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ABSTRACT: Single-atom catalysts are often considered as the ultimate design principle for supported catalysts, due to
their unique geometric and electronic properties, and their highly efficient use of precious materials. Here, we report a
single-atom catalyst, Cu/UiO-66, prepared by a covalent attachment of Cu atoms to the defect sites at the zirconium
oxide clusters of the metal-organic framework (MOF) UiO-66. Kinetic measurements showed this catalyst to be highly
active and stable under realistic reaction conditions for two important test reactions, the oxidation of CO at temperatures
up to 350 °C, which makes this interesting for application in catalytic converters for cars, and for CO removal via selective
oxidation of CO in H2-rich feed gases, where it shows an excellent selectivity of about 100% for CO oxidation. Time-
resolved operando spectroscopy measurements indicate that the activity of the catalyst is associated with atomically dis-
persed, positively charged ionic Cu species. Density functional theory (DFT) calculations in combination with experi-

mental data show that Cu binds to the MOF by "OH/OH2 ligands capping the defect sites at the Zr oxide clusters.

INTRODUCTION

Reduction of the size of metal nanoparticles in supported
catalysts to the atomic limits, ultimately arriving at so-
called single-atom catalysts, has been a long-standing
dream in heterogeneous catalysis, both to maximize the
fraction of active sites and increase their selectivity for
specific reaction pathways.”™ The challenge is, however, to
stabilize and prevent the individual metal atoms or small
clusters from migrating and sintering during reaction,
which is a common cause of catalyst deactivation, espe-
cially at high temperatures.”” Extensive efforts to solve
this problem have focused on loading minute amounts of
active metal onto supports with high surface area such as
activated carbon, zeolites or metal oxides. This approach
depends largely on providing sufficiently large spacings
between active metal species. However, precise control of
the spatial location and the local environment of such
metal atoms or small clusters on these mostly ill-defined
surface structures remain difficult. We envisaged another
approach, using a regularly structured metal-organic
framework (MOF) as template, where active metal atoms
are attached to specific sites.*™ In addition to the well-
defined environment of the active metal atoms,""* metal-
support interactions may assist also in stabilizing these

atoms and thus hinder sintering.”""® Although anchoring
of metal atoms at metal oxide clusters in MOFs has been
reported in a number of studies, these metal atoms sinter
under reducing condition due to the presence of nearby
metal atoms or the lack of interaction with MOFs.'*"7

In the present contribution, we report on a single atom
Cu/UiO-66 catalyst, where Cu atoms are covalently at-
tached to the defect sites of the Zr oxide clusters in UiO-
66, Zr;0,(OH),(BDC),(CH,COO0),,(H,0),,(OH),; (BDC*
= 1,4-benzenedicarboxylate), and the performance of
these catalysts in the CO oxidation reaction under com-
pletely realistic reaction conditions. This reaction is a key
reaction in heterogeneous catalysis, both from a funda-
mental point of view and for practical applications, e.g.,
for reducing CO emissions in exhaust gases or for the
removal of CO from H,-rich feed gases for ammonia syn-
thesis and low temperature fuel cell applications.” We
used a combination of kinetic as well as time-resolved
operando and ex situ spectroscopy and electron microsco-
py measurements, and of computational studies, which
provided detailed insight into the structure and electronic
properties of the catalyst during activation and subse-
quent reaction, making use also of the well-defined struc-
ture of the catalyst.



EXPERIMENTAL METHODS

Synthesis of the catalyst UiO-66."” In a 20 mL scintillation
vial, 1,4-benzenedicarboxylic acid and zirconium tetra-
chloride were dissolved in a solution containing DMF (10
mL) and acetic acid (0.7 mL). The vial was sealed and
heated isothermally at 120 °C for a day. Subsequently,
UiO-66 powder was collected by centrifugation, washed
and dried under dynamic vacuum overnight (further
details in the Supporting Information, Section S1).

Cu/UiO-66. UiO-66 (600 mg) was added to the solution
containing CuCl,-2H,O (Aldrich, 99.99%, 540 mg) dis-
solved in DMF (9 mL). The suspension was sonicated for
one minute. The vial’s thread was wrapped with PTFE
tape and the vial was sealed and heated in an 85 °C iso-
thermal oven for a day. Finally, the product was collected
by centrifugation, washed and dried under dynamic vacu-
um overnight (further details in the Supporting Infor-
mation, Section S1).

Activity measurements. The kinetic measurements
were carried out after pretreatment (10% H,/N, for 1 h at 250
°C) in a quartz tube microreactor (4 mm inner diameter)
at atmospheric pressure, where the as-received catalyst
powder was positioned in the middle of the reactor and
fixed on both sides by a piece of quartz wool. All meas-
urements were carried out using high purity gases
(99.999%, supplied by Westfalen AG) and Hastings HFC-
202 mass flow controllers for preparing gas mixtures.
Activity measurements were performed in idealized (1%
CO, 1% O,, N, balance), O,-rich (1% CO, 21% O,, N, bal-
ance) and H,-rich (1% CO, 1% O,, 80% H,, N, balance) gas
mixtures. Evaluation of the Weisz criterion showed the
absence of mass-transport related problems.” Influent
and effluent gases were analyzed by online gas chroma-
tography (GC) with a CO detection limit of <10 ppm
(DANI 86.10), using H, as a carrier gas. The GC was
equipped with two columns packed with Hayesep Q pol-
ymer for separating CO, O2, and N2 and molecular sieve
(5 A) for separating CO2 and H20. For gas composition
analysis, two thermal conductivity detectors (TCDs) were
used. The Cu mass-normalized reaction rates (Rco) were
calculated from the CO conversion (Xco) under differen-
tial reaction conditions (X-0<20%) in the idealized reac-
tion gas, using the molar flow rate of CO into the reactor
(ncojin), and the absolute mass of Cu metal in the catalyst
(m¢,) according to eq. (1). Differential reaction conditions
were ensured by diluting the catalyst with a-Al203,
which is catalytically inactive under these conditions
(pure catalyst: 10 - 120 mg). The selectivity for CO oxida-
tion (S) during PROX measurements was obtained from
the formation of CO, (Xc0,) and water (Xj,0), according
to eq. (2) Including the atomic mass of Cu (Mc,) and
metal dispersion (D¢, = 100% considering atomic disper-
sion) TOF values were obtained according to eq. 3.

Reo = Xcomﬂczo,in (1)
§= %0z 100 (2)
Xco2+XH20
Rco XM ¢y,
TOF,, = % (3)

Operando DRIFTS measurements. Time-resolved oper-
ando DRIFTS measurements were carried out using a
commercial reaction cell (Harricks, HV-DR2), in a con-
tinuous flow of reaction gases, with the gases flowing
through the catalyst bed from top to bottom, similar to
the set-up used in kinetic measurements. Measurements
were performed under differential reaction conditions,
following a H, pretreatment. The effluent reaction gases
were continuously monitored by transmission infrared
spectrometry, using an FTIR spectrometer (Alpha Bruker
Optics Inc.) coupled with a substrate-integrated hollow
waveguide (iIHWG).” The DRIFTS spectra were recorded
using a Magna 6700 spectrometer (Thermo-Fischer),
equipped with an MCT narrow-band gap detector.” The
intensities of different bands were evaluated in Kubelka-
Munk units (KMU), which are linearly proportional to the
coverage of adsorbed surface species.* Background sub-
traction and normalization of the spectra were performed
using spectra recorded in a flow of N, directly after the
catalyst pretreatment, normalizing to identical intensity
at 3855 cm™. For comparison of UiO-66 and Cu/UiO-66,
the spectra were normalized at the p-OH vibration of the
Zr secondary building unit located at 3666 cm™.

Operando XAS measurements. Operando XANES and
EXAFS measurements were conducted in transmission
mode at the Cu K-edge at the P65 beamline of the Petra-3
extension (DESY) and at the XAFS beamline of the Elettra
Synchrotrone. In all experiments, we used a specially
designed reaction cell, which was described in detail
elsewhere.” The measurements were carried out under
differential reaction conditions (CO conversion <5 %)
after identical pretreatment to that described in kinetic
measurements using ~20 mg of diluted Cu/UiO-66 under
a continuous flow of idealized CO oxidation gas mixture,
where the conversion was recorded using on-line gas
chromatography (influent and effluent gases). Although
the much higher space velocity in the XAS measurements
led to different reaction rates compared to the kinetic
measurements in the microreactor, the trend of catalyst
activation agrees well with the respective microreactor
data (Supporting Information, Figure Si3).Background
subtraction and normalization of the XANES spectra were
performed using the Athena software from the IFEFFIT
program package.” Linear combination fitting of the
XANES spectra was carried out using reference spectra of
Cu foil, CuO and Cu,O. For data reduction and evaluation
of the EXAFS spectra we used the XDAP software package
with standard procedures described elsewhere.””*® Theo-
retical references were calculated by the FEFF 8.0 code
and then calibrated using experimental EXAFS spectra of
Cu foil and CuO as well as Cu,O powder as experimental
references.””* EXAFS data were evaluated in R-space
using fixed k and R ranges (k: 2.8-9.5 A", R: 0.0-5.0 A).
The data were fitted to the shortest back-scatterer dis-
tance around the Cu absorber (i.e., first Cu-Cu, Cu-Zr and
Cu-O shell); the bond length, coordination number (CN),
internal energy shift (E,), and Debye-Waller factor (DWF)
were allowed to change freely (resulting values ranged
from 0.003 to 0.004 A%).



Electron microscopy. High-angle annular dark-field
scanning transmission electron microscopy (HAADF-
STEM) measurements were performed on a Cs-corrected
FEI Titan electron microscope operated at 300 keV. Ener-
gy dispersive spectroscopy (EDS) mapping was carried out
on a Talos F200 FEI TEM microscope operated at 200
keV, which is equipped with a FEG cathode and the Super
EDS system. The sample was dispersed in ethanol and
dip-coated on a carbon coated Ni grid.

X-ray photoelectron spectroscopy (XPS). XPS meas-
urements were carried out on a PHI 5800 ESCA system
(Physical Electronics) using monochromatic Al-K, radia-
tion (1486 eV) and an electron emission angle of 45°. Pass
energies were 93.9 eV for survey spectra and 29.35 eV for
high-resolution spectra. XPSPEAK41 software was used to
deconvolute the measured signals, employing a Shirley

background correction and Gaussian/Lorentzian peak
shapes. The binding energies (BEs) of all spectra were
calibrated by C(1s) peak of ubiquitous carbon at 284.8 eV.

RESULTS AND DISCUSSION

Synthesis of Cu/UiO-66 catalyst. We synthesized UiO-66
using acetic acid as a modulator to control the particle
size and obtain highly crystalline MOF (Figure 1a). As
commonly observed, the MOF prepared here contains
missing linkers, resulting in defect sites on the Zr oxide
cluster**® From 1H nuclear magnetic resonance (NMR)
analysis, elemental analysis and thermal gravimetric anal-
ysis (Supporting Information, Figures S1-S3), we found
that the MOF contains about one missing linker per one
Zrg cluster and that the resulting defect
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Figure 1. (a) Crystal structure of defect-free UiO-66 (yellow spheres represent the space in the framework). (b) Zr oxide cluster
of UiO-66 with "OH/OH, and acetate molecules replacing terephthalate linkers. Atom labeling scheme: C: black; O: red; Zr: blue
(H atoms are omitted for clarity). (¢) Measured PXRD diffractograms of UiO-66 and Cu/UiO-66 in comparison with a simulated
diffractogram of UiO-66. (d) DRIFTS spectrum of UiO-66 overlaid with that of Cu/UiO-66.

sites are terminated by acetate and “OH/OH, groups. This
yields Zr:O,(OH),(CsH,0,)s(CH,CO0),,(H,0),,(OH),; as
the actual chemical composition of the UiO-66 material
synthesized here (Figure 1b). Cu/UiO-66 catalyst was
prepared by heating UiO-66 in a solution of CuCl,-2H,0O
in DMF at 85 °C overnight to anchor Cu atoms at the
oxygen atoms of "OH/OH, groups terminating the defect

sites. Inductively coupled plasma optical emission spec-
troscopy (ICP-OES) analysis of Cu/UiO-66 shows the
incorporation of Cu in Cu/UiO-66 with a Cu:Zrs atomic
ratio of 0.8. Independent of the excess of CuCl,-2H,O
used in the synthesis, this ratio remained constant, indi-
cating that the defect sites of the UiO-66 are the limiting
feature. Scanning electron microscopy (SEM) images of



the materials before and after the loading of Cu show the
typical octahedral morphology of UiO-66 crystals without
any impurity phase (Supporting Information, Figure S4).
Energy dispersive X-ray spectroscopic (EDS) analysis
indicates the presence of Cl, with a molar ratio of Cu:Cl of
about 1, suggesting that Cl” may function as a ligand coor-
dinating to Cu (Supporting Information, Figure S5). From
transmission electron microscopy (TEM) images of the
fresh Cu/UiO-66 (Supporting Information, Figure S6a),
we did not find any evidence for Cu or CuO, nanoparticle
formation. Powder X-ray diffraction (PXRD) of Cu/UiO-
66 displays the reflections expected from simulation of
Ui0-66, supporting the phase purity of UiO-66 (Figure
1c). Diffuse reflectance FTIR spectroscopy (DRIFTS) spec-
tra of Cu/UiO-66 obtained under a continuous flow of N,
at 250 °C show a significantly lower intensity of the bands
at 3715 and 3678 cm™ compared to that observed for UiO-
66, which are attributed to the O-H stretch vibrations of
the defect sites on the Zr oxide clusters (Figure 1d). This
can be explained by a mechanism, where Cu atoms are
coordinating to "OH/OH, species on UiO-66.

To gain more information on the structure of the catalyst,
we prepared a single crystal of Cu/UiO-66, following a
similar metalation procedure as used for microcrystalline
Cu/UiO-66 sample. Single crystal X-ray diffraction
(SCXRD) analysis reveals that Cu/UiO-66 crystallizes in
the Fm-3m space group with a structure similar to the
native UiO-66 (Supporting Information, Section S2.5;
Figure S7 and Figure S8), indicating that the framework
remains unperturbed upon Cu metalation. However, the
disorder and the low concentration of the dispersed Cu
atoms did not allow for an unambiguous identification of
the Cu configuration by SCXRD (see Supporting Infor-
mation, section S2.5).

Therefore, we performed operando X-ray absorption spec-
troscopy (XAS) measurements of the Cu/UiO-66 catalyst
to obtain further information on the structure of the Cu
site, which will be discussed further below.

CO oxidation and preferential CO oxidation. Before
reaction, we pretreated Cu/UiO-66 catalyst in 10% H,/N, at
250 °C for 1 h. Subsequently, the catalytic activity for CO
oxidation was measured in an idealized gas mixture (1% CO,
1% O,, N, balance) at 250 °C for almost 37.5 h (Figure 2a).
The catalyst first passed through a pronounced activation
phase, which lasted over 12.5 h, followed by a slowly increas-
ing activity, until it reached its highest activity at about 57%
conversion after ~25 h on stream. Afterwards the activity
decayed slightly, losing about 2% conversion up to 37.5 h on
stream. We also examined the temperature-dependence of
the catalytic activity between 8o °C and 250 °C under differ-

ential reaction conditions, using appropriate amounts of
catalyst at each temperature. As depicted in Figure 2b, the
Cu mass normalized activity and the corresponding turnover
frequencies (TOFs) display an essentially exponential de-
pendence on the reaction temperature, which reflects an
apparent activation energy of 43.5+2 kJ mol™”. Assuming that
all Cu atoms are accessible to the reactants, TOF values were
determined to be between 0.22 x 10> s at 80 °C and 17.5 x
102 s at 250 °C (Figure 2d). Considering a possible applica-
tion in catalytic converters in cars, where 350 °C is a typical
reaction temperature under high load conditions,>* we tested
the catalyst performance at 350 °C under otherwise identical
conditions. Over more than 20 h we did not find any meas-
urable decay in reaction rate (Supporting Information, Figure
S9).

Finally, we evaluated the influence of excess oxygen on the
catalyst performance under these conditions, reacting 1% CO
in synthetic air (21% O,, 78% N,) at 350 °C (Figure 2¢). Under
these conditions, the catalyst shows a CO conversion of 98%
for over 700 min. Upon reducing the temperature to 250 °C,
the CO conversion decayed to ~65%. To further test the
response of the catalyst to dynamic variations of the load, in
this case to complete shutdown of the engine, we removed
CO from the gas feed and abruptly decreased the tempera-
ture to 25 °C under a continuous flow of synthetic air for 2 h.
Afterward, the original feed gas was reconnected, and the
temperature was increased to 250 °C within 5 min. After a
short period of time, where an overshoot in temperature
caused a slightly higher CO conversion, we arrived at essen-
tially the same CO conversion as before the shutdown proce-
dure. Further increasing the reaction temperature to 350 °C
also led to about the same conversion of 98%, identical to
the original value before the shutdown step. Hence, the
shutdown procedure did not cause any measurable irreversi-
ble loss in activity. Comparing the CO oxidation activity of
Cu/Ui0O-66 under these conditions to that of Cu/CeO, and
Cu/ZrO,, which are among the most active Cu-based cata-
lysts for CO oxidation, Cu/UiO-66 catalyst is at least 3 times
more active based on the CO conversion for similar Cu mass-
es.?° Compared to Pt/CeO, catalysts, for the same metal
loading, the activity is in the same order of magnitude at
temperatures around 200 °C.%’

As a second example, we evaluated the catalyst perfor-
mance for the preferential oxidation of CO (PROX) in a
H,-rich reformate gas (1% CO, 1% O,, 18% N, and 80% H,)
(Figure 2d), where CO should be completely removed,
while the competing oxidation of H, should be kept as
low as possible. At 120 °C, the catalyst showed no measur-
able activity for H, oxidation (Supporting Information,
Figure S10), while the CO oxidation activity is around 2.3
pmol ge,t s7, which is slightly lower than
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Figure 2. (a) CO oxidation during time on stream based on the CO conversion signal at 250°C on 120 mg of the catalyst (1:4
dilution) after pretreatment (10% H,/N, for 1 h at 250 °C) in an idealized reaction gas mixture (1% CO, 1% O,, N, balance - 30
NmL min™). (b) Temperature dependence of the reaction rates and turnover frequencies (TOFs) between 8o and 250 °C after
reaching steady state at 250 °C in idealized reaction gas mixture. (c¢) CO conversion in synthetic air (1% CO, 21% O,, balance N, -
30 NmL min™) at different temperatures and upon shutdown of the reaction (cooling from 250 °C to 25 °C and kept in air at 25°C
for 2 h) and restart by heating in reaction gas mixture to 250 °C and subsequently to 350 °C. (d) Cu mass normalized CO oxida-
tion rates at different temperatures (120-250 °C) as determined in a measurement at different temperatures in a H,-rich prefer-
ential CO oxidation gas mixture (1% CO, 1% O,, 80% H,, N, balance - 30 NmL min™) and catalyst selectivity for CO oxidation

(see details in section ‘Methods’).

in the absence of H, (3.5 pmol g¢, "' s™) under otherwise iden-
tical reaction conditions. This is different from the behavior
of supported Au and Pt catalysts, where the presence of H,
tended to increase the CO oxidation rate.3** This results in a
selectivity for CO oxidation of about 100%. In contrast to the
CO oxidation in H,-free reaction gas (Figure 2b), the CO
oxidation rate increased about linearly with increasing tem-
perature in the H,-rich gas mixture up to 220 °C. (Figure 2d),
and then decayed onward to 250 °C. The selectivity for CO
oxidation, on the other hand, decreased with increasing
temperature. Considering the constant H, conversion be-
tween 220 and 250 °C (Supporting Information, Figure S10),
the decay in CO rate at 250 °C most likely results from the
increasing competition for O, due to the high H, oxidation
rate. This conclusion of about 100% selectivity was confirmed
by an additional measurement at higher CO conversion (ca.
5%), which also revealed a selectivity toward CO oxidation of
about 100% (error *1.5 %) over 950 min (Supporting Infor-
mation, Figure S10).

After the reaction, we examined the structural integrity of
the catalyst using a combination of PXRD, TEM and DRIFTS

measurements. The comparison of the PXRD patterns of the
fresh and the spent Cu/UiO-66 catalysts (Figure 1 and Sup-
porting Information, Figure Su), after the exposure to the
reaction as described with Figure 2c, indicates that the phase
purity and crystallinity of the catalyst are retained, underlin-
ing the high stability of the catalyst. Furthermore, bright
field TEM images show no significant changes in the shape
and size distribution of the MOF crystals after CO oxidation,
based on an evaluation of over 600 crystals. In both cases
neither Cu nor Cu oxide clusters could be detected (Support-
ing Information, Figure S6). The stability of the organic
component of the catalyst was investigated by DRIFTS meas-
urements. Measurements performed after different activation
and reaction steps showed no measurable differences in the
IR spectra, further supporting the high stability of the
Cu/UiO-66 catalyst during the reaction (Supporting Infor-
mation, Figure S12).

Adsorption of CO during the reaction. Time-resolved
operando DRIFTS measurements were performed during
CO oxidation at 250 °C under a continuous flow of the
idealized reaction gas mixture. Sequences of DRIFTS



spectra are shown in Figure 3. The upper panel covers the
initial phase of the reaction, ranging from o to 30 min,
and the lower one provides long-term information ex
tending from 30 min to 1550 min. Both panels show the
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Figure 3. Selected DRIFTS spectra of CO adsorption and CO,
formation recorded during the first 20 min (a) and at extend-
ed reaction times from 30 to 1500 min (b) during CO oxida-
tion in idealized CO oxidation gas mixture (1% CO, 1% O,, N,
balance - 30 Nml min™, T = 250 °C).

evolution of the CO, gas phase signal with bands at 2332
and 2362 cm™, whose intensity follows the trend of the
CO oxidation rate with time (see the Supporting Infor-
mation, Figure Si3a for integrated intensity). During the
initial 20 min, we found a distinct CO adsorption band at
213 cm, which is near the position of CO adsorbed on
oxidized Cu nanoparticles (Cu'"-monocarbonyl species) at
around 2130 cm™ (Figure 3a),*”" suggesting the different
environment of the covalently bound Cu species in the
present case. This band starts to decrease in intensity
after 20 min and decays to about 30% of its maximum
intensity after 30 min in total. The same band is accom-
panied by a smaller shoulder at 2138 cm™, which remains,
however, rather weak and does not grow with time (Fig-
ure 3b). For longer reaction times, starting at about 600
min, a broader band centered around 2132 cm™ developed
and grew, which is characteristic for a Cu"-monocarbonyl
species.*” This band remains stable for reaction times

over 1200 min (Supporting Information, Figure Si3b). In
these assignments it has to be considered, however, that
the wavenumber regions reported for Cu™ mono- and
multicarbonyls varied widely in previous studies.*” On the
other hand, Cu**-CO species were generally considered to
be weakly bound and observed only at below ambient
temperature.”” Altogether, these results indicate that
there are significant changes in the adlayer and presuma-
bly also in the catalyst structure and electronic properties
of the Cu species, once at o0 min and ~20 min on stream
and once again after 600 min on stream. The former is
most likely associated with an initial activation, which
will be discussed in more detail after presenting the oper-
ando XAS data.

Geometric and electronic properties of the Cu site
during the reactions. To further identify possible
changes in the electronic properties and in the local coor-
dination environment of the Cu species during the CO
oxidation reaction, we performed time-resolved operando
XAS measurements at the Cu K-edge (Figure 4) under a
continuous flow of reaction gas (Supporting Information,
Figure Si4). In the near-edge region (Figure 4b), X-ray
absorption near edge structure (XANES) spectra show a
significant reduction of the white line intensity located at
~8982 eV after the hydrogen pretreatment of Cu/UiO-66
at 250 °C, pointing to a reduction of the initial Cu** spe-
cies. Comparison with the reference XANES spectra of Cu,
Cu,0 and CuO (Figure 4a) ¥* shows that this corre-
sponds to a change in the oxidation state of the majority
of Cu species from Cu* to Cu”, although there are still
differences in details between spectra of the reduced
Cu/Ui0O-66 catalyst and Cu,O, e.g., in the onset behavior
or in the exact position of the white line (see dashed line
in Figure 4b and Figure Si5 in the Supporting Infor-
mation). These differences, which are well outside the
error range, point to distinct differences in the chemical
environment of the Cu+1 in the reduced Cu/UiO-66 cata-
lyst and in the Cu,O reference. This will be discussed
further with the EXAFS data presented below. In contrast
to Cu species supported on NU-1000, a Zr-based MOF,
where Cu*" were readily reduced and sintered to Cu’ un-
der similar reduction conditions, Cu*" species in Cu/UiO-
66 are resistant towards complete reduction to Cu°, signi-
fying the stability of this single-site catalyst, likely im-
posed by the presence of a single Cu atom per Zr cluster.
For quantitative information we performed linear combi-
nation analysis (LCA) of the XANES spectra in Figure 4d.
This confirms that an oxidation state of 1+ is obtained for
all Cu species after the H, pretreatment. After changing to
the reaction gas mixture, 55-60% of the initial Cu™ spe-
cies in the Cu/UiO-66 catalyst were re-oxidized to Cu™
within 3 min on stream (Figure 4c¢), e.g., to local HO-Cu-
OH coordinations. With increasing time, these species
are converted to a O-Cu-O like coordination, as indicated
by the shift of the edge jump to higher energy from the
initial spectra to later ones (Figure 3c).*°
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Normalized XANES spectra of Cu/UiO-66 recorded during CO oxidation in an idealized CO oxidation gas mixture (1% CO, 1%
0,, N, balance - 30 NmL min ") at selected times during the reaction. (d) Linear combination analysis (LCA) of the XANES spec-
tra recorded during CO oxidation based on the reference spectra presented in a). (e, f, g, h) Fourier transformed EXAFS spectra
of the fresh Cu/UiO-66 catalyst in N, at 25 °C (e), the catalyst in N, after pretreatment in 10% H,/N, (f), during CO oxidation in
idealized reaction gas mixture after 8 min (g) and after 374 min on stream (h).

Eventually, a composition of 70% Cu*" and 30% Cu"" was
reached after 375 min on stream. It should be noted that
based on the data we cannot distinguish between a mix-
ture of 70% Cu™ and 30% Cu'"" and a situation with 100%
of a Cu"”" species, where the lower charge (compared to
Cu™) is due to a covalent bond contribution.*” The fast
change in the oxidation state of the Cu species during CO
oxidation, from 1+ to a higher oxidation state, agrees well
with the fast decay in the intensity of the monocarbonyls
adsorbed on Cu" sites (213 cm™) observed in the DRIFTS
measurements. The higher wavenumber band developing
after about 600 min of CO oxidation at 2132 cm™ indicates
a change in the nature of the Cu™ formed during reaction,

which might indicate a possible restructuring of the bind-
ing configuration of these species after longer reaction
times. It should also be noted that since we essentially
only see Cu"-CO species in the IR spectra, these are the
active sites for reaction. The absence of a visible band for
Cu™-CO moieties mainly reflects the much lower stability
of these species and hence their lower abundance during
reaction. Nevertheless, they may be involved in the reac-
tion process, leaving the question for the active Cu spe-
cies open. To test for thermal effects on the stability of
the Cu®* species under reaction conditions, we carried out
similar XANES measurements during CO oxidation (1%
CO, 1% O,, N, balance) at higher temperature, at 350°C.



Despite the high temperature, the LCA of the XANES
spectra showed 75% CuO and 25% Cu,O, only slightly
above the values obtained at 250 °C (Supporting Infor-
mation, Figure S16). Analysis of the extended X-ray ab-
sorption fine structure (EXAFS) spectra recorded during
pretreatment and CO oxidation at 250 °C under similar
conditions (Supporting Information, Figure S17) provided
further information on the local environment of the Cu
species during reaction. The Fourier transformed spectra
of the fresh Cu/UiO-66 catalyst shown in Figure 4e re-
flects a distance of the main back-scattering shell of
2.01+0.02 A. This is assigned to a Cu-O shell with an aver-
age coordination number of 3.3+0.4. This indicates that
Cu is bound to the Zr oxide clusters of UiO-66 via the
oxygen atoms,”* confirming our conclusions based on
the DRIFTS and XANES data in Figures 1d and 4a-d de-
scribed above. After the H, pretreatment, the main
backscattering of Cu-O was observed at 1.98+0.02 A with
a significant decrease of the coordination number to
115+0.4 (Figure 3f). This bond length is significantly long-
er than Cu-O bonds in Cu20 (1.85 A), providing further
proof of distinct differences in the coordination environ-
ments of the Cu atoms in Cu/UiO-66 and in Cu20 (Sup-

porting Information, Figure Si18) Interestingly, we also
find a contribution, which would be equivalent to
2.88+0.02 A for Cu-Cu backscattering, which, however,
would be significantly larger than a typical Cu-Cu shell in
metallic Cu, and shorter than in Cu oxides. As one possi-
bility, this contribution may be related to Cu-Zr backscat-
tering.***> After 8 min of CO oxidation, this shell disap-
peared (Figures 4g-h), while the Cu-O shell at 1.95+0.02
A remained stable, but with higher coordination number
of 2.37+0.27.

Overall, comparison of the EXAFS data collected over a
time of 375 min showed little change in both Cu-O dis-
tance and coordination number of the Cu species during
CO oxidation, except for the changes in the initial few
minutes of the reaction (Supporting Information, Figure
S19). Also these results point to a high stability of the
coordination environment around the Cu atoms during
the CO oxidation reaction (see Figure 4h). Altogether,
these data underline the presence of individual Cu atoms
in an atomically dispersed form, which are coordinated to
two oxygen atoms each. This is distinctly different from
the situation in Cu20 or CuO clusters / nanoparticles.

a) b) ]
r Zr3d Cu2p
| 1500[CPS 1828 ‘ 300 ] CPS -
- 185.2 8 . 9325
3 9526 9343 A
o \ 4 9625 954.§ - 9425 “f !
2r 1 2| & ) !
s - £
g 3
=r 4 £

T T T ¥ T 1 T T T
189 186 183 180 177
Binding energy / eV

T T T T T
963 954 945 936 927
Binding energy / eV

Figure 5. X-ray photoelectron spectroscopy spectra of Cu/UiO-66 in (a) the Zr 3d region and (b) the Cu 2p region recorded after
H, treatment (bottom spectra) and after CO oxidation (see text, upper spectra). (c¢) High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) image of the Cu/UiO-66 catalyst after CO oxidation during a temperature
scan from 8o to 350 °C and (d) the corresponding EDS map of the Cu and Zr K, lines. (e) High resolution HAADF-STEM image
and (f) corresponding BF-STEM image recorded after CO oxidation during temperature scan between 8o and 350°C.

To gain further information on the chemical state of the
Cu species, we analyzed the fresh and spent Cu/UiO-66
catalysts by X-ray photoelectron spectroscopy (XPS). XPS
spectra recorded in the Zr 3d region (see Figure 5a)

showed insignificant changes of the Zr 3d core level for
the spent catalyst (3ds/, = 182.7+0.1 eV) compared to the
fresh, non-treated sample (3ds;, = 182.8+0.1 eV). These
binding energies are characteristic of Zr*" ions.® For the



Cu 2p3/2 main peak, the core 2p level energy shifts from
932.4 eV for the freshly reduced sample, after H2 treat-
ment, to 932.7 eV for the spent sample, after CO oxidation
at temperatures from 8o to 350 °C (3000 min). Additional-
ly, we observed new features at 942.2+0.1 eV (2p3/2) and
962.5+0.1 (2p1/2) eV after CO oxidation, which are identi-
fied as Cu 2p satellites, where the latter are characteristic
of Cu™ ions. ***° These satellites have been assigned to a
parallel excitation (shake-up) of a ligand electron into an
empty Cu 3d state, which do not exist for Cu" and Cu®.
The absence of the Cu 2p satellite clearly indicates that
after H, treatment there are only Cu' species present, in
full agreement with XANES and EXAFS data. After CO
oxidation, the presence of a pronounced Cu 2p satellite
demonstrates the formation of Cu** ions. Since the inten-
sity ratio between Cu 2p main peak and the satellite de-
pends on the local environment of the Cu** ions, we can-
not determine the Cu* : Cu™ ratio from these data. Simi-
lar to XANES analysis, a single Cu ion species with a for-
mal charge of about 1.7+ would also be possible.

To further test for the presence of Cu clusters, we per-
formed high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) and EDS measure
ments on the fresh (Supporting Information, Figure S20)
and on the spent Cu/UiO-66 catalyst (see Figure 5c, d).
For both samples, high resolution HAADF-STEM images
do not show any features indicative of the formation of

Zr cluster of UiO-66

ﬂ\x

Cu/UiO-66

clusters of Cu, Cu,O or CuO, consistent with our findings
from EXAFS. The EDS mapping of over 60 MOF crystals
of the fresh and spent samples confirmed that the Cu
species are uniformly distributed inside the MOF crystals
(Figure 5d), as would be expected for a MOF with single
Cu atom. Furthermore, atomic resolution HAADF-STEM
images (Supporting Information Figure S21), collected at
the outermost parts of MOF microcrystals, show individ-
ual atoms / ions, in full agreement with the findings from
XANES, EXAFS and XRD data.

Density Functional Theory Calculations. Finally, to
obtain more detailed information about the structure of
the catalyst, we performed density functional theory
(DFT) calculations. Based on the experimental findings,
we modeled the Cu/UiO-66 catalyst by anchoring Cu at ~
OH/OH, ligands capping the defect sites of UiO-66 with a
CI as a ligand (Figure 6a). The resulting optimized struc-
ture shows that in the fresh sample the Cu ions are three-
fold coordinated, binding to two oxygen atoms and one
chlorine atom at bond distances of Cu-O = 1.89 and 1.95
A, and Cu-Cl = 2.15 A (Figure 6b). To describe the struc-
ture after H, pretreatment (Figure 6c), where according to
the XAS data the Cu species are reduced to Cu' and that
these are atomically dispersed, we assumed that Cu is
twofold coordinated, binding to “"OH/OH, on the Zr oxide
cluster,

— s
250 °C

i&—{ 10% H,/N,
o \

Cu/UiO-66
activated with H,

Figure 6. DFT calculated structures (a) of defective UiO-66, (b) of a Cu/UiO-66 catalyst where Cu is coordinated to a -OH,,-
OH’ defect site of UiO-66 (c), and (c) of a Cu/UiO-66 catalyst after activation with H,. Atom labeling: C: black; O: red; Cl: pink;

Cu: orange; Zr: blue. H atoms are omitted for clarity.

and that the CI ligand is removed. The optimized struc-
ture of Cu/UiO-66 shows similar Cu-O bond distances of
1.86 A, in good agreement with the EXAFS results. The
decrease of the (formal) Cu-O coordination number dur-
ing the reductive pretreatment deduced from the EXAFS
data points to some loss in the coordination shell, which
was not considered in the calculations. Over all, the DFT
calculations fully support our structural conclusions de-
rived from the EXAFS measurements.

CONCLUSIONS

We have prepared a single-atom catalyst, where single Cu
atoms are anchored to the oxygen atoms of -OH/OH2
species capping the defect sites on the Zr oxide clusters of
UiO-66. Using the CO oxidation reaction and selective
CO oxidation in Hz-rich feed gases (H2 purification) as
test reactions, we found this catalyst to be highly active
and stable even in O2-rich reaction atmospheres, under
variable load conditions (startup/shutdown operation)
and at temperatures up to 350 °C. In addition, it is highly
selective (100 %) for CO oxidation in the presence of up to
80% Hz in the gas feed. Time-resolved operando spec-
troscopy indicates that the activity of the catalyst is asso-



ciated with the atomically dispersed positively charged Cu
species. We anticipate that the strategy reported here can
be employed to synthesize single atom catalysts hosting
other elements for a broad scope of catalytic transfor-
mations. Furthermore, the well-defined active site of this
catalyst will enable detailed mechanistic investigations.
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Supporting Information. Detailed description of synthesis
and characterizations is supplied together with additional
data including BET-Isotherms, NMR, TGA, PXRD, SEM, HR-
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