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The introduction of Ce4 + as a structural cation has been
shown to be a promising route to redox active metal–organic

frameworks (MOFs). However, the mechanism by which these
MOFs act as redox catalysts remains unclear. Herein, we pres-

ent a detailed study of the active site in [Ce6O4(OH)4]-based

MOFs such as Ce-UiO-66, involved in the aerobic oxidation of
benzyl alcohol, chosen as a model redox reaction. X-ray ab-

sorption spectroscopy (XAS) data confirm the reduction of up
to one Ce4 + ion per Ce6 cluster with a corresponding outwards

radial shift due to the larger radius of the Ce3 + cation, while
not compromising the structural integrity of the framework, as

evidenced by powder X-ray diffraction. This unambiguously

demonstrates the involvement of the metal node in the cata-
lytic cycle and explains the need for 2,2,6,6-tetramethyl-1-pi-

peridinyloxy (TEMPO) as a redox mediator to bridge the gap
between the one-electron oxidation of the Ce4 +/Ce3 + couple

and the two-electron alcohol oxidation. Finally, an improved
catalytic system with Ce-MOF-808 and TEMPO was developed

which outperformed all other tested Ce4 +-MOFs.

Metal–organic frameworks (MOFs) are a class of porous crystal-

line materials constructed from inorganic nodes and organic
linkers. Their modularity, high concentration of metal nodes,

well-defined porosity and exceptional surface area make MOFs
particularly interesting for catalysis, gas sorption and separa-

tion.[1–3] One of the most studied MOFs is UiO-66
([M6O4(OH)4(bdc)6] ; bdc = terephthalate; M = Zr4 + , Hf4 + , Ce4 +),

a thermally and chemically robust material built up from hexa-

nuclear metal clusters which are 12-fold connected via tereph-
thalate linkers.[4–7] The catalytic performance of UiO-66, attrib-

uted to the Lewis acidic metal nodes, has been investigated
numerous times.[8–12] Among these, Ce-UiO-66 was reported to

act as catalyst for the aerobic oxidation of benzyl alcohol.[13]

Cerium is the cheapest and most abundant rare earth ele-

ment and has been widely investigated for catalytic applica-

tions due to its remarkable redox behavior. It is the only lan-
thanide with a stable + IV oxidation state due to its vacant f-

shell. Ce4 + is therefore a strong one-electron oxidant and
cerium ammonium nitrate has found many applications as stoi-

chiometric oxidant or homogeneous catalyst.[14, 15] CeO2-con-
taining heterogeneous catalysts are widely applied for the de-

composition of NOx and the oxidation of CO due to the excel-

lent oxygen mobility and oxygen storage capacity of this
oxide.[16–18] Hence, CeO2 particles are often designed as well-de-

fined nano-objects with a focus on maximizing the reactive
surface.[19, 20] Recently, Lammert et al. reported the synthesis of

cerium analogues of several Zr-based MOFs, including UiO-66,
containing carboxylate-capped [Ce6O4(OH)4]12 + clusters.[13, 21–24]

With respect to bulk CeO2, the hexanuclear node in the Ce-

UiO-66 framework could be considered as the smallest possi-
ble CeO2 unit, with every Ce cation exposed to the micropores

of the material.[25] This expands the catalytic scope of the UiO-
66 topology beyond the well-known acid-base activity to in-

clude redox reactions, as exemplified by the activity of Ce-UiO-
66 in the aerobic oxidation of benzyl alcohol to benzalde-

hyde.[13] Higher reaction rates were achieved with Ce-UiO-66
than with an equimolar amount of 15 nm CeO2 nanoparticles.
A redox mediator, TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy)

was employed to couple the one-electron reduction of Ce4 + to
Ce3 + with the two-electron alcohol oxidation.[13, 26]

The interest in Ce MOFs is mainly driven by their potential
redox applicability; unraveling their redox behavior is therefore

of great interest. Herein, we study the oxidation state of Ce

and the geometry of the hexanuclear cluster in Ce4+-MOFs
before and after reaction with TEMPO and benzyl alcohol,

since no experimental evidence for the redox change in Ce-
MOFs has been provided to date. For this, Ce-UiO-67 was

chosen as catalyst, with 4,4’-biphenyldicarboxylate linkers
lining the pores. The resulting large pores ensure that reaction
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can take place in the crystal bulk and not only on the outer
surface of the MOF-particles, thereby greatly increasing the

number of active sites. The microenvironment around the cata-
lytically active Ce cluster in Ce-UiO-67 is also identical to the

one in the previously studied Ce-UiO-66. Ce-UiO-67 was sub-
jected to a solution of 7.5 equiv. TEMPO and 50 equiv. benzyl

alcohol in acetonitrile under inert atmosphere to reduce Ce to
its + III oxidation state, while avoiding rapid reoxidation to

Ce4 + .

X-ray absorption near edge structure (XANES) at the Ce L3-
and Ce K-edge was performed to assess the average oxidation
state of Ce throughout the whole structure (Figure 1). This
type of analysis is very reliable, since XANES features of both
Ce L3- and Ce K-edges are known to be mostly dependent on
the average oxidation state of Ce atoms, being much less af-

fected by the variations of local geometry. At the Ce L3-edge

the shape of the spectrum changes dramatically upon transi-
tion from Ce3 + to Ce4 + : while a very sharp single peak is char-

acteristic for the former, the white line of the latter consists of
two well-separated maxima of much lower intensity. Spectral

features at the Ce K-edge are significantly broader but Ce3 +

and Ce4 + can still be easily distinguished because the edge

energy for Ce3 + is around 5 eV lower than for Ce4 + . The rela-

tive concentration of Ce3 + in Ce-UiO-67 exposed to the
TEMPO/benzyl alcohol mixture (Ce-UiO-67-red) was determined

by making a linear combination of a Ce3 +-reference,
Ce(NO3)3·6 H2O, and a Ce4 +-MOF reference, Ce-UiO-66.[13] No

measurable Ce3+ was present before reaction (Figure S1) but
after reduction by the TEMPO/benzyl alcohol mixture, the frac-

tion of reduced Ce was calculated to be 19.4:0.2 % and

16.9:0.2 % at the Ce L3 and the Ce K-edge, respectively
(Figure 1, Table S1; the reported errors are of statistical origin;

the intrinsic error associated to such XANES analyses is in the
order of 5 %).[27] The best-fit curves are able to remarkably re-

produce the experimental data, which is confirmed by the low
R-factors (0.0013 at Ce L3 and 0.0001 at Ce K-edge). The calcu-

lated Ce3 +-fraction corresponds to an average of approximate-

ly one Ce3 + ion per hexanuclear cluster (16.7 %). This clearly
demonstrates that Ce4 +-MOFs can accommodate valence

changes in the hexanuclear cluster, and hence catalyze redox
reactions through the reduction of Ce4 + cations. The presence

of on average one Ce3 + per cluster suggests a structural
change that inhibits the reduction of a second cation. Investi-

gating this modification cannot be done from powder X-ray
diffraction (PXRD) data because such changes in the cluster are

too subtle to accurately determine for porous materials filled
with disordered solvent molecules.[5] PXRD however confirmed
the conservation of the long-range order in Ce-UiO-67-red (Fig-

ure S4).
The exact nature of the active site was therefore studied via

extended X-ray absorption fine structure (EXAFS) of Ce-UiO-67-
red and compared to the reference Ce-UiO-66, measured at
the Ce K-edge (Figure 2 a). The amplitude of the EXAFS oscilla-
tions was significantly damped compared to the reference,

which resulted in lower intensity of the Ce-Ce peak in the
Fourier transform (FT) (Figure 2 b). To model the observed
changes, a fit was carried out in the 3.0–3.9 a region because

the lower-R region had to be excluded due to the very strong
contribution of the atomic X-ray absorption fine structure

signal which interfered with the Ce-O first shell peaks.[28, 29] As a
result, the FT shape at low R values is extremely sensitive to

background subtraction parameters, which makes precise

quantitative analysis very difficult. Conversely, the intensity and
position of the Ce-Ce peak were virtually unaffected upon var-

iation of the background spline, which made it a much more
reliable indicator.

The EXAFS fit of the reference Ce-UiO-66 compound resulted
in a perfect agreement with the geometry of unperturbed clus-

ter with a Ce-Ce coordination number NCe = 4 (R-factor of

0.0063). The Ce-Ce distances agreed with the previously report-
ed Ce-UiO-66 structure within 0.01 a and meaningful values

were obtained for both the Debye-Waller (DW) parameter
(s2

Ce1 = 0.006 a2) and amplitude reduction factor (S0
2 = 0.98).[13]

The Ce-Ce peak of Ce-UiO-67-red was however significantly
dampened so several models were tested to investigate the
origin of the intensity decrease.

First, a fit with fixed NCe and S0
2, obtained from Ce-UiO-66,

was performed to test whether the reduced intensity is due to

Figure 1. Experimental Ce L3-edge (a) and Ce K-edge (b) XANES spectra of Ce-UiO-67-red; results of linear combination fitting performed using the spectra of
Ce-UiO-66 and Ce3+ nitrate as standards.
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an increased uniform (static or dynamic) disorder, which would
be reflected by a higher DW value. As expected, the fit result-

ed in a higher DW factor (s2
Ce1 = 0.0075 a2), but the corre-

sponding large R-factor (0.0310) indicated that the observed
damping cannot be explained by a uniform increase of disor-

der (Fit 1 in Table 1). To simulate anisotropic disorder, expected
due to the presence of a Ce3 + inside the Ce6-octahedron, one

Ce atom was translated along the octahedron diagonal (Fig-
ure 2 d). This implies that the 12 Ce-Ce edges of the octahe-
dron are no longer equivalent, but split into 4 long ones and 8

short ones. This model is parametrized in the EXAFS fit by in-
troducing two different Ce-Ce distances with coordination
numbers fixed to NCe1 = 2.67 and NCe2 = 1.33. Both DW factors

s2
Ce1 =s2

Ce2 were fixed to the value obtained from Ce-UiO-66.
As expected, the fit resulted in two significantly different Ce-

Ce distances, causing the decrease of the EXAFS peak. The R-

factor (0.0301) remained however virtually unchanged, which
indicated that the quality of the fit was not improved (Fit 2 in

Table 1). Repeating this fit with free DW parameters resulted in
a strongly decreased R-factor (0.0041) indicating a nearly per-

fect mathematical fit (Fit 3 in Table 1). However, careful exami-
nation of the obtained parameters reveals that, while a short

Ce-Ce path was not significantly perturbed, the second path

was elongated by 0.3 a and its DW factor increased to s2
Ce2 =

0.014 a2, which led to an important decrease of the longer
path contribution to the examined spectral region. Such num-

bers are a clear indication that the fitted

peak mainly originates from a single Ce-
Ce path with a distance close to the ref-

erence and a degeneracy significantly
lower than 4. Consequently, in Fit 4,
only one Ce-Ce path was considered,

but the corresponding coordination
number, Ce-Ce distance and DW factor

were fitted simultaneously. This resulted
in a low R-factor (0.0075), close to the

one for the unperturbed Ce-UiO-66, and

RCe1 and s2
Ce1 values that closely match

the reference ones. The obtained coor-

dination number (NCe = 2.58) is very
close to the theoretical value of 2.67,

which corresponds to the situation
where upon interaction with TEMPO

Figure 2. k3-weighted phase-uncorrected Ce K-edge EXAFS with the Fourier-transform window function (a) and its moduli (b) and imaginary parts (c) for Ce-
UiO-66 and Ce-UiO-67-red together with their corresponding fits. For Ce-UiO-67-red the results of the Fit 4 are shown. The range in the panel (c) corresponds
to the fitting window (3.0–3.9 a) shown in the panel (b). Panel (d) schematically illustrates the distortion of the Ce-UiO-67-red cornerstone suggested by Fit 3
(color code: O—red, Ce—blue, perturbed Ce—orange).

Table 1. Fitting parameters for the Ce K-edge EXAFS spectra of Ce-UiO-66 and Ce-UiO-67-red.

Ce-UiO-66 Ce-UiO-67-red

Fit number - Fit 1 Fit 2 Fit 3 Fit 4
Fitting pa-
rameters

4 3 3 5 4

S0
2 0.98:0.13 0.98 0.98 0.98 0.98

DE/ eV -2:1 0:2 2:2 -1:2 0:1
NCe1 4 4 2.67 2.67 2.58:0.37
RCe1/ a 3.779:0.005 3.771:0.009 3.755:0.009 3.765:0.006 3.768:0.005
s2

Ce1/ a2 0.0059:0.0004 0.0075:0.0003 0.0059 0.0062:0.0002 0.0060:0.0005
NCe2 - - 1.33 1.33 -
RCe2/ a - - 3.838:0.013 4.078:0.051 -
s2

Ce2/ a2 - - 0.0059 0.0144:0.005 -
R-factor 0.0063 0.0310 0.0301 0.0041 0.0075

Fitting range in k: 4.0–16.8 a@1; fitting range in R: 3.0–3.9 a; independent points : 7.22
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one of the Ce atoms is significantly shifted from its original po-
sition, so its contribution to the regarded EXAFS spectrum be-

comes very weak. This conclusion is in agreement with the Ce
K-edge and Ce L3-edge XANES data, which indicate that rough-

ly one Ce atom per cornerstone is reduced to Ce3+ , which is
probably a concomitant effect for the displacement of one Ce

atom caused by the reaction with TEMPO and benzyl alcohol.
The combined XANES and EXAFS results imply that the origi-
nally perfect Ce6-octahedron is turned into a rigid Ce5 square

pyramid formed by Ce4 + ions, while the sixth Ce ion gets re-
duced to Ce3 + and lifted above the equatorial plane with an
increased disorder of both static and dynamic origin (Fig-
ure 2 d).

Such an important distortion of the Ce6-cluster is not unlike-
ly since previous EXAFS and PDF experiments on the analo-

gous Zr6 cluster in UiO-66 already showed that the cluster can

be reversibly distorted to a comparable extent upon external
stimuli.[5, 30] A similar distortion was also reported in partially re-

duced ceria nanoparticles and results from the larger ionic
radius of Ce3 + (1.03 a vs. 0.92 a for Ce4 +).[31, 32]

A reaction mechanism for the Ce-mediated alcohol oxidation
is proposed based on the presence of Ce3+ upon exposure to

reactants under inert atmosphere (Figure 3). First, one Ce4+ in

the cluster oxidizes TEMPO to its oxoammonium cation (step
a), being reduced itself to Ce3 + . The slightly distorted Ce3 +

-containing cluster is then regenerated by molecular oxygen,
thereby closing the Ce cycle. The possible reduction of a

second Ce ion in the same cluster is implausible based on the
XAS data since only 1/6th of the Ce ions were reduced after 7 h

under inert atmosphere, while multiple turnovers were ob-

served for Ce-UiO-66 during the same reaction under
oxygen.[13] The oxoammonium cation further reacts with

benzyl alcohol to selectively form benzaldehyde while it is re-
duced to TEMPOH (2,2,6,6-tetramethyl-1-hydroxypiperidine)

(step b). The selective oxidation of benzyl alcohol by the ox-
oammonium cation is often described in literature and the

presence of this cation was already reported previously when
the reaction was conducted with Ce-UiO-66 under inert atmos-

phere; a low conversion of benzyl alcohol as well as the detec-
tion of TEMPOH pointed towards the oxoammonium cation as

an intermediate.[13, 33–35] A proton is released during the oxida-
tion of benzyl alcohol and it is hypothesized that it protonates

a m3-O on the cluster to balance the excess negative charge
when one Ce4 + is reduced to Ce3 + . Charge compensation
could also occur through protonation and subsequent detach-

ment of a linker but no evidence for this could be found in the
IR spectra (Figure S6). Finally, TEMPOH is swiftly regenerated
by molecular oxygen to the initial TEMPO radical (step c),
thereby closing the TEMPO cycle. Steps (b) and (c) are known
to be much faster than step (a) since numerous catalyst sys-
tems involving these two reactions have been described with

a much higher rate than reported for Ce-UiO-66.[26, 36, 37] There-

fore, the overall activity could be increased by improving the
oxoammonium formation rate (step a).

The reaction rate of the TEMPO oxidation strongly depends
on the accessibility of Ce in the cluster. The pore aperture of

Ce4 +-MOFs should therefore be sufficiently large to allow diffu-
sion of TEMPO through their pore network. In addition, there

should be open coordination sites available on the cluster to

interact with incoming reactants, which directly implies that
the (average) number of linkers surrounding each cluster

should be lower than the maximum twelve. A clear illustration
of the effect of node connectivity on catalytic performance of

analogous Zr-MOFs can be found in the work of Farha et al.[38]

Besides UiO-66, which contains 12-connected clusters (in the

absence of defects), NU-1000 and MOF-808, bearing, respec-

tively eight-fold and six-fold coordinated clusters, were com-
pared for their catalytic activity in the hydrolysis of dimethyl 4-

nitrophenyl phosphate, a nerve-agent simulant. The reported
turnover frequencies of 0.004 s@1, 0.09 s@1 and >1.4 s@1 respec-

tively for UiO-66, NU-1000 and MOF-808, clearly indicate the
benefit of low-coordinated clusters on catalytic activity.[38]

Figure 3. Proposed reaction mechanism for the aerobic TEMPO-mediated oxidation of benzyl alcohol by Ce4 +-MOFs.
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While previous work demonstrated the activity of Ce-UiO-66
and Ce-UiO-66-ndc (ndc = 2,6-naphthalenedicarboxylate) in

aerobic alcohol oxidations, the reaction rate was limited by
pore size and the number of open sites originating from miss-

ing linker defects.[13] Here, we report an improved catalytic ac-
tivity for the TEMPO-mediated aerobic oxidation of benzyl al-

cohol by replacing Ce-UiO-66 with Ce-MOF-808
([Ce6O4(OH)4(btc)2(OH)6] ; btc = trimesate), a large-pore MOF
with the lowest connectivity of all known MOFs based on the

same M6-clusters (M = Zr, Hf, Ce).[21, 22, 39, 40]

The activity of Ce-MOF-808 was tested under reaction condi-
tions identical to those of the oxidation of benzyl alcohol by
Ce-UiO-66.[13] The activation procedure of Ce-MOF-808 was

adapted to its lower thermal stability, that is, the activation
temperature was decreased to 100 8C and vacuum was applied

to ensure complete evacuation of the pores.[22] The resulting

Ce-MOF-808 outperformed all previously tested Ce4+-MOFs
(Table 2). After seven hours, Ce-MOF-808 converted 97 % of the

benzyl alcohol, which is much higher than the previously re-

ported Ce-UiO-66 (29 %) and Ce-UiO-66-ndc (80 %).[13] The im-
proved activity is due to the large pore size and low connectiv-

ity of Ce-MOF-808: the clusters are 6-fold connected by trimes-
ate linkers. Liquid 1H NMR of a digested sample revealed the

presence of 2 additional coordinating formates leading to four
remaining open sites that can act as active sites during reac-
tion (Figure S2). The structural integrity of Ce-MOF-808 during

activation and reaction was demonstrated via PXRD (Figure S5)
and the heterogeneity of the catalyst was proven by a hot fil-
tration test: after 2 h reaction; Ce-MOF-808 was removed and
no further reaction was observed (Figure S7).

In conclusion, the redox behavior of Ce4 +-MOFs was investi-
gated using a combined XANES and EXAFS approach, focusing

on the Ce oxidation state and the geometry of the active site.
One Ce ion could be reduced per cluster, thereby moving
slightly away from the center of the cluster. This unambiguous-
ly demonstrates the redox activity of Ce-MOFs, paving the way
for their further application in redox catalysis. This was exem-

plified by the development of a catalytic system with Ce-MOF-
808 which displayed an increased activity for the aerobic

TEMPO-mediated oxidation of benzyl alcohol.
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