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ABSTRACT: The rates of catalytic oxidation of cyclohexane and CO are four and twenty times higher, respectively, with Cu supported on a
cerium-based MOF than on the structurally analogous zirconium material. Both Ce- and Zr-based copper catalysts feature uncommon three-

coordinate Cu" sites bearing different nuclearities, as determined by Cu K-edge extended X-ray absorption fine structure analysis. These results

offer molecular-level understanding of the metal-support interface in MOF catalysts and establish correlations with the more established

literature on zirconia and ceria-supported heterogeneous catalysis.

Owing to their molecular-level tunability, metal-organic frameworks
(MOFs)! are attractive platforms for heterogeneous catalysis. Of
particular interest are the inorganic nodes, also known as secondary
building units (SBUs), that feature peripheral hydroxo moieties or
coordinating water molecules. These provide stable and tunable
platforms to support single-site catalysts®S for a range of important
reactions,® such as methane and ethane oxidation’!2 CO
oxidation,!? 14-18 light
alkanes!??° and hydrolysis.?!

hydrogenations, dehydrogenation  of

In traditional heterogeneous catalysis, the critical role of the
support in regulating the electronic structure of the active site or
providing nearby spillover or acid sites, as well as a host of other
modulating functions, is well documented.?>?* By contrast, although
studies of catalytic active sites in MOFs are now common,
systematic investigations of MOFs as supports are comparatively
limited.?® Given that the acidity?®?® and electron-withdrawing
properties?3°
metal oxides,* we sought to explore the extent of possible parallels
between MOF and ceramic supports by studying the catalytic
activity of Cu species in common oxidation reactions when
supported on ceria, zirconia, as well as isostructural Ce and Zr-based
MOQPFs.631-33

Ceria, CeO,, is particularly intriguing because it enhances the rate
of oxidations when used as a support in heterogeneous

of many SBUs are comparable to those of analogous

processes.2%?#3442 For instance, the rate of CO oxidation by
palladium nanoparticles (NPs) greatly increases when the NPs are
supported on ceria, evidenced by a much lower temperature needed
to completely oxidize CO. The NPs on ceria reach 100% CO
conversion at 90 °C, which is much lower than 170 °C required for

the alumina-supported counterpart. It is believed that the interfacial
atoms at the corner of the metal NPs exhibit much higher reactivity
relative to other perimeter and surface atoms, most likely owing to
metal-ceria interactions and low coordination numbers.?>*3# Ceria
also stabilizes late transition metal single-atom active sites and NPs
by preventing sintering, which in turn enhances overall catalytic
performance.®®3¥ For instance, small Ag NPs supported on ceria
show better sinter resistance due to strong binding to the CeO,(111)
face. Inspired by these classic studies in heterogeneous catalysis, we
sought to investigate the possibility of observing similar positive
enhancements with Ce(IV)-based MOFs and potentially provide an
atomic-level understanding of the support-active site interactions
responsible for such effects.

Figure 1. (a) Structure model of MOF-808(Ce) and (b) the Ces SBU.
Hydrogen atoms are omitted for clarity.
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Figure 2. (a) Illustration of the coordination sphere of copper atoms in 1-Ce. Only one copper atom is showing and hydrogen atoms are omitted for
clarity. Color scheme: C, gray; O, red; Ce, green; Cu, yellow. (b) Cu K-edge XANES spectra of 1-Ce and 1-Zr. Cu K-edge k*>-weighted EXAFS and

Fourier transforms of 1-Ce (c, d) and 1-Zr (e, f) overlaid with the best fits.

Hexanuclear Zrs carboxylate clusters are some of the most
popular SBU supports in MOF catalysis.”1213454  Although
isostructural materials with structurally homologous Ces clusters
exist, their use in catalysis is decidedly rarer.?’ We surmised that the
close structural homology between Zrs and Ces-based MOFs would
allow us to demonstrate the enhancing effect of Ce(IV) and establish
functional parallels between MOFs and traditional supports such as
ZrO,and CeO,. Herein, we show that, indeed, Cu species supported
on isostructural MOF-808(Ce)*” ([CesO4(OH),o(BTC),(H,0)s],
BTC* = benzene-1,3,5-tricarboxylate)** and MOF-808(Zr)
([Zrs04(OH),4(BTC),(HCOO)4])%*!  have  differentiated
reactivity in the catalytic oxidation of CO and cyclohexane, with the
catalyst supported on the Ce MOF exhibiting significantly faster
reaction rates. Although electronic effects from Ce(IV) ions are
likely at least partially responsible for the observed differences, X-ray
absorption experiments surprisingly revealed different nuclearity Cu
species on the two MOF supports. These results demonstrate that
Zr and Ce-based MOFs induce clear electronic and structural
differences in the transition metal catalysts that are supported on
their SBUs.

Reactions of Cu(OAc),-H,0 with MOF-808(Ce) and MOE-
808(Zr) with in N,N-dimethylformamide (DMF) at 100 °C for 24 h
yielded Cuc MOF-808(Ce) (1-Ce) and CuMOF-808(Zr) (1-Zr)
as green microcrystalline solids. The Cu-grafted MOFs retain the
same structure and crystallinity as the parent solids, as confirmed by
powder X-ray diffraction (PXRD, Figures S1, S2). Compounds 1-
Ce and 1-Zr also remain porous after copper deposition as verified
by N, gas sorption experiments (Figure S3, S4), which gave
adsorption amounts marginally lower than those of the parent
materials, respectively. Thermogravimetric analysis (TGA, Figures
SS and S6) showed significant weight losses for 1-Ce and 1-Zr only

above 150 °C and 200 °C, respectively, which were therefore taken
as the maximum regeneration temperatures for the two catalysts,
respectively.

Initial insight into the nature of the Cu species isolated within 1-
Ce and 1-Zr came from inductively-coupled plasma mass
spectrometry (ICP-MS), which indicated that, on average, 4.0+0.4
and 2.5£0.3 Cu atoms, were clustered on Ces and Zrg SBUs,
respectively. Cu K-edge X-ray absorption spectroscopy (XAS)
measurements provided more precise information about the
coordination environment of the Cu atoms. X-ray absorption near
edge spectra (XANES), shown in Figure 2b, evidence weak but
resolved pre-edge features near 8979 eV, assigned as quadrupole
allowed 1s — 3d excitations. These support the +2 oxidation state
for copper species in both MOFs.!® Furthermore, the MOF
architectures lack ligands with low-lying vacant valence orbitals that
could participate in quasi-atomic Cu 1s — “ligand” excitations that
would offer the possibility of a Cu' assignment.

Experimental and simulated Cu-K edge extended X-ray
absorption fine structure (EXAFS) data for 1-Ce and 1-Zr are
shown in Figures 2c and 2d, respectively (see also Supporting
Information, Figures S7 and S8 for fitting information about EXAFS
of 1-Ce and 1-Zr). The EXAFS of 1-Ce is well-modelled with a
single 3-fold degenerate Cu-O path. Improvements made by
addition of Cu-Cu and Cu-Ce scattering paths were either
negligible or resulted in erroneously large/negative Debye-Waller
factors (Table 1). Although a small increase in the quality of the fit
can be obtained by fitting two Cu-O-Cu scattering paths, which
contributes FT intensity around 3 A, this addition becomes
unreasonable given the model discussed below.
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Table 1. EXAFS Simulations for 1-Ce and 1-Zr.*
MOF Fit Path CN R(A) + o2 + F

Cu € MOF-808(Ce) (1-Ce) 1 Cu-O 4 1.926 0.002 0.0065 0.0002 27.90
2 Cu-O 2 1.927 0.002 0.0019 0.0001 24.40
3 Cu-O 2 1.924 0.002 0.0026 0.0002 19.28

Cu-Cu 1 1.934 0.009 0.0200 0.0010
4 Cu-O 3 1.925 0.001 0.0040 0.0001 16.26

Cu-Cu 1 1.741 0.001 0.0391 0.0033
5 Cu-O 3 1.926 0.001 0.0042 0.0001 17.03

Cu-O-Cu 1 3219 0.014 -0.0011 0.0014
6 Cu-O 3 1.926 0.001 0.0042 0.0001 16.98

Cu-O-Cu 2 3.383 0.015 0.0015 0.0015
7 Cu-O 3 1.927 0.001 0.0042 0.0001 17.81
Cu © MOF-808(Zr) (1-Zr) 1 Cu-O 4 1.924 0.004 0.0075 0.0004 50.93
2 Cu-O 3 1.927 0.004 0.0051 0.0003 47.90
3 Cu-0 3 1.931 0.003 0.0054 0.0002 3820

Cu-Zr 1 2.872 0.005 0.0077 0.0005
4 Cu-O 3 1.927 0.002 0.0052 0.0002 30.62

Cu-Cu 1 3.012 0.004 0.0052 0.0003
5 Cu-O 3 1.927 0.002 0.0052 0.0002 28.67

Cu-Cu 1 3.013 0.003 0.0052 0.0003

Cu-Zr 1 4.109 0.010 0.0082 0.0010

Distance (R) and Debye-Waller factors (02) were allowed to float for different paths, while coordination numbers (CN) were held constant. Goodness

2
of fit is determined by F, defined as [(Z?[k? (EXAFS s — EXAFScalc)[D /n

Typical distance errors are + 0.02.

The expected lack of linear Cu-O-Cu bonds should manifest in
direct Cu—Cu scattering in the data. Accordingly, without short Cu—
Cu distances observed, our XAS results indicated that the copper
sites in these constructs are mononuclear Cu with a coordination
sphere completed by three coordinating oxygen atoms (Figure 2a).
Notably, CeO, itself stabilizes late transition metal atoms and small
clusters, which may explain why only mononuclear copper species
are present in 1-Ce even when excess Cu precursor and an elevated
temperature are used.338

In contrast, a non-degenerate Cu-Cu path, and a long, non-
degenerate Cu-Zr path are included together with the 3-fold
degenerate Cu-O path for fitting the EXAFS data of 1-Zr. Thus, in
1-Zr, a copper environment consisting of three oxygen atoms and an
additional Cu atom could be readily ascertained. The three-
coordinated environments of copper atoms in both 1-Ce and 1-Zr
are different from reported four-coordinated Cu! species on
zirconium MOF NU-1000" and highlights the role of the support in
determining the coordination environment of the deposited metal
species. Three-coordinated Cu" sites have also been observed in
UiO-66-supported copper catalyst where each copper(1l) ion is
coordinated by two oxygen atoms and one chloride anion.!
Precedent for trigonal-planar Cu(Il) ions exists in molecular
complex with a 2,4-bis(2,6-diisopropylphenylimido)pentane
ligand,** as well as in copper-exchanged zeolites.>

]1/2

. Listed errors are fitting errors. Typical errors in CN are ~ 20-25%.
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Figure 3. CO oxidation reactivity of MOF-808(Ce) (green square), 1-
Ce (red circle) and 1-Zr (blue triangle). Reaction rates were measured
in1% CO, 2.5% O,, 10% N,, bal He at a flow rate of 1300 mL min™" g,
for 25 mg catalyst loading.

With 1-Ce and 1-Zr in hand, we sought to investigate the support
effect of Ce- and Zr-MOFs and compare it with those observed for
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Ce0, and ZrO,. A relevant benchmark reaction in this sense is the
oxidation of CO, where the Cu/CeO, combination is particularly
active 24375455
containing MOFs can be active for CO oxidation,'>¢ the impact of
the different MOFs as supports has not been addressed.
Temperature-programmed reactions were carried out in a tubular
reactor loaded with 25 mg of MOF-808(Ce), MOF-808(Zr), 1-Ce,
and 1-Zr, with a flowing gas feed of 1% CO and 2.5% O, in He (see
Supporting Information for details). CO oxidation with 1-Zr and
MOF-808(Ce) gave negligible rates at temperatures as high as
125 °C (Figure 3). At 150 °C, the rates for CO, production with 1-
Zr and MOF-808(Ce) were 0.74 and 0.59 mmol/min/mol SBU,
respectively, indicating that the Cu sites in 1-Zr are more reactive
than ungrafted Ces SBUs. In contrast, 1-Ce showed significantly
increased CO, production rates starting as low as 100 °C, exceeding
the rates observed for 1-Zr by a factor of 9, 20, and 14 at 100 °C, 125
°C and 150 °C, respectively. As a control, heating 1-Ce in a flow of
2.5% O, in He in the absence of CO gave only traces of CO, at
125 °C, confirming that the CO, observed under CO is not produced
through framework decomposition.

Although previous reports showed that Cu-

Previous studies on Cu-Ce catalysts suggested that CO
chemisorption is carried out at Cu sites and O, activation is
promoted by CuCeOj species involving oxygen vacancies.’” 1-Ce
bearing both Cu sites and Ce-oxo clusters exhibits significantly
higher activity for CO oxidation than 1-Zr and MOF-808(Ce). Our
observation that both Cu and Ce-oxo clusters are required to achieve
higher CO oxidation activity is thus in line with what is observed for
traditional Cu/CeQ, catalysts. Most importantly, the CO,
production rate of 1-Ce is much higher than that of 1-Zr between
100 to 150 °C, indicating that MOF-808(Ce) significantly enhances
the CO oxidation reactivity of the Cu catalyst. This observation
represents a rare example of a CeV-MOF enhancing catalytic
oxidation reactivity of supported metals, similar to the effect

observed in ceria-supported heterogeneous catalysts.?325363

1400 A OH 0
— O Catalyst O . ilj
‘BuOCH
1000 J 65°C,16h
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Figure 4. Cyclohexane oxidation with 1-Ce, 1-Zr, MOF-808(Ce) and
MOF-808(Zr). Reaction conditions: 1 pmol of activated MOF, 1.4 mL
70 wt % ‘BuOOH and 4.3 mL cyclohexane for 16 h. TONs were
calculated as moles of product generated per mole SBU.

To explore the potential generality of the enhancement provided
by the MOF-808(Ce) support versus the Zr analog, we compared
the relative catalytic activities of 1-Ce and 1-Zr towards cyclohexane
oxidation, a liquid-phase reaction. The product of this

transformation, a cyclohexanol/cyclohexanone mixture known as
ketone-alcohol (KA) oil, is the main feedstock for intermediates
leading to nylon 6 and nylon 66.5¢ Cyclohexane oxidation reactions
were carried out by heating a suspension of cyclohexane, tert-butyl
hydroperoxide (‘BuOOH) and MOF catalyst at 65 °C for 16 h.
Similar to what was observed for CO oxidation, 1-Ce consistently
provided higher turnover numbers (TON) for KA formation than
1-Zr (Figure 4). We note that radical chain oxidation is widely
accepted as the mechanism for cyclohexane oxidation with BuOOH
to form KA 0il.%¢° The free-radical chains are initiated by metal-
assisted decomposition of hydroperoxide to oxygen-centered
radicals and are partially terminated in Russell recombination steps.
In our case too, the Ce support renders the copper(II) atoms more
reducible, likely facilitating peroxide decomposition and generation
of oxygen-centered radicals responsible for C-H bond scission and
H-atom abstraction from cyclohexane.

The foregoing results establish Ce-based MOFs as superior
heterogeneous supports relative to Zr MOFs for oxidation reactions
involving Cu-based active catalysts. The results here mimic the
trends observed between bulk CeO, and ZrO,. Although we
attribute the enhancement observed with the Ce supports to
synergistic electronic effects related to distributing the redox burden
of the Cu catalyst with the redox-active Ce support, XAS analysis
also revealed clear differences in the nature of the Cu species on the
two supports: whereas the Ce MOF supports only mononuclear
active sites, the Zr support stabilizes higher nuclearity Cu species.
Opverall, these results highlight the potential utility of MOFs in
determining the outcome of heterogeneous catalytic reactions not
just as active catalysts, but also as tunable supports, in a strategy
inspired by established principles from traditional heterogeneous
catalysis.
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