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Introduction

The huge amount of research devoted to metal–organic
frameworks (MOFs) notably stems from the almost infinite
possibility to vary their chemistry through the metal center,

organic linker, as well as their geometric arrangement. The
wide spectrum of materials synthesized so far could be of in-
terest in a number of applications including gas separation
and storage,[1–5] vapor adsorption,[6] liquid-phase separa-
tion,[7] energy storage,[8] and bio-applications.[9,10]

One of the areas in which MOFs have received some reti-
cence concerns their stability.[11] Indeed, some of the most
well-known materials do not seem to be sufficiently stable
to humidity, allowing their use in applications, with the ex-
ception of some bio-applications.[9,10] Furthermore, the syn-
thesis route (hydrothermal, solvothermal, microwave) also
has an influence on the final stability of the MOF.[12]

With these considerations in hand, one promising MOF is
the UiO-66[13] solid which is built up from [Zr6O4(OH)4ACHTUNGTRENNUNG(CO2)12] clusters linked with 1,4-benzenedicarboxylic acid. It
leads to an overall porous cubic architecture as illustrated in
Figure 1. This structure is claimed to be thermally stable up
to 813 K and to the dehydroxylation/rehydroxylation pro-
cess. It contains a three-dimensional arrangement of micro-
pores with each centric octahedral cage surrounded by eight
corner tetrahedral cages (free diameters of approximately
11 and 8 � for the two types of cages, respectively) and con-
nected through narrow triangular windows (approximately
6 �). In this structure, the triangular faces of the Zr6-octahe-
dron Zr6O4(OH)4 are alternatively capped with four m3-O
and four m3-OH groups.
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One of the unusual structural features of this MOF phase
is its supposed variation of the coordination number of the
zirconium metal center between the hydroxylated (VIII)
and dehydroxylated (VII) forms.[13] Such a local modifica-
tion can influence the adsorption properties as is the case
for the MIL-100 ACHTUNGTRENNUNG(Cr, Fe) solid in which,[14, 15] according to the
activation conditions, a significant number of free metal
sites are accessible and in the case of Fe3+ , a fraction of the
metal centers can be reduced to Fe2+ .[15] The liberation of
co-ordinatively unsaturated sites (cus) leads to significant
variations in the enthalpies of adsorption for molecules such
as CO and propylene.[15] In the case of UiO-66, the ZrVII

and ZrVIII forms are expected to be structurally slightly dif-
ferent, and this may add a second parameter that could play
a role on the gas adsorption properties.

The aim of the present work therefore was to explore the
dehydroxylated form of UiO-66 from a structural and spec-
troscopic standpoint, prior to evaluating its stability towards
humidity and further its adsorption properties with respect
to industrially important gases, from an energy and environ-
mental perspective, including methane, carbon monoxide,
and carbon dioxide. Molecular simulations have been first
used here to assist the structure determination from the X-
ray powder diffraction data for the dehydroxylated form,
which has not been addressed so far, and further to provide
some insights into the host–guest interactions experimental-
ly explored by spectroscopic (FTIR) and thermodynamic
(adsorption/calorimetry) measurements. Beyond the scientif-
ic conclusions, this paper presents a strategy that can be
taken for (1) determining if this class of material provides
the necessary properties for industrial applications, including
stability towards humidity and high temperature, and
(2) evaluating their adsorption performance with respect to
single gases, which is the first step to probe the potential of
such materials for further storage/separation type applica-
tions.

Results and Discussion

Activation

The activation of the sample was carried out using thermog-
ravimetric analysis (TGA) in high resolution mode, in which
the heating rate of the sample is dynamically and continu-
ously varied in response to changes in the sample�s rate of
decomposition.[16] This mode allows a better separation of
successive events with respect to the standard linear heating
rate mode. However, a standard linear heating mode cou-
pled with evolved gas analysis was used to identify evolved
species. In a separate series of experiments, the evolution of
the various surface groups was followed by infrared spec-
troscopy.

The TGA curve obtained from the as-synthesized sample
(Figure 2) shows several mass losses. The initial loss (14 %)
occurs at 303 K and the second (~2 %) loss occurs below a
temperature of 393 K. These first losses are most likely
owing to free species from the external surface of the parti-
cles followed by the departure of physisorbed species from
the pores. Two further small mass losses occur in the region
from 473 to 673 K before a final large loss of almost 40 % at
higher temperatures. This final loss can be attributed to
sample decomposition as confirmed by the evolved gas anal-
ysis and occurs in the region of 723 K with an onset at
around 758 K. This latter temperature can thus be consid-
ered as the upper limit of sample stability, which is slightly
lower than the temperature suggested previously (813 K).[13]

In order to confirm the evolution of organic species aris-
ing from sample degradation as well as to evaluate the spe-
cies removed at each of the other steps, a second series of
experiments were carried out with evolved gas analysis
(Figure 3). These experiments show that the major species
lost up to 673 K correspond to water with the characteristic
ratio m/z peaks of 18 (17 and 16 are not shown in Figure 3
for simplification) being observed. This would therefore sug-
gest that water is initially lost in the physisorbed state up to
423 K and that the weight loss at around 573 K corresponds
to water, probably resulting from dehydroxylation. This
latter point is confirmed by IR spectroscopy (see below). A
small variation in the m/z=12 and 28 peaks further hint at

Figure 1. Schematic illustration of the UiO-66 structure: left octahedral
cages, right tetrahedral cage. Zirconium polyhedra and carbon atoms are
in blue and black, respectively. Hydrogen atoms are omitted for a better
understanding.

Figure 2. “Hi-Res” TGA curve in argon obtained with the as-synthesized
UiO-66.
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the loss of organic species (N,N-dimethylformamide;
(DMF)), which are more clearly observed by IR. As sug-
gested above, the major weight loss arises from framework
degradation with the observation of typical species owing to
the phenyl (m/z=78) and carboxyl fragments (m/z=45).

Following the thermal treatment, using in situ IR spec-
troscopy further suggests that small amounts of impurities
are also desorbed up to 573 K. Indeed, it seems that residual
DMF, used in the synthesis protocol and characterized by
the band at 1665 cm�1, is still present in the sample. It is lost
during the initial treatment under vacuum from room tem-

perature up to 423 K (Figure 4). Traces of free terephthalic
acid are also detected by the bands at 1732 and 1746 cm�1,
which disappear at around 523 K.

FTIR—Dehydroxylation Process

The thermal treatment of UiO-66 was studied by IR spec-
troscopy to follow the removal of the intra-framework OH
group with temperature. Figure 5 shows the IR spectra of
the solid in the hydroxyl region. Initially at 298 K, the solid
exhibits a sharp band at 3674 cm�1 along with a smaller one
at 3654 cm�1, which is attributed to free hydroxyl groups. A
broad band centered around 3400 cm�1 is assigned to per-
turbed hydroxyls, which significantly decreases upon evacua-
tion at 298 K, thus revealing an additional shoulder at
around 3440 cm�1. Both the small band at 3654 cm�1 and the
shoulder at 3440 cm�1 vanish above 373–423 K. These bands
indicate some H-bonding with an adjacent basic center and
are likely a result of the presence of impurities such as
DMF or water.

The main hydroxyl band at 3674 cm�1 is similar to that ob-
served for zirconia where it may be attributed to a doubly
or triply bridged OH.[17,18] However, the well-defined struc-
ture of UiO-66 implies that the band at 3674 cm�1 arises
from a triply-bridged OH. The presence of the same OH on
zirconia is noteworthy and could be an indication to resolve
its controversial assignment.

Calcination of the solid has a noticeable effect on the hy-
droxyl groups. The number of hydroxyl groups indeed
strongly decreases upon thermal treatment (Figure 5) and

Figure 3. TG-MS curves recorded for UiO-66. Only the most significant
fragments are reported.

Figure 5. Influence of the temperature on the dehydroxylation: a) FTIR
spectra of the hydroxyl groups and b) fraction of the unperturbed OH at
3674 cm�1 remaining after thermal treatment.

Figure 4. Influence of temperature of activation on the presence of organ-
ic impurities: a) FTIR spectra and b) fraction of impurities remaining
after thermal treatment (&: DMF, ~: free acid). The fractions of DMF
and acid were calculated from the areas of the bands at ca. 1665 and
1740 cm-1 respectively and normalized to the values measured after evac-
uation at 298 K.
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there are almost none above 523 K. Additional modifica-
tions of the spectrum occurred upon dehydroxylation in the
regions of 1600–1300 and 750–500 cm�1. They are coherent
with the experimental and theoretical data of Valenzano
and co-workers.[19]

After introduction of water vapor on the activated solid,
the band at 3674 cm�1 was restored and the IR spectrum
was finally similar to that obtained before dehydroxylation
(not shown). This is consistent with the results published by
Hafizovic Cavka[13] and Valenzano[19] and their respective
co-workers, and implies that the introduction of water vapor
induces the rehydroxylation of the solid with the consequent
formation of hydroxyls similar to those present in the initial
solid. Dehydroxylation and rehydroxylation are thus fully
reversible, and this allows the possibility to carry out longer
term cycling measurements in order to confirm the longer
term stability of the sample as discussed in the following
section.

Water Adsorption and Cycling Measurements

As mentioned above, the stability with respect to water and
temperature can be an issue for MOFs. TGA confirms the
stability of UiO-66 up to 758 K. Whilst it is possible to carry
out hydrothermal testing on a large scale,[11] water adsorp-
tion–desorption cycling at a given temperature can give an
idea of the stability of a given phase with respect to this
vapor. In the present study, two series of experiments were
carried out. First, two isotherms were obtained at 298 K
with a regeneration step between runs at 353 K for 2 hours
under inert gas flow. The two isotherms obtained coincide
(Figure 6 a). They are characterized by an initial low uptake
to around 25 % relative humidity (RH) at which point pore
filling occurs in the RH range between 30 % and 50 % to a
final plateau of around 0.37 g g�1. The pore volume calculat-
ed from the water isotherms is 0.35 cm3

Liq g�1 which is close
to that obtained by nitrogen porosimetry. The initial low
uptake is similar to that observed for a number of carboxyl-
ate-based MOFs,[4,20,21] which is characteristic of a certain
hydrophobicity of the activated UiO-66 material.

TGA results obtained with a fully activated and then re-
hydrated sample (Figure SI-1 in the Supporting Information)
show two main steps up to 573 K corresponding to physisor-
bed species (lost up to 423 K) and to the structural dehy-
droxylation, corresponding to only 1.35 % (423–593 K).

In a second series of experiments, the activated UiO-66 is
subjected to five adsorption–desorption cycles (Figure 6 b).
A limited number of relative pressures are explored in
order to allow for more cycles in a reasonable timescale (10
days). The second and following cycles are shifted with re-
spect to the first one. This shift of around 3 % suggests a
partial rehydroxylation of the sample during the first run.
However, the four consequent runs show the same uptakes
for each relative pressure, thus suggesting that no degrada-
tion occurs under these conditions. In addition, the small
shift of the isotherm to lower pressure during the first three
cycles suggests a higher degree of hydrophilicity in agree-

ment with a full hydroxylation of the zirconium oxide build-
ing unit after the third run, assuming that desorption at
353 K under inert atmosphere between each cycle leads to
no dehydroxylation.

Computational Assisted Structure Determination

It was previously reported that the dehydroxylated UiO-66
structure results from the departure of two of the four m3-
OH groups in each inner core together with the H atoms
from the remaining two m3-OH groups. This rearrangement
was supposed to lead to the formation of inner clusters,
Zr6O6, with seven-coordinated Zr4+ metal centers. A high
quality X-ray powder diffraction pattern has been obtained
using a sample of UiO-66, introduced in a glass capillary, ac-
tivated overnight at 523 K under high vacuum. An initial
structural model for the dehydroxylated form has thus been
built-up based on this observation and completed by struc-
tural information extracted from the X-ray analysis, com-
bined with an energy minimization procedure based on clas-
sical interatomic potentials. Such an approach has been re-
cently successfully employed to simulate the structures of
various MOFs.[22, 23] This model was used as a starting point
for Rietveld refinement leading to the structure described in
the Supporting Information, the space group symmetry and
unit cell parameters being reported in Table 1.

Figure 6. Water adsorption–desorption isotherms. a) Two cycles with re-
generation at 353 K under an inert atmosphere and b) 5 cycles at 303 K
with no thermal regeneration between cycles.
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In parallel, the initial structural model has also been fully
optimized in its primitive cell by using periodic density func-
tional theory calculations (see the detail given in the Sup-
porting Information). The optimized unit cell parameters
are reported in Table 1 and these values compare well with
the experimental data. The cif file of this resolved structure
is provided in the Supporting Information.

The overall framework structure of the dehydroxylated
form is indeed very similar to the hydroxylated version and
keeps the same organization of the two types of cages, that
is, each centric octahedral cage is surrounded by eight
corner tetrahedral cages through narrow windows. In addi-
tion, although two of the four m3-OH groups and the H
atoms from the remaining two m3-OH groups are removed
from the framework during the dehydroxylation, the bond
distances between the different atoms in the inorganic
nodes remain almost identical in these two forms. As a typi-
cal illustration, in the simulated dehydroxylated form, the
average Zr�O carboxylate and Zr�m3O bond distances are
2.194 and 2.114 �, respectively, which compare well with
those present in the hydroxylated form, that is, 2.217 and
2.071 � (see Table 2). From a fair agreement with both our
experimental crystallographic data and those theoretically
reported elsewhere,[19] one can be confident with the pro-
posed model. Finally, we confirm here that the coordination
number of zirconium goes from VIII to VII upon full dehy-
droxylation. It should be noted that the hexagonal structural
model of the dehydroxylated UiO-66 assumes that all the
Zr6-octahedron Zr6O4(OH)4 are orientated in the same di-
rection. This model only slightly deviates from those recent-
ly proposed by Valenzano and co-workers,[19] with a trigonal
R3̄m (no. 148) space group.

Adsorption of CO and CO2

followed by FTIR

The above results (TGA, IR,
XRPD) suggest that UiO-66 is
stable with respect to water,
with a gradual dehydroxylation
up to around 523 K. This be-
havior allows a study of the
UiO-66 at various stages of de-
hydroxylation using various
probe gases. The interaction of

the solid with CO and CO2 was followed by FTIR to study
the molecular interactions. Furthermore, adsorption micro-
calorimetry was used to characterize the energetics during
the adsorption of both CO and CO2 as well as CH4.

Carbon monoxide is an IR probe, which can be used to
follow the acidity of the sample. The adsorption of CO was
carried out at room temperature before and after dehydrox-
ylation. However, in both cases, hardly any adsorption was
observed, indicating very weak acidity. The experiment was
thus repeated at low temperature to probe the weakest sites.
Figure 7 presents the results of CO adsorption recorded at
low temperature (77 K) after dehydroxylation of the sample
at 523 K. Upon CO introduction by successive aliquots (in-
dicated by the arrows), a strong band is present at
2155 cm�1. In parallel, the signature of the hydroxyl group

Table 1. Comparison of the optimized crystallographic data for the hy-
droxylated and dehydroxylated UiO-66(Zr) with the experimental ones.

Crystal-
lographic

Hydroxylated Dehydroxylated

data Experimental Calculated Experimental Calculated

a [�] 20.7004 20.7937 14.1595 14.8598
b [�] 20.7004 20.7937 14.1595 14.8598
c [�] 20.7004 20.7937 34.1200 34.8904
Volume [�3] 8870.26 8990.80 5924.30 6672.07
space group Fm3̄m

(no. 225)
F4̄3m
(no. 216)

R3̄m
(no. 166)

R3̄m
(no. 166)

Table 2. Comparison of the main crystallographic distances (�) for the
optimized hydroxylated and dehydroxylated UiO-66(Zr) with the experi-
mental ones and the previous theoretical results from the literature.[19]

Neighbors[a] Experimental Calculated Literature data

Hydroxylated
O3 2.107 2.071 2.089
O2 2.258 2.286
O1 2.233 2.217 2.249
C1 3.255 3.232 3.267
C2 4.595 4.553 4.596
Zr 3.510 3.530 3.571

4.964 4.992 5.050
Dehydroxylated
O3 1.966 2.065 2.052

2.324 2.163 2.060
2.237

O1 1.987 2.184 2.193
2.232 2.204 2.225

2.227
2.240

C1 3.031 3.189 3.203
3.077 3.240 3.214

3.243
3.305

Zr 3.277 3.400 3.462
3.400 3.705 3.736
4.722 5.029 5.093

[a] The labels of the neighbors can be found in Figure SI–2 in the Sup-
porting Information, and the distances were measured form one Zr atom
to its various types of neighbors.

Figure 7. FTIR spectra after adsorption of increasing amounts of CO at 77 K after dehydroxylation. The spec-
tra were obtained after subtraction of the solid before adsorption.
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at 3674 cm�1 is perturbed, thus leading to a new band at
3591 cm�1. This shift (Dn(OH)=83 cm�1) is consistent with
the position of the CO band at 2155 cm�1 and it is thus at-
tributed to CO hydrogen bonded with Brønsted sites of a
weak acid strength. This shift is similar to that obtained
when CO interacts with the hydroxyls of zirconia (band at
3665–3675 cm�1).[24]

A weak band was also observed at 2172 cm�1. This feature
cannot be related to another shift of the hydroxyls and it is
thus attributed to a small amount of CO coordinated to Zr
Lewis acid sites. At higher CO loading, a band at approxi-
mately 2136 cm�1 (with a shoulder at 2132 cm�1) appeared
which is assigned to physisorbed CO.

The absence of strong sites, regardless of the hydroxyl-
ation state, was confirmed by the adsorption of CO2

(Figure 8). These results show that the dehydroxylation does
not modify the interactions of the solid with CO2 at low
pressure. On both the solids evacuated at 323 K or at 523 K,
only one band owing to physisorbed CO2 has been observed
at 2339 cm�1, the variation of which as a function of pressure
is similar on both the hydroxylated and dehydroxylated
forms (Figure 8 c). This band equally disappears after evacu-
ation at ambient temperature, confirming the weak interac-
tion between CO2 and the surface. As a comparison, Morter-
ra and co-workers have studied the adsorption of CO2 on

monoclinic zirconia.[24,25] In this case, activation at low tem-
perature induced the appearance of a CO2 band at
2355 cm�1 while activation above 600 K induces the exis-
tence of a band at 2365 cm�1, which both are attributed to
CO2 coordinated on the Lewis acid sites of zirconia. The ab-
sence of characteristic CO2 bands at wavenumbers higher
than 2340 cm�1 in the spectra of UiO-66 confirms that there
are no coordinated species.

The interactions between CO or CO2 and UiO-66 sites
are clearly not comparable to the ones measured on zirconia
as these probes do not lead to the formation of coordinated
species whatever the hydroxylation state. The absence of
any strong interaction between CO or CO2 and the UiO-66
surface for any hydroxylation state was confirmed by calo-
rimetry experiments and molecular simulations (see below).

Adsorption Calorimetry of CO2, CH4, and CO at 303 K

The exploration of the stability to water of UiO-66 and the
TGA and FTIR experiments permit an estimation of the
degree of hydroxylation after various thermal treatments of
the initially fully hydrated material. The effect of various de-
grees of hydroxylation on the adsorption of various topical
probe gases at 303 K has been evaluated here.

Carbon dioxide is a useful probe for calorimetry as, with
its quadrupole moment of �14.98 � 10�40 C m2, it is able to
probe variations in the chemistry of most surfaces. Figure 9
shows the isotherms (Figure 9 a) and differential enthalpies
of adsorption of CO2 (Figure 9 b) obtained at 303 K on the
UiO-66 outgassed to various temperatures. The various out-
gassing temperatures lead to various hydroxylated states of
the sample.

The different CO2 isotherms are all of Langmuir type
(Figure 9 a), with only small variations in uptake depending
on the outgassing temperature. This is confirmed by the
GCMC calculations. Indeed, the simulated isotherms ob-
tained for both the dehydroxylated and hydroxylated forms
are in good overall agreement with the experimental data
for both the sample activated at 353 K and at 523 K (Fig-
ure 9 b), which is thought to be hydroxylated and fully dehy-
droxylated, respectively, as discussed above. However, a
small but significant increase in the uptake is observed on
outgassing from 303 K to 353 K, and this which can be relat-
ed to the loss of physisorbed water leading either to a slight-
ly larger available pore volume and/or to an easier accessi-
bility for CO2 to the structural hydroxyl groups. When fur-
ther increasing the temperature from 150 8C to 300 8C, the
uptake at 10 bar slightly decreases which was unexpected as
the total accessible pore volume of the sample should in-
crease slightly upon dehydroxylation.

To shed some light on this “surprising” decrease in CO2

capacity upon activation at temperatures higher than 353 K,
direct measurements of the differential enthalpies of adsorp-
tion using microcalorimety were made (Figure 9 b). Both
profiles and values at low coverage have been considered to
characterize the samples. Two series of curves can be seen.
First, for the samples outgassed below 423 K, the initial en-

Figure 8. Adsorption of 1–100 mbar CO2 followed by FTIR. Spectra a) of
the hydroxylated form and b) of the dehydroxylated form; c) Quantifica-
tion of adsorbed CO2 (^: hydroxylated form, &: dehydroxylated form).
The spectra were obtained after subtraction of the spectrum of the solid
before adsorption and of CO2 in the gas phase. For the quantification,
the band areas were normalized with the structure bands to account for
the variations in mass for each sample analyzed.
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thalpies are quite similar in the range of �32 to
�35 kJ mol�1 and one observes an initial decrease in the cal-
orimetric curve prior to a plateau region above 3 mmol g�1

with an enthalpy value centered around �26.5�
0.5 kJ mol�1, in good agreement with the simulated enthalpy
at low coverage (for ca. 1 mmol g�1) for the hydroxylated

structure value of �26.1 kJ mol�1. Such an enthalpy profile
is usually characteristic of a heterogeneous energetic surface
experienced by CO2. Secondly, for the samples outgassed to
above 473 K, a region where the FTIR measurements sug-
gest that dehydroxylation is complete, a different calorimet-
ric curve is observed with only a slightly increasing profile
with an enthalpy value centered around �26.0 kJ mol�1

which fits well with the simulated enthalpy for the dehy-
droxylated structure (�25.3�0.5 kJ mol�1). One further ob-
serves that both experimental and simulated values are very
similar to the ones obtained on the plateau observed for the
hydroxylated structure, consistent with a similar strength of
CO2–UiO-66 interactions in both forms as shown by the in-
frared measurements. This shape of calorimetric curve is in-
dicative of a homogeneous energetic surface in which in-
creasing gas–gas lateral interactions are superposed on a
constant interaction of the probe with the solid as previously
pointed out for CO2 adsorbed on the dealuminated Y fauja-
site.[26] Interestingly, the curves obtained after outgassing
either to 523 K or 573 K almost overlap, indicating a similar
energetic state after treating to higher temperatures.

However, there is a strong discrepancy between the initial
enthalpies of adsorption for the sample activated at low
temperature (303–423 K). One can rule out the effect of
traces of basic DMF moieties or free terephthalic moieties
as the sample was initially activated at high temperature
prior to rehydration and CO2 sorption experiments. Despite
the presence of hydroxyl groups, molecular modelling does
not indicate any significant difference in host–guest interac-
tions whilst a 6–9 kJ mol�1 difference in energy of the inter-
action is measured experimentally. As shown previously
with the copper based MOF HKUST-1, the presence of free
water at low loading (4 wt%) seems to enhance the adsorp-
tion of CO2.

[27] Here, it is likely that any remaining water
molecules leads to additional interactions within the whole
system, that could be at the origin of the higher enthalpy of
adsorption observed at low loading. In addition, IR and
TGA analysis have shown that free water and hydroxyl
groups decrease in parallel. This is consistent with previous
IR dehydration experiments performed on MIL-100-Cr
where the departure of free and bound water were not fully
separated.[14] It was shown indeed that in addition to a very
large amount of weakly bound physisorbed water, one free
water molecule has a strong interaction with each water
molecule coordinated to the Lewis chromium acid sites. Fur-
ther, owing to the distribution of Lewis acid strengths, the
departure of some weakly bound coordinated water mole-
cules probably occurs prior to the full departure of all free
water molecules. Indeed, one can imagine for UiO-66 a sim-
ilar phenomenon as IR and TGA do not clearly distinguish
the departure of water molecules and hydroxyl groups. One
therefore expects that a few residual free water molecules
are left, upon activation below 423 K, and have a strong in-
teraction with remaining hydroxyl groups which thus pro-
vide stronger adsorption sites for CO2.

A further step consists in probing the geometric arrange-
ments of the different adsorbates in the hydroxylated form

Figure 9. CO2 adsorption at 303 K on UiO-66. a) Isotherms after outgas-
sing to various temperatures. b) Comparison between experimental and
molecular simulated (MS) isotherms on the hydroxylated and dehydroxy-
lated froms of UiO-66. c) Differential enthalpies of adsorption measured
by microcalorimetry.
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at low pressure. All adsorbates are preferentially located in
the tetrahedral cages. The average distance between the pro-
tons of the �OH group and the oxygen atoms of both CO2

and CO is about 2.36 � and 2.77 �, respectively, as illustrat-
ed in Figure 10, which is characteristic of a rather weak
host–guest interaction, consistent with FTIR measurements.

It is worth noting that the enthalpies obtained here are
well below those observed with zirconium oxides, the initial
interactions of which are around �130 kJ mol�1,[28, 29] while
the value at the plateau remains significantly lower than for
other MOF materials, including HKUST-1 (�36 kJ mol�1[30])
and MIL-53Cr (�35 kJ mol�1[5]). In addition, the so-obtained
enthalpies observed for these MOFs are much lower than
those of many zeolites including NaY (�49 kJ mol�1[31]), thus
suggesting that the MOFs can be regenerated under milder
conditions than their zeolitic counterparts, even for very
polar MOFs with accessible cus. Indeed, both the isotherm
and enthalpy on the desorption curves (not shown) are com-
pletely reversible.

Methane is a useful probe molecule in calorimetry meas-
urements as it can be considered quite neutral with no per-
manent moment. It is quite insensitive to variation of the
surface chemistry but can highlight changes if the topology
varies significantly. In the present case, both the isotherms
and calorimetric curves obtained for methane adsorption for
both fully hydroxylated and dehydroxylated samples
(Figure 11) are quite similar, which confirms that there is no
major change in the structure of the material when one goes
from dehydroxylated to hydroxylated forms. The simulated
adsorption enthalpy at low coverage is �18.80 and
�18.90 kJ mol�1 in the dehydroxylated and hydroxylated
forms, respectively (Figure 12), consistent with the experi-
mental value of around �18.5 kJ mol�1, extrapolated from
Figure 11 b, thereby confirming very similar strength of in-
teractions with the UiO-66 surface. These values are again
in the same region as those observed for many MOFs
whether they be small pore (ScBDC: �17 kJ mol�1[32]),
medium pore (MIL-53Cr: �17 kJ mol�1[5]) or large pore
(MIL-100/MIL-101: �18 kJ mol�1[33]).

In the case of carbon monoxide (Figures 11 and 12), the
same trend, as for CH4, has been observed both for the si-
mulated and experimental adsorption isotherms regardless
of the hydroxylation state. The resulting adsorption enthal-

Figure 10. Typical illustration of the interactions between the hydroxylat-
ed UiO-66(Zr) structure with a) CO2 at 0.1 bar and b) CO at 2.5 bar. The
characteristic distances are reported in �.

Figure 11. Adsorption of CO and CH4 at 303 K on UiO-66. a) Adsorption
isotherms and b) differential enthalpies of adsorption.
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pies at low coverage are almost the same for both forms,
centered around �16.0 kJ mol�1 and �16.6 kJ mol�1 from
calorimetry and simulations, respectively, corresponding to
an energetic region similar to that found for crystalline zir-
conia �18 kJ mol�1.[34] When comparing with other MOFs,
the value obtained here compares well with MIL-53Cr
(�17 kJ mol�1[6]), which also contains hydroxyl groups.
ScBDC, which has no specific adsorption sites, leads to a
lower initial enthalpy of �13 kJ mol�1.[32] However, a MOF
with free metal cus, such as reduced MIL-100(Fe), gives ini-
tial adsorption enthalpies of around �51 kJ mol�1.[15] This
behavior therefore confirms the results from IR that the CO
interacts with quite weak adsorption sites.

A comparison of the CO2 adsorption capacity of the UiO-
66 with other known porous materials is given in Figure 13.
Here, the amount of gas adsorbed is given in volume of CO2

per volume of solid. The crystallographic densities for
MOFs and zeolites have been used to make this comparison
as it is difficult to sufficiently activate these highly porous
samples in a standard helium pycnometer. It should be also
considered that in a real application, packing densities will
be used to give a final “real” comparison. Nevertheless, this
gives a convenient comparison of the UiO-66 with a refer-
ence zeolite, NaY, and other well documented high CO2 ca-
pacity MOFs such as MIL-100, MIL-101,[33] and MOF177.[35]

One can note a more rapid uptake of the NaY at low pres-
sure and a comparable final uptake of the NaY with the
UiO-66 above a pressure of around 15 bar. This is directly
related to the higher adsorption enthalpy and thus to the
relative ease (or not) of sample regeneration. Interestingly,
in the low and medium pressure range up to 15 bar, a com-
parable uptake is observed between the UiO-66, MIL-100,
and MIL-101 samples. Nevertheless, a closer inspection
shows that at very low pressures (below 1 bar), the MIL
samples show an enhanced uptake owing to the presence of
cus. While in the medium pressure range, a slightly higher
uptake is observed for UiO-66, which can be related to the

smaller pore size. In this low to medium pressure range,
MOF-177 shows a more limited uptake, although at higher
pressures, MOF-177 exhibits a very large uptake owing to a
higher accessible pore volume. Above 40 bar, MIL-101
shows finally the highest CO2 adsorption capacity. The com-
parison with NaY is the most relevant in terms of volumetric
uptake with the additional possibility that the UiO-66 is
more easily regenerated. Further work with respect to the
effect of water on CO2 adsorption will be of interest, as it is
known that water has a detrimental effect on CO2 uptake
with NaY, whilst it is suggested that small quantities of
water may help the uptake[27] and/or separation properties[36]

of CO2 on other MOFs.

Conclusions

The very high thermal stability of UiO-66 has been assessed
as well as its stability to adsorption/desorption of water. The
crystal structure of the dehydroxylated form has been deter-

Figure 12. Molecular Simulation (MS) data of high pressure isotherms of
CH4, CO, CO2 at 303 K on the hydroxylated and dehydroxylated forms
of UiO-66.

Figure 13. Comparison, in volume per volume, of the adsorption of CO2

at 303 K of UiO-66 with other MOFs (MIL100, MIL101, MOF177) and a
reference zeolite (NaY).
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mined and confirms the decrease in coordination number of
zirconium upon dehydroxylation. Its evaluation with respect
to the adsorption of topical gases (CO2, CO, CH4) suggests
that the sample pretreatment has only a negligible effect on
the adsorption capacities and as such, makes this sample of
interest for further studies. Indeed, this sample has very lim-
ited acidic properties with only moderate interactions with
polar gases such as carbon oxides, which, in addition to its
valuable adsorption volumetric capacities and which are
comparable to or better than the reference zeolite NaY
(Figure 13) at intermediate pressure, makes UiO-66 of inter-
est for CO2 capture. The advantage of UiO-66 with respect
to the zeolite resides in its larger dynamic capacity (that is,
between 1 bar and 10 bar for instance) and its easier regen-
eration. Future studies will investigate these points and the
adsorption properties of gas mixtures.

Experimental Section

Synthesis

UiO-66 was prepared as described previously[37] from a large scale mix-
ture of zirconium tetrachloride ZrCl4, terephthalic acid HO2CC6H4-
CO2H, hydrochloric acid (37 %), and dimethylformamide in the
25 mmol:50 mmol:50 mmol:150 mL ratio. The slurry was then introduced
into a 750 mL Teflon liner and then into a metallic PAAR bomb. The
system was then heated overnight (16 h) at 493 K. The resulting white
product was filtered off, washed with DMF to remove the excess of un-
reacted terephthalic acid, then washed with acetone, and finally dried at
room temperature. Except for the study of the activation step (TGA and
FTIR) where an as-synthesized solid was used, the sample was calcined
at 523 K under vacuum (5 mbar) to remove the DMF from the frame-
work before use.

Characterization

A structural model for UiO-66 dehydroxylated was determined by using
a combination of X-ray powder diffraction data (XRPD), collected on a
Bruker D8 diffractometer, and energy minimization procedure, based on
Universal forcefield as implemented in the Materials Studio program
suite. More details are provided in the Supporting Information. TGA ex-
periments were carried out using a Q500 (TA Instruments) in both “Hi-
Res” and linear heating mode. Evolved species were analyzed with a
mass spectrometer Thermostar SM GSD 301 QMS 200. IR spectra were
recorded with Nicolet Nexus or 6700 FT-IR spectrometers either on self-
supported pellets or supported on a Si wafer. Water adsorption was car-
ried out by using a gravimetric device (Q5000SA TA Instruments), which
combines a high-sensitivity thermobalance and a humidity control cham-
ber. The microcalorimetry experiments were carried out at 303 K by
means of a homemade manometric dosing apparatus linked to the
sample cell housed in a Tian-Calvet type microcalorimetrer.[38] An error
of �1 kJ mol�1 can be considered for these experiments. The gases used
for the adsorption were obtained from Air Liquide and were of 99.998 %
purity or better.

Molecular Simulations

The initial periodic structures of UiO-66 in the dehydroxylated and hy-
droxylated forms were built from their structural information extracted
from the X-ray analysis. These models were then further fully optimized
by density functional theory (DFT) calculations. Subsequently, grand can-
onical Monte Carlo (GCMC) simulations were performed to elucidate
the adsorption behaviors of CO2, CO, and CH4 gases in these two opti-
mized structures. For current studies, the intermolecular interactions be-
tween adsorbate as well as adsorbate–adsorbent were represented by a
combination of short-range van der Waals (Lennard Jones) and long-

range Coulombic interactions. The former were estimated by using a cut-
off radius of 14 �, while the latter were calculated using the Ewald sum-
mation. In our simulations, the systems were allowed to equilibrate for
1.5� 107 MC cycles, followed by the production runs of another 1.5� 107

MC steps. The atomic positions of the solids were frozen during the simu-
lation. Further information about the force fields, partial charges of the
framework atoms in MOFs, as well as the simulation protocol can be
found in the Supporting Information. All these GCMC calculations were
conducted using our own developed code ?CADSS? (Complex Adsorp-
tion and Diffusion Simulation Suite).

DFT Structural Optimization

The experimentally constructed periodic model was optimized by density
functional theory (DFT) calculation, in which both atomic positions and
lattice parameters were fully relaxed using a standard conjugate gradient.
These calculations were performed using the Vienna ab initio simulation
package (VASP) based on the project-augmented-wave method of Blochl
and the plane-wave basis set with an energy cut-off of 600 eV. A k-point
mesh of 2x2x2 was considered for sampling the Brillouin while the
PBEsol exchange correlation functional was employed.
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