CTE in the investigated reactions. Green, yellow, and red mark linear,

volcano-type, and no correlation, respectively

Catalyst state

eg Or ty, Occupancy Feoy (Covalency) CTE

Electrocatalysis

OER This work and ref Oxidized
GOR This work Oxidized
ORR Ref —
Chemocatalysis

NO oxidation Ref. 11 Part. reduced
CO oxidation Ref. 11 Part. reduced
N,O decomposition Ref. 11 Oxidized
N,O + CO This work Oxidized

NO + CO This work Part. reduced
NO + CO selectivity This work Oxidized

The chemocatalytic results illustrate that catalytic efficacy in
terms of reaction rates can be described for the reduction
reactions of NO or N,O with CO. This finding amends the
conclusions of a previous study on the reactions of NO and CO
with O,, as well as N,O decomposition,'* that a broad set of
reactions may be described by the same electronic parameters.
The linear relationship for OER and GOR performance con-
trasts with that observed for the chemocatalytic reaction rates.
This discrepancy can be attributed to the different performance
metrics, where chemocatalytic reaction rates are normalized by
surface sites in contrast to electrochemical overpotential. The
calculation of active surface sites, as described in previous
work," involves the BET surface area, the TM content derived
from XRF measurements, and particularly the approximation of
the number of Co atoms per nm” at the catalyst surface based
on the geometry of the LaCoO; 001 facet. While this is a good
first approximation, because the 001 facet of LaCoO; is the
most stable, this approach neglects the real distribution of
facets that will differ among the catalyst materials. Overall, the
derived value of surface sites — and its unknown variance —
factors in as the denominator in the calculation of the surface
specific chemocatalytic reaction rates and thus has significant
impact on the resulting reaction rate - causing deviation from
linear correlations. The results show that the correlation is
valid despite the applied approximations, though the latter lead
to more significant scatter. Future work should be dedicated to
improve the determination of active surface sites and, thus, the
accuracy of the correlations.

The covalency factor is most adequate among the studied
electronic parameters as a descriptor for chemocatalysis
(Table 1). The results highlight the significant link between
the mechanism of a chemocatalytic reaction and the electronic

© 2023 The Author(s). Published by the Royal Society of Chemistry

\/ [27,28]
v
\/ [46]

V [12]
v
x [44]

(eg)
(eg)

46
(eg)[ ]

(egttag)
(egtty)
(egttyg)

(egttyg)

XX XXX

(egttyg)

CALKKK

X

(egttag)

characteristics of the catalyst as reducing or oxidizing interac-
tions of the catalyst and the reactants during the kinetically
relevant step have to be recreated in order to obtain valid
correlations. The results of this and previous work separate
two groups of reactions (Fig. 6): Catalytic rates in NO oxidation,
CO oxidation, and NO reduction by CO are linked to character-
istics of partially reduced catalysts, while catalytic rates in N,O
decomposition and N,O reduction by CO as well as the selec-
tivity in the NO + CO reaction depend on characteristics of fully
oxidized catalysts.

Significantly, the results on selectivity in the NO + CO
reaction show that the electronic parameters can serve as a
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Fig. 6 Trends of catalytic efficacy of catalysts. (a) Reaction rates in NO
oxidation at 523 K, CO oxidation at 443 K and NO + CO reaction at 523 K.
(b) N,O + CO and N,O decomposition reaction rates at 603 K and 673 K,
respectively as well as NO + CO selectivity at 523 K.
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descriptor for selectivity. The ability to apply the same set of
descriptors to both reaction rate and selectivity of a chemo-
catalytic reaction allows for conclusions on catalyst design and
the suitability of TM-based perovskite-type oxides for the NO +
CO reaction: The desired characteristics for high reaction
rates differ significantly from those for the desired selectivity
at low temperatures. The reaction rate increases with more
pronounced covalency while the selectivity shifts towards unde-
sired N,O at high covalency values - an apparent inherent
trade-off in the catalyst design. Thus, catalyst design of per-
ovskite oxides must follow a middle ground in terms of
covalency to optimize the overall catalyst performance at low
temperatures, which complicates an effective use of these
catalysts in this reaction.

A major difference in the results of electro- and chemocatalytic
reactions, however, is the performance of CTE (Table 1), which
is a descriptor for efficacy in OER and GOR but not in any
chemocatalytic reaction in this work. This finding may reflect
the differences between electro- and chemocatalysis. Chemocata-
lysis depends on the activation of the reactant on the catalyst
surface, while electrocatalysis involves electron transfer from the
catalyst to the reactant in addition to the interaction on the
surface. Furthermore, the descriptor nature of e, occupancy and
particularly covalency in both electrocatalysis and chemocatalytic
reactions may allow for synergy in material research for chemo-
and electrocatalysis.

The fundamental nature of the interaction of catalyst and
reactants implies that the used electronic parameters may be
applicable for an even wider range of reactions. Hence, a one-
time analysis of the parameters can deliver the relative efficacy
of a set of catalysts for many reactions at once. Overall, these
findings merit further analysis of the descriptors shared among
chemo- and electrocatalysis.

In addition, the results of all reactions emphasize how
significant the choice of XAS reaction conditions is for the
applicability of descriptors: Reaction rates and selectivity in the
NO + CO reaction were acquired in the same steady state
measurements, i.e. a steady overall catalyst state was present.
In NO + CO reaction conditions the catalyst is reported to be
generally slightly reduced overall.*” Hence, a conclusion could
be that a partially reduced catalyst state should be able to
deliver descriptors for all important aspects of the reaction. Yet,
this conclusion proved incorrect as selectivity correlates with
oxidized catalysts. This result emphasizes that an oxidizing or
reducing catalyst-reactant interaction in the kinetically relevant
step determines the adequacy of XAS measurement conditions.
The observed strong dependence on XAS measurement condi-
tions in chemocatalytic reactions is analogous but less pro-
nounced in OER and GOR. The results illustrate as well that
careful consideration of experimental conditions for in situ
analysis - in XAS or other characterisation techniques - is
needed to analyse catalyst characteristics adequately. Further-
more, as the necessary measurement conditions may differ for
separate aspects of an individual reaction, i.e. reaction rates
and selectivity, emphasis rests on the identification of the
corresponding kinetically relevant steps. Mechanistic aspects
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and the characteristics of the active site during the kinetically
relevant step thus are of vital importance for an informed
choice of pre-treatment and in situ measurement conditions
for XAS or any other in situ catalyst characterisation technique.
Likewise, past measurements should be scrutinized towards
their experimental parameters when descriptors for catalyst
performance are discussed.

In summary, insights are yielded not only on the reaction
mechanism but also on the nature of the catalyst-reactant
interaction and consequences for the analysis of catalyst char-
acteristics and descriptors in general. The approach shown
here generally requires a structural interaction of transition
metal cations with oxide, other anions or ligands because it
exploits the TM-ligand covalency as descriptor for the catalytic
interaction. It is thus applicable for most TM-based com-
pounds, such as TM oxides and their various structures, spinels
for example. It further applies to other TM-based compounds,
such as sulfides or nitrides. The approach shown here may be
applicable to material systems of single atom catalysts, depend-
ing on their exact composition. It may shed light on the nature
of active site-support interaction in systems such as Pt,/FeOx
for example. These results on reaction mechanism and ade-
quate analysis of descriptors show that further analysis of such
correlations can profoundly contribute to the understanding of
catalyst performance. Synergies are likely to emerge with den-
sity functional theory (DFT) modelling of catalyst-reactant
interactions for the analysis of reaction mechanisms, in a way
that DFT modelling may predict the adequate XAS measure-
ment conditions. A combined application of electronic para-
meters and DFT calculation of reactant-catalyst interaction
may support catalyst research and targeted catalyst design
significantly, in particular if the correlations presented here
can be confirmed for other TM oxide structures.

Further insights on the reaction mechanisms may be pro-
vided, if reaction-specific XAS measurement conditions are
applied to analyse catalyst characteristics in the presence of
the respective reactants, surface species, and oxidation states.

Experimental

The catalyst synthesis method via a citrate route and informa-
tion on the analysis of the catalysts via X-ray fluorescence, X-ray
diffractometry, N,-physisorption and X-ray absorption spectro-
scopy measurements have been detailed elsewhere.'* The pro-
cedure of catalyst preparation for measurements, details on
catalytic reaction measurement and the setup used therein is
also available in ref. 11.

Electrochemical oxygen evolution and glycerol oxidation
were performed with an Autolab PGSTAT 302 N electrochemical
workstation connected to a three-electrode cell with a glassy
carbon rotating disc as the working electrode, an Ag/AgCl
electrode as the reference electrode, and a glassy carbon rod
as the counter electrode. Cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS) measurements were
performed to obtain the overpotential, current density, Tafel

© 2023 The Author(s). Published by the Royal Society of Chemistry
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slope, and electrochemically active surface area (ECSA). More
details can be found in Supplementary Note 10 (ESIt).

Chemocatalytic reaction rate measurements were conducted
in steady state conditions and measurements, which were
repeated at the same experimental conditions to provide infor-
mation on deactivation or activation of the catalyst. If applic-
able, the change in catalytic rate over time was corrected by
linear interpolation. The obtained reaction rates are surface
specific after normalization to the Co and Ni content in the
catalyst and the catalyst surface area as determined via the
Brunauer-Emmett-Teller method from N,-physisorption.
As conversion increases along the catalytic bed, reactant con-
centrations differ from inlet conditions. The effect of this
change in partial pressure was approximated by calculating
the mean of the reactor bed inlet and outlet concentration. This
mean partial pressure was used for presentation of the effect of
partial pressures on reaction rates and selectivity in the ESI.}

Details on the used gases in reaction measurements are
provided in Table S3 (ESIT). Inlet reactant partial pressures for
the reactions in this work were 0.21 kPa NO, 0.21 kPa CO and
0.19 kPa N,O, when they were not varied in measurements for
the effect of partial pressure on catalytic rates. N,O and N, were
not co-fed in reaction rate measurements for the NO + CO
reaction. The selectivity values were determined by measure-
ment of N,O and forming the N-balance from NO inlet and
measured N,O concentration to yield the selectivity to N,. In
the mechanistic model presented in this work, the formation of
each N,O molecule consumes a NO molecule that is not
activated in the kinetically relevant step. Accordingly, the reac-
tion rate data, which should reflect the NO molecules as
consumed in the kinetically relevant step, was calculated from
the experimental reaction rate and the measured selectivity
towards N,O.

Conclusions

In this work the generalisability of the descriptor nature of
electronic characteristics was investigated on the basis of Co-
based perovskite-type oxides. Correlations of the occupancy of
transition metal (TM) 3d orbitals, charge-transfer energy (CTE),
and covalency in the interaction of O 2p and TM 3d states are
compared among two electrocatalytic and five chemocatalytic
reactions including results of previous work.

The obtained correlations of all reactions emphasize the
importance of the choice of XAS reaction conditions for the
applicability of descriptors. In electrocatalysis, the materials’
catalytic performance for the oxygen evolution reaction (OER)
and glycerol oxidation reaction (GOR) correlates better with the
electronic parameters obtained in O,-containing atmosphere
indicating the fully oxidized states of the materials play a key
role in these reactions. The overpotential, as well as the Tafel
slope, and charge transfer resistance decrease linearly with
increasing e, occupancy, while they increase with increasing
covalency factor and CTE. These trends appear for both reac-
tions underlining the applicability of the descriptors.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The presented results of the chemocatalytic reactions
broaden the evidence that covalency in Co-based perovskite-
type oxides is a highly relevant descriptor for reaction rates. The
initial mechanistic analysis of the reduction of NO or N,O by
CO concludes that a CO-assisted step is the likely kinetically
relevant step in either of N,O and NO reduction by CO. The
correlations of reaction rates and selectivity with electronic
parameters however depend on the state of the catalyst during
the analysis of electronic characteristics as reactions correlate
with data from fully oxidized or partially reduced catalysts.
NO + CO reaction as well as NO and CO oxidation rates relate to
characteristics of partially reduced catalysts, while N,O decom-
position and N,O reduction by CO are linked to fully oxidized
catalysts. This dependence is based on the electronic charac-
teristics during the kinetically relevant elementary steps as the
active site interacts with the reactants.

In addition, the descriptor nature of covalency has been
shown for selectivity in the NO + CO reaction in absence of N,O
reactivity: The selectivity towards N,O relative to N, increases
with covalency. This also results in an inherent trade-off
between overall catalytic rates and desired selectivity towards
N, at low temperatures. The correlations of t,; and e, occu-
pancy or covalency with the selectivity in the NO + CO reaction
are only valid for fully oxidized catalysts, while the reaction rate
correlates with partially reduced catalysts. This is a remarkable
difference due to different elementary steps determining reac-
tion rates and selectivity within the NO + CO reaction. The
interaction with different reactants in these elementary steps
causes different oxidation states of the catalyst to be relevant.
This result renders in situ characterisation of catalysts for the
NO + CO reaction yet more complex because reaction rates and
selectivity cannot be described by measurements in a single
catalyst state. This complexity may apply for in situ character-
isation of other reaction systems than the NO + CO reaction on
Co based perovskite-type oxides as well — depending on the
individual reaction mechanism on the catalyst.

Overall, the variety of reactions bridging electro- and che-
mocatalysis illustrates that covalency is a broadly applicable
descriptor for the performance of perovskite-type TM oxides
proving its generalisability from electrocatalytic oxygen evolu-
tion and reduction, over organic electro-oxidation, to chemo-
catalytic reductions and oxidations of NO, CO, as well as N,O
decomposition. The results show that considerable synergies
can be exploited through increased cooperation between elec-
trocatalysis and chemocatalysis research.
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