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Abstract: Elucidating the reaction mechanism in hetero-
geneous catalysis is critically important for catalyst
development, yet remains challenging because of the
often unclear nature of the active sites. Using a
molecularly defined copper single-atom catalyst sup-
ported by a UiO-66 metal-organic framework (Cu/UiO-
66) allows a detailed mechanistic elucidation of the CO
oxidation reaction. Based on a combination of in situ/
operando spectroscopies, kinetic measurements includ-
ing kinetic isotope effects, and density-functional-
theory-based calculations, we identified the active site,
reaction intermediates, and transition states of the
dominant reaction cycle as well as the changes in
oxidation/spin state during reaction. The reaction in-
volves the continuous reactive dissociation of adsorbed
O,, by reaction of O,,, with CO,y, leading to the
formation of an O atom connecting the Cu center with a
neighboring Zr*" ion as the rate limiting step. This is

removed in a second activated step. )

Introduction

The identification of the active site(s) is a prerequisite for a
comprehensive mechanistic understanding of catalytic reac-
tions and for the systematic control of the -catalyst
performance.! For most realistic technical heterogeneous
catalysts this is extremely challenging because of the
heterogeneity of these systems, which is likely to result in a
multitude of different active sites.”) Moreover, the spectro-
scopic identification of these sites is often challenging
because of their very low concentrations, in particular, when
similar species are present also as part of the bulk.”! These
problems can be overcome or at least be reduced if the
active sites are precisely defined.™! Combining experiments
and computations, this is demonstrated in the present work
for the oxidation of CO on a single-atom Cu catalyst,
supported on a metal-organic framework (MOF) support,
which can serve as a model system for a wide range of
oxidation reactions.

Recently, we reported on a highly active CO oxidation
catalyst comprised of isolated Cu ions supported on a Zr-
based MOF, UiO-66,° where the individual Cu ions are
covalently attached to the vacant terephthalic acid defects in
the Ui0-66 (Figure 1).7%
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Defect-free UiO-66
Zr,0,(OH),(BDC),

Cu/UiO-66

Zr-cluster of UiO-66 with defect

Figure 1. Crystal structure of the UiO-66 support and the Cu/UiO-66
catalyst. a) Defect-free UiO-66, constructed by linking Zr,O,(OH),-
(—CO,),, and H,BDC (hydrogen atoms are omitted for clarity, and blue
polyhedra represent ZrO,(OH),(—CO,),, clusters). b) UiO-66 typically
contains missing-linker defects, and these sites are terminated by
hydroxyl (and possibly water) groups. These defect sites were used to
attach individual Cu atoms by reaction of UiO-66 with CuCl,2H,0.
Atom labeling Scheme: C: black; O: red; H: grey; Zr: blue; Cu: orange;
Cl: pink.

This system is ideally suited for mechanistic studies since
it is structurally well-defined and there are only few types of
possible active sites in the open structure of the MOF, -3
which are also easily accessible to the reactants.'! This
allows for a rigorous correlation of the reactivity with the
structural/electronic properties of the catalyst and adsorbed
species under working conditions, which in combination
with computational modelling leads to detailed insights into
the reaction mechanism under these conditions.

To realize this goal, we employed a comprehensive
multi-technique approach, combining measurements of the
kinetics and of kinetic isotope effects (KIEs) with different
operando/in situ spectroscopies, monitoring also the product
composition, and with extensive density functional theory
(DFT) calculations. While in most studies the DFT calcu-
lations concentrate on the determination of the energies of
the reaction intermediates and transition states for identify-
ing the most favorable reaction pathway, we here also tested
other catalyst properties such as the Cu oxidation and spin
state or the vibrational properties of key adsorbates during
reaction, as well as the adsorption behavior of the separate
reactants, and used the agreement between theory and
experiment in these properties as additional guidance in the
search for the correct reaction pathway. This comprehensive
approach, which distinguishes this work from many other
studies, allowed us to map out the complete mechanistic
pathway for CO oxidation and identify the different reaction
steps and activation barriers. Most important, the reaction
involves two dominant activated steps, reactive O, dissocia-
tion by interaction with co-adsorbed CO, and reaction
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between a second CO,4 and the remaining adsorbed oxygen
atom.

Results and Discussion

The Cu/UiO-66 catalyst was synthesized following our
previously published protocol.! The Cu loading was
2.0 wt %, equivalent to a Cu/Zrs node ratio of 0.8, which
agrees with the amount of vacant terephthalic acid defect
sites. Installation of Cu in UiO-66 does not create additional
defects that could potentially act as catalytic sites (see
Supporting Information, section 1)

We first explored the dependence of the reaction rate on
the reactant concentrations and temperature. Varying the
CO partial pressure while keeping the O, concentration at
1% results in an increase in the CO oxidation rate (Fig-
ure 2a) (for time-resolved rate measurements see Figure S1,
Supporting Information). For different temperatures (250,
180, and 120°C) we obtained reaction orders with respect to
CO (n¢o) of 0.8+0.1, 0.94+0.1, and 0.2 £0.1, respectively. In
a similar set of experiments, changing the O, concentration
from 1% to 15% while keeping the CO concentration at
1%, we obtained reaction orders with respect to O, that are
close to zero at 250°C and 180°C, and slightly higher (0.2 +
0.1) at 120°C (Figure 2b). Under all conditions, the reaction
rate is limited by a lack of CO, and almost independent of
the O, concentration.

Next we determined the apparent activation energy
(E,app) Of the reaction at pcopo, =1 in the three different
temperature ranges (time-resolved rate measurements see
Figure S2, Supporting Information). Overall, we find a
curved variation of the logarithmic rate vs. '/ (Figure 2c).
Such behavior can arise from a number of different reasons,
such as a preceding adsorption-desorption equilibrium, a
change in rate-determining step with temperature, or also
mass transport effects. Considering that we have no
indication for mass transport limitations (see Supporting
Information section 1, Kinetic measurements, and additional
DRIFTS data in Figure S16, Supporting Information) and
that a preceding adsorption-desorption equilibrium should
result in a decrease of the apparent activation energy with
increasing temperature rather than an increase, we favor a
change in rate limiting step as most plausible explanation.
Evaluating the resulting E, ,,, values individually, we obtain
values of 69.0+£3.5, 60.0+3.0, and 28+3.0kJmol™! at
around 250, 180, and 120°C, respectively. Based on these
results CO adsorption does not result in site blocking for O,,
as often observed for noble metal catalysts such as Pt/Al,O;
at lower temperatures,'”! as this would be reflected by a
negative reaction order for CO. Furthermore, the reaction
of CO,, is likely preceded by reversible adsorption and
desorption of at least one of the reactants. Note that as had
been demonstrated earlier,” the UiO-66 structure is stable
under CO oxidation conditions at temperatures up to
350°C.

KIEs were investigated by comparing the CO oxidation
rates in C'0/"0, and C'0/®*0, under steady-state con-
ditions (reaction rate data in Figure S3, Supporting Informa-
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Figure 2. Reaction orders of CO and O,, apparent activation energies, and kinetic isotope effect (KIE) at different temperatures. a) Cu mass-
normalized CO oxidation rates (steady-state conditions) at fixed concentration of O, (1%) as a function of the CO concentration (1-15%) at
different temperatures (@:250°C; #:180°C; «:120°C). b) Cu mass-normalized CO oxidation rates (steady-state conditions) at a fixed concentration
of CO (1%) as a function of the O, concentration (1-15%) at different temperatures (@: 250°C; l: 180°C; A: 120°C). c) Arrhenius plots for
determining the apparent activation energies (E,,,,) in three different temperature ranges (around 250°C, 180°C, and 120°C), measured in a 1:1
ratio of CO: O, (1% CO, 1% O,, balance N,) after can 1000 min on stream. d) Kinetic isotope effect (KIE), calculated from the ratio of the CO
oxidation rates (steady-state conditions) in an about 1:1 gas mixture of CO/'O, or CO/'®0, (0.95% CO, 0.9% O,, balance N,) at a total flow rate

of 30 NmLmin™".

tion). To the best of our knowledge, similar measurements
have not been reported for CO oxidation before. Changing
from 2CO/'*0, to 2CO/"®0, results in a significant increase
of the reaction rate, which corresponds to KIE values of
0.72£0.04, 0.66 £0.06, and 0.5+0.03 at 250°C, 180°C, and
120°C, respectively (Figure 2d). Comparable results were
obtained also when monitoring the CO, formation by IR
spectrometry in dynamic, steady-state isotopic transient
kinetic analysis (SSITKA) experiments (see Figure S4 and
S5, Supporting Information). Given the relatively small
difference in the molecular masses, these values are
characteristic for a primary inverse KIE,"®" indicating that
the rate-limiting step involves the breaking/formation of the
bond to the respective oxygen atom either in the rate-
determining step or in a subsequent slow, product-determin-
ing step. Most likely, this refers to the activation of the
strong O=0 bond (O, dissociation), or the removal of an
(activated) oxygen species by reaction with CO. Here we
would like to note that we assume that all Cu species present
are active and do not affect each other, which based on the
open structure and the uniform separation between neigh-
boring Cu sites appears reasonable. Even if there were any
inert species, this will not affect the mechanistic insights.
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To identify the electronic and structural properties of
the catalyst during reaction, we first followed the time
evolution of the Cu oxidation state of a pre-reduced catalyst
in the reaction gas by monitoring changes in the X-ray
absorption near-edge spectra (XANES) of the Cu K-edge
(spectra see Figure S6a, Supporting Information). Linear
combination analysis (LCA) using Cu,0O and CuO as
references shows a continuous increase of the Cu*" content
during CO oxidation, reaching 90 % Cu*" after 400 min on
stream (for determination of the 90% Cu*" content see
reaction data in Figure S6b and discussion in the Supporting
Information). It will be shown later that based on the DFT
calculations the Cu charge states are somewhere between
Cu'" and Cu**, depending on the reaction intermediate, and
therefore we prefer to use the terms Cu'’-like and Cu*"
-like. Also the ratio between Cu'*-like and Cu®"-like species
may differ somewhat from that determined for Cu'" and
Cu’" species derived by LCA, although the general trends
should remain valid. Hence, during reaction the catalyst
predominantly consists of Cu**like species. This state
represents the starting point for subsequent XANES-titra-
tion measurements presented below. Similar measurements
were performed also at 180°C and 120°C, showing that Cu
oxidation during the reaction is increasingly dominant at
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these lower temperatures (Figure S7a, Supporting Informa-
tion).

Analysis of extended X-ray absorption fine structure
(EXAFS) spectra recorded together with the XANES
spectra at different reaction temperatures (Figure S7b, and
details in Figures S8 and S9, Supporting Information)
suggests that independent of the temperature the Cu ions
bind mainly to O atoms, with a low coordination number of
2.340.5 and a mean Cu—O distance of 1.97+£0.02 A, which
is significantly longer than the distance in Cu,O (1.85 A)2")
and also in the longer range of those in CuO (1.89-
2.04 A)PY This and the lack of second shell Cu—Cu
scattering in the EXAFS data point to the predominant
presence of individual Cu ions rather than of oxide particles
in the temperature range investigated.!”! Furthermore, the
result of a Cu—O coordination of 2.3+0.5, which indicates
dominant twofold coordination with some contributions
from threefold coordination, fits also nicely with the LCA
results and the insights derived from DFT calculations,
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which will be discussed in more detail later. Considering
only the shorter bonds of strongly bound Cu—O and Cu—OH
species and not the longer Cu—O, bond (see Table S4),
several of the intermediates (INT), such as INT I, IT and III
(see reaction cycle in the DFT calculations part) show such
kind of Cu—O coordination. Based on the finding of a
dominant Cu?* oxidation state (Figure 3), contributions
from the intermediates INT II and INT III, which show
charge states of well above 1 (see Table S5 and page S8 for
details), must be dominant, while contributions from INT I,
which is clearly Cu'*-like, and from the other intermediates
with a threefold Cu—O coordination contribute less. As will
be discussed later, this fits well also with the DFT results,
since one can expect the highest contributions to the spectra
from the intermediates preceding the rate-limiting step,
which are furthermore commonly considered to be equili-
brated.

To further characterize the redox properties of the Cu
species we performed titration experiments, recording
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Figure 3. Operando XANES spectra recorded during CO and O, titration at different temperatures. a) Sequence of XANES spectra recorded at the
Cu K-edge during the titration of the Cu/UiO-66 catalyst in a flow of 1% CO/N,, following reduction in 10% H,/N, at 250°C for 1 h (H250),
subsequent CO oxidation (1% CO, 1% O,, N, balance) at 250°C for 900 min and purging in N, for 15 min. The initial state of the catalyst for
titration at 250°C, after purging in N,, is indicated by the first data point in c), before the arrow. b) Subsequent titration of the pre-reduced catalyst
using a flow of 1% O,/N,. The insets in (a) and (b) show expanded spectra in the range 8981—8986.5 eV, arrows therein indicate the first
reduction and oxidation step, respectively. c)—e) Plots of the time-dependence of the LC analysis of the sequence of spectra at 250°C, 180°C and
120°C (see Figure 3a, b and S10, Supporting Information), where the spectra obtained after the first CO reduction at 250°C and after oxidation at
120°C were used as references for a “fully reduced” and a “fully oxidized” state.
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XANES spectra while sequentially exposing the spent
catalyst first to a flow of CO/N, and then to O,/N, at 250°C,
after the preceding reaction at 250°C (CO:0,=1:1) for
900 min. Upon exposure to 1 % CO/N,, the XANES spectra
show a gradual increase of the white line intensity at
8983 eV (Figure 3a, inset), suggesting an initially fast and
subsequently slower reduction of the Cu species from Cu*"-
to Cu'"-like. But even after 45 min on stream in CO (last
spectrum in the sequence), the catalyst is still clearly off
from the fully reduced state obtained after H250 treatment,
indicating that complete reduction is not possible under
these conditions. During subsequent exposure to a flow of
1% O,/N, (Figure 3b), the Cu species are re-oxidized. In
this case, however, Cu oxidation even exceeds the level
obtained during CO oxidation, as indicated by the more
CuO-like shape of the final spectrum. Repeating this
titration cycle results in an essentially identical series of
spectra, indicating that reduction and re-oxidation of the
catalyst are fully reversible under these conditions. This is
illustrated also by LCA fits of the two series, which
quantitatively illustrate the temporal progress in Cu'"
oxidation and Cu’" reduction (Figure 3c). Repeating the
same exposure sequences at lower temperature, at 180°C,
we also observed reversible changes, but with slower and
less pronounced oxidation or reduction (Figure 3d, spectra
see Figure S10a, b, Supporting Information). At 120°C,
finally, the catalyst essentially remains in the oxidized state
obtained at the higher temperatures (Figure 3e, Figure S10c,
d, Supporting Information). Note that for 180°C and 120°C,
titration started after re-oxidation at 250°C and 180°C,
respectively. These results indicate that with decreasing
titration temperature i) the oxidized state reached after O,
titration is slightly more pronounced and that ii) the
reduction of the oxidized state of the catalyst is more
hindered.

In total, the XAS data indicate that the mean Cu
oxidation state can vary significantly with the reaction
temperature, with pronounced changes between oxidized
and reduced state at higher temperatures, while at lower
reaction temperatures (120°C) this is not possible, resulting
in an increasing tendency for over-oxidation of the catalyst
under these conditions.

Operando electron paramagnetic resonance (EPR)
measurements were performed to probe changes in the Cu
oxidation state, and the formation of EPR-active O-vacancy
defects during pretreatment or reaction. After the H,
pretreatment, the EPR spectrum of the catalyst still exhibits
a weak, broad signal of Cu’" ions at g=2.045 (Figure 4a,
dark blue spectrum), indicating that not all Cu?" ions were
reduced to Cu'" upon pretreatment. Additionally, there is a
small, but sharp signal at g=2.005, which is close to the
value often reported for negatively charged O-vacancy
defects.”? Since this peak was also observed for the Cu-free
MOF (see Figure S11, Supporting Information), we attribute
this to O-vacancy defects in the MOF on sites that are not
linked to a Cu ion.

Exposing the catalyst to the CO oxidation gas mixture
(1% CO, 1% O,, Ar balance) at 250°C results in a rapid
increase of the axial EPR signals of Cu*" at g;;=2.314 and
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Figure 4. Operando EPR signals recorded during CO oxidation. a) Se-
equence of time-resolved operando EPR spectra recorded on a pre-
reduced (10% H,/N, for 1 h) Cu/UiO-66 catalyst during CO oxidation
in a standard reaction mixture (1% CO, 1% O,, N, balance—

30 NmLmin™") at 250°C. b) Sequence of EPR spectra recorded during
CO oxidation in a CO-rich gas mixture (10% CO, 1% O,, N, balance—
30 NmLmin™") at 250°C, following the procedure in a). Insets show a
magnified detail of the region around 3380 G.

2+

gl =2.045 (Figure 4a), which are characteristic for Cu
ions in a tetragonally distorted surrounding (g, >gl >g.),
where g, gl and g. denote g, g, =g, and g of the free
electron, respectively.™? The clear hyperfine splitting
points to structurally well-defined species, which are pre-
dominantly formed under reaction conditions. This will be
discussed in more detail with the results of the DFT
calculations. At the same time, the signal at g=2.005
decreased (see inset in Figure 4a). From the growth of the
EPR signal of the Cu*" species over more than 350 min on
stream (see Figure 4a and S12, Supporting Information) we
conclude that the fraction of Cu®* species and thus the mean
oxidation state of the Cu ions increased continuously during
reaction in a 1:1 gas mixture, leaving the catalyst with a
much higher oxidation state than that of the reduced
catalyst, well above Cu'*. These findings fit very well with
our XANES results, showing the slow oxidation of Cu'"- to
Cu?*-like sites for over 350 min. This also provides a simple
explanation for the initial activation phase of Cu/UiO-66
during the reaction. Consistent with these findings, we also
observed that changing to reaction atmospheres with higher
CO- (see Figure 4b and inset therein) or O,-contents (see
Figure S13, Supporting Information) during reaction at
250°C or to a pure CO/Ar atmosphere after the CO
oxidation at 250°C in a 1:1 reaction mixture (see Figure S14,
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Supporting Information) leads to a similar increase/decrease
of the Cu®"-like signal and of the signal at g=2.005. Finally,
further titration experiments performed at 120°C also
confirm that reduction of the catalyst, after reaction at
250°C, is not possible at 120°C (Figure S15, Supporting
Information).

Overall, the EPR findings confirm our XANES-based
conclusion that the mean Cu oxidation state can vary
significantly with the CO:O, ratio and also depending on
the temperature and that at lower temperatures (120°C)
reduction of the spent catalyst is not possible.

To support our above conclusions, we performed in situ
infrared spectroscopy (diffuse reflectance Fourier transform
IR spectroscopy, DRIFTS) measurements of the CO
adsorption characteristics under different reaction condi-
tions (Figure Sa—c). Here it is important to note that the
CO-FTIR signal is considered to be only sensitive for
adsorption on Cu'*-like species under these conditions,™!
which according to the XANES-LCA represent a minority
of the Cu sites, while EPR is only sensitive to Cu*" species.
Summarizing the main trends obtained for reaction at 250°C
we find i) a general decay of the CO,4 related bands with
increasing O, concentration at constant CO concentration,
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and ii) an increase in the CO,y related intensity with
increasing CO concentration, when the O, concentration
was kept at 1%. Furthermore, we could iii) identify a
number of different CO,, related bands at around 2122,
2133 and 2138 cm™!, whose intensity responds in different
ways to changes in the reaction conditions. These bands
closely resemble our previous findings for reaction in a 1:1
mixture at 250°C,) where a peak at 2113cm™' was
attributed to CO adsorption on Cu'' ions in a freshly
reduced catalyst, while peaks at about 2118 and
2132/2138 cm™" were associated with CO adsorption on Cu'*
species in the presence and absence of coadsorbed oxygen
during later stages of the reaction.

Redoing this experiment at 180°C, the general trends
are similar, with differences in details, in particular with
higher intensities in the CO,4 related bands (see Figure 5d—
f). For reaction at 120°C (Figure 5g-i), the CO,y band
intensities are again much higher than at the higher temper-
atures, although based on the XANES data the concen-
tration of Cu'*-like species is lower under these conditions
than during reaction at 250°C (Figure 3). Apparently, this
loss is overcompensated by a much higher relative popula-
tion of Cu'"-like sites by CO,,4 species. Also in this case, the
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Figure 5. In situ DRIFTS measurements on the Cu/UiO-66 catalyst during exposure to the reaction gas mixture at different temperatures. a), d),
g) In situ DRIFT spectra collected at fixed CO concentration (1%) while varying the O, content (1-21 %) at different temperatures (a): 250°C, d):
180°C, g): 120°C). b), e), h) In situ DRIFT spectra collected during CO oxidation at a fixed concentration of O, (1%) as a function of the CO
concentration (1-21%) at different temperatures (b): 250°C, e): 180°C, h): 120°C). ¢), f), i) Integrated intensities of the CO,4 related absorption
band (2170-2080 cm™) (left axis) and reaction rates (right axis), which were determined separately in kinetic measurements under identical
conditions, as a function of CO and O, concentration at different temperatures (c): 250°C, f): 180°C, i): 120°C). Filled red symbols (@,H)
represent CO,q intensities, while empty blue symbols ([J,0O) represent rates; squares refer to fixed CO and varying O, concentrations; circles

represent fixed O, and varying CO concentrations.
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peaks represent two contributions. Both upon varying the
O, concentration or varying the CO concentration, the
relative contribution of the high-frequency band,is lower
than at 180°C in the same gas mixtures (Figure Sg-i),
independent of the reaction atmosphere. The lower intensity
of the high-frequency band can be explained if the
formation of the related species requires an activated step,
in agreement with conclusions from the activation energy
results. The close correlation between CO absorption
intensity and thus CO,4 coverage on the one hand and
reaction rates on the other hand under different conditions
is displayed quantitatively in the right panels of Figure 5

In combination with the XAS and EPR data, the
DRIFTS results lead to a much more detailed mechanistic
picture. Under most reaction conditions we find contribu-
tions from two states, one with a maximum at 2122 cm™! and
one with a maximum at 2138 cm™', indicating that both
states are populated under these reaction conditions. The
previous assignment of the higher frequency shoulder with a
maximum at 2138 cm™' to CO coadsorbed with oxygen fits
well to the trend observed in the present data, where the
relative contribution of this state increases with increasing
relative O, concentration. On the other hand, the observa-
tion of a decreasing total CO,4 intensity with increasing O,
content, while the CO, formation rate remains constant (no
enhanced reactive removal of CO,), indicates that under
these conditions an increasing fraction of the Cu sites is not
accessible to CO adsorption anymore. This may point to an
increasing fraction of weakly binding, possibly more Cu?*
-like sites.

Considering that measurable CO adsorption on Cu’*
sites is only possible at temperatures below 100 K, we
infer that throughout the reaction cycle there are consid-
erable amounts of more Cu'"-like species available for CO
adsorption, independent of the reaction temperature. Based
on the DRIFTS data, the variations in the nature of the Cu
sites do not only correspond to changes between Cu**- and
Cu'*-like species, but involve (also) variations between
different Cu'*-like sites. In CO-rich atmosphere, contribu-
tions from a more reduced Cu'"-like state were considerably
higher. Similar discrepancies are obtained for reaction at
120°C, where XANES and EPR data indicated a largely
oxidized Cu®*-like state, rather similar to that in CuO, while
the DRIFTS spectra indicate that also under these reaction
conditions CO adsorption is still possible, actually with a
rather high coverage (see Figure 5g, h). The high CO,
coverage can be explained by the much lower desorption
rate under these conditions, together with a very low rate
for reactive removal of CO,q. The fact that the different
band positions hardly change with increasing O, concen-
tration indicates that the nature of the Cu species carrying
an adsorbed CO is not affected much by the excess O, in the
gas phase, only their relative contributions. For a more
quantitative interpretation, we fitted the FTIR peak by two
different components, one at lower wavenumber (LW,
21212124 cm™") and one at higher wavenumber (HW,
2133-2138 cm ') (see Figure S17), which as discussed before
can be attributed to CO,q on Cu'" sites co-adsorbed with
oxygen (HW-band) and without co-adsorbed oxygen (LW-
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band) (see ref. [25] and calculated frequencies in Figure 6).
This fully confirms our previous conclusion that the FTIR
spectra can be explained by contributions from two states
which are electronically different, most likely from the INT
IT and INT III intermediates. Focusing on the width of these
bands, we obtained values of about 1941 cm ™ (LW) and of
11+£25cm™ (HW) for the FWHM of the respective
components at different temperatures, except for the
CO:0,=1:1 gas mixture at 250°C, while the relative
intensities depended on the reaction conditions. FWHM
values of 10-14cm™ are typical for CO, on highly
homogeneous surfaces, while the larger value of the LW
component may point to slight differences between CO,4
species in that component, e.g., due to contributions from
different intermediate states (see more details in Table S3,
Supporting Information).

Finally, we performed DFT calculations of the reaction
using a cluster model of the catalyst. Different from two
recent studies on CO oxidation on MOF-based catalysts,**"]
we calculated not only energy levels of possible reaction
intermediates and transition states, but evaluated also other
catalyst/reactant properties at the individual reaction stages
such as oxidation/spin states or vibrational properties for
mapping out the reaction pathway. The cluster model is
based on the single crystal structure of UiO-66, where the
BDC linkers are replaced by acetate groups to reduce the
computational time, and corroborated by elaborate charac-
terization. Based on the experimental data reported in our
previous study,’” the as-synthesized Cu/UiO-66 catalyst
contains Cu'" ions bound to the —OH (and possibly-OH,)
ligands capping the defect sites of the Zr-node of UiO-66,
and a CI ligand. This results in a model system of the
composition ZrsO,(OH),(acetate);;(OH),CuCl, Cu/UiO-66
(see Figure 1), which after the H, pretreatment loses its Cl°
ligand. This leads to two-fold coordinated Cu, bound to the
oxygen atom of an OH ligand of the neighboring Zr** ion
and to the threefold coordinated p;-O atom capping the Zr-
node. Accordingly, an O-vacancy on a coordinatively
unsaturated Zr ion (Zr.,) is formed. Part of this cluster,
which will also serve as energy reference, is displayed as
intermediate INT I in Figure 6. Based on a detailed analysis
of a large number of possible reaction steps we arrived at a
reaction cycle (Figure 6), whose main steps will be summar-
ized in the following:

Exposing the catalyst to the reaction mixture can result
in either adsorption of CO or O,. Starting with CO
adsorption, the calculated adsorption energy on the Cu site
is —209 kJmol ™, while CO adsorption on the Zr,,, site was
found to be unstable, relaxing spontaneously by moving to
the Cu site. This may be followed by adsorption of an O,
molecule, which preferably also binds to the Cu site,
resulting in intermediate III with a relative energy of
—244 kJmol ™. The same intermediate can be reached also
by first O, adsorption, followed by CO adsorption. Sub-
sequently, the adsorbed CO molecule can react with the co-
adsorbed O, via a transition state (TS I) with an activation
barrier of 141 kJmol ™' (INT HI—TS I— INT IV), resulting
in the intermediate IV with a weakly adsorbed CO, and the
remaining O atom. The latter O atom is located between
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Figure 6. Reaction cycle with optimized structures for intermediates (I-VII) and transition states (TS I, Il) for CO oxidation by O, on the Cu/UiO-66
catalyst (see also a tested, but improbable cycle in Figure S18), and the energy pathway for this reaction pathway.

Zr., and Cu ion, binding to these two atoms. The Cu—O
distances obtained from the DFT -calculations for this
intermediate, 1.91 A (Cu—O in OH) and 1.89 A (Cu—O for
u;-0), agree very well with the results from the EXAFS
evaluation (1.9740.02 A). Rather similar bond lengths are
obtained also for INT I and INT II (see Table S4,
Supporting Information), while the Cu—O distance to the
adsorbed O, is much larger (2.3 A). Next, the adsorbed CO,
molecule desorbs (energy increase 31kJmol ™), reflecting
the weak bonding of CO, to the active Cu site (Cu-CO,
distance 2.41 A). Note that the resulting intermediate V is
not identical to the initial cluster INT I, due to the remaining
O atom. Thus, the resulting energy decay of 413 kImol™
describes the energy gain for the oxidation of one CO
molecule plus filling the O-vacancy ([Jq.v.c) between the Cu
site and the neighboring Zr ion with a bridging O atom
(Opy): CO+ O, + Oowac— CO, + Oy, This results in a Cu ion
with an electron configuration Cu=4 s"¥*3d**4p"®” (triplet
spin state, see section S7.4 in the Supporting Information),
i.e., with a charge state that is higher than that of the bare
cluster, thereby assigned as a Cu®'-like ion. Note that the
charge states of these Cu ions do not correspond to pure
Cu'" or Cu®* states, but rather show fractional charges that
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that as mentioned before are best described as Cu'"-like
and Cu’'-like. Checks of the reliability of these calculated
charge states using a 1,4-benzenedicarboxylate (BDC)
cluster as Zr-node and a quantum chemistry software
(ORCA) confirmed these trends (see section S7.3 and
Table S5, Supporting Information).

The second CO oxidation reaction begins with the
adsorption of a second CO molecule on the Cu®*-like ion,
leading to the intermediate VI (adsorption energy
58 kImol™). The adsorbed CO molecule then reacts with
the remaining Oy, atom via the transition state TS II with an
activation energy of 24 kJmol™ to form the second CO,
product (intermediate VII). Hence, this barrier is consid-
erably smaller than that in the first oxidation step. Finally,
this CO, species desorbs with an activation energy of
62 kJmol™" (VII—I), which finishes the second CO oxida-
tion step and frees the Cu single-atom active center for the
next reaction cycle. Overall, the CO oxidation cycle is
exothermic by 658 kImol™', which is reasonably close to the
well-known  thermodynamic  reaction  enthalpy  of
—565 kJmol .

Based on the size of the activation energy, the reactive
dissociation of O,, upon reaction with coadsorbed CO, can
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be considered as the rate-determining step. This fully agrees
with our observation of a sizeable *O-KIE, since O—O—
bond breaking is involved in that reaction step (from INT
IIT via TS T to INT IV). Here it is important to realize that
this barrier height cannot be directly compared with the
experimentally determined apparent activation barrier, as
the latter involves also contributions from reactant adsorp-
tion/desorption. The discrepancy between the calculated
barrier heights (about 141 kJmol™') and the experimentally
determined apparent activation energies (28-69 kImol™")
and also the temperature dependence of the latter values
(Figure 2c) are not unexpected for a multi-step process.
Furthermore, considering the rather low adsorption energy
of CO in intermediate VI, it is not surprising that the
reaction is mainly limited by a lack of CO,,, at least at the
higher temperatures, which is reflected by the reaction order
for CO of close to 1, while that for O, is almost zero. The
reaction cycle derived here is also supported by the close
agreement between the trends of the calculated C-O
frequencies (see Figure 6) and those observed experimen-
tally.

Finally, we addressed the question whether we can also
explain the reversible oxidation and reduction of the catalyst
when exposing it to solely O, or CO containing gas mixtures
(see Figures 3 and S10, Supporting Information), and the
change in oxidation state and spin state observed exper-
imentally. Main results of these calculations were that i) the
catalyst can indeed be oxidized by dissociative adsorption of
O, on the Cu site, resulting in metastable structures with 2
adsorbed O,y per Cu atom (activation barrier 175 kJmol ™!,
see Figure S19, Supporting Information), and that ii) upon
exposure of these structures to CO they can be reduced
again, where the reduction process is slower than oxidation.
iii) Evaluation of the spin densities in the different
intermediates (details see section S7.4, Supporting Informa-
tion) finally revealed that there is no spin density on the Cu
atoms in the intermediates INT I (bare cluster) and INT II
(after CO adsorption on the Cu site), while there is spin
density on these atoms after O, co-adsorption on the Cu site
(intermediate IIT) and finally also for the intermediate V,
which is reached after reactive removal of the first oxygen
atom (see Figure S20, Supporting Information). This means
that while we would not expect an EPR signal of Cu for the
reduced catalyst or after CO adsorption, this should appear
during reaction, as a result of the population of the different
intermediates, and also for the oxidized states INT A2 and
INT B2 (see Figure S19, Supporting Information), in good
agreement with the trends observed experimentally.

Furthermore, we expect that this oxidized Cu state can
also be reached during reaction in a 1:1 CO/O, gas mixture,
due to spontaneous dissociation of the adsorbed O, 4 species
instead of reaction of O,, with CO,. Together with the
reaction intermediate INT III, the resulting, structurally
well-defined species INT A2 or INT B2 are mainly held
responsible for the Cu signal in the EPR spectra and its
pronounced hyperfine splitting, and also for the Cu®*-like
signature observed in XANES. These latter species, which
are not part of the main reaction cycle in Figure 6, represent
reaction intermediates in a minority pathway which based
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on the high barrier (Figure S19¢, Supporting Information)
contributes only little to the reaction. Nevertheless, they
essentially dominate the Cu*" EPR spectra and also the
XAS spectra under present reaction conditions.

Finally, comparing with traditional reaction pathways,
the reaction mechanism derived here for CO oxidation is
most closely related to a Mars-van Krevelen mechanism,
involving the reversible removal and replenishment of
bridging oxygen species.

Conclusion

With the aid of detailed experimental and theoretical
evaluation of numerous features during reaction, such as Cu
oxidation and spin states, CO,, vibrational characteristics
and kinetic isotope effects, we could show that CO oxidation
on the molecularly well-defined Cu/UiO-66 MOF with
isolated, individual Cu'*-like single-atom sites proceeds via
an activated reaction between CO,q and O, 4 species. This is
also the most highly activated and thus rate-determining
reaction step in the dominant reaction pathway. The
adsorbed reactants are both coordinated to the Cu ion. This
reaction step leaves a bridged oxygen species on the catalyst,
connecting Zr**t and Cu ions, which in a second activated
reaction step is removed as well, by adsorption of another
CO on the Cu ion and subsequent reaction. For each
reaction cycle, reactant adsorption, reactive O, dissociation
and reaction with CO occur at the same active Cu site,
which is distinctly different from traditional bimolecular
reaction mechanisms on catalyst surfaces, where these steps
mostly occur at different sites, followed by surface diffusion
and surface reaction. Spontaneous dissociation of O,,4 and
subsequent reaction of CO,, with the resulting atomic
oxygen species are also possible, but strongly hindered and
do not contribute significantly to the reaction rate. They
dominate, however, the EPR spectra, and contribute signifi-
cantly to the XAS spectra. In contrast, the FTIR spectra are
dominated by the states INT II and INT III. The detailed
agreement between theory and experiment, including not
only calculated energies of reaction intermediates and
transition states, but a number of different properties, has
led to a detailed understanding of the reaction mechanism
under present reaction conditions, which because of the
highly identical reaction sites is expected to be valid also for
realistic catalyst material and reaction conditions. The
comprehensive character of this study can serve as a model
for a wide range of catalytic oxidation reactions under
relevant reaction conditions.
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