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Programming MOFs for water sorption: amino-
functionalized MIL-125 and UiO-66 for heat
transformation and heat storage applications†

Felix Jeremias,a,b Vasile Lozan,‡a Stefan K. Henninger*b and Christoph Janiak*a

Sorption-based heat transformation and storage appliances are very promising for utilizing solar heat

and waste heat in cooling or heating applications. The economic and ecological efficiency of sorption-

based heat transformation depends on the availability of suitable hydrophilic and hydrothermally stable

sorption materials. We investigated the feasibility of using the metal–organic frameworks UiO-66(Zr),

UiO-67(Zr), H2N-UiO-66(Zr) and H2N-MIL-125(Ti) as sorption materials in heat transformations by means

of volumetric water adsorption measurements, determination of the heat of adsorption and a 40-cycle

ad/desorption stress test. The amino-modified compounds H2N-UiO-66 and H2N-MIL-125 feature high

heat of adsorption (89.5 and 56.0 kJ mol−1, respectively) and a very promising H2O adsorption isotherm

due to their enhanced hydrophilicity. For H2N-MIL-125 the very steep rise of the H2O adsorption isotherm

in the 0.1 < p/p0 < 0.2 region is especially beneficial for the intended heat pump application.

Introduction
Sorption heat pumps: working principle and motivation

Local cogeneration of heat and power, district heating, and
especially solar thermal energy, provides large amounts of low-
temperature heat for domestic or industrial heating at com-
paratively low cost. During hot seasons, however, the electricity
demand by conventional air conditioner units rises, while at
the same time larger and larger amounts of waste heat have to
be rejected into the environment. Still, more than 50% of the
total energy demand of a modern building is caused by air-
conditioning processes.1 Using sorption-based heat transform-
ation, waste heat can be used efficiently for cooling appli-
cations and even stored for the heating in colder periods.
During the heating season (winter), the process of sorption-
based heat transformation can be operated in the heat-pump
mode: additional thermal energy from the environment can be

used, thus lowering the consumption of primary energy.
Hence, sorption-based heat transformation has gained more
and more interest during the last few years.2–13

The thermodynamic principle of a sorption-based air-
conditioner/heat pump is depicted in Fig. 1. In the cooling
case, Qevap serves as useful cold, and Qads + Qcond are rejected
into the environment, while in the heat pump operational

Fig. 1 Working cycles of a sorption based chiller/heat pump. 1. Working cycle.
At reduced pressure, a working fluid (usually water because of its high evapo-
ration enthalpy) is evaporated by the application of evaporation heat Qevap, and
consequently removed from the equilibrium by adsorption at a microporous
material: adsorption heat Qads is released. 2. Regeneration cycle. After saturation
of the adsorbent, regeneration heat (driving heat) Qdes is applied, and the water
molecules desorb from the material, with the vapour condensing e.g. at a ser-
pentine cooler, releasing condensation heat Qcond. Under this condition, energy
can be stored until the working cycle is reinitiated. Low temperature (T) heat is
depicted in blue, medium T heat in green, and high T heat in red (reprinted
with the permission of the authors of ref. 7, copyright Royal Society of Chemi-
stry, 2012).
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mode, Qevap is taken from the environment and Qads + Qcond

are useful heat.

Application-tailored sorption materials as a key factor

Depending on the intended application (a chiller or a heat
pump), the desired temperature lift and the available driving
temperatures, that is, the sorption characteristics of the par-
ticular sorption material, will directly determine the feasibility,
performance, price and efficiency of the machine.

For most applications, adsorption should take place at a
typical relative working pressure of p/p0 = 0.05 to 0.4. As the
sorption material has to be heated and cooled once every
cycle, the water uptake of the applied material should be as
high as possible in order to keep the thermal dead-mass
small. A desorption hysteresis is acceptable, but should
remain small. With a typical cycle time of 10 minutes and an
estimated operational lifetime of 10 years, materials must
retain their structure at least for 30 000 ad-/desorption cycles.
State-of-the-art adsorbents like silica gel or zeotypes (e.g. silica
aluminophosphate SAPO-34) are quite hydrophilic, but exhibit
a comparatively low water vapour uptake (e.g. silica gel approx.
0.2 g g−1).14

Metal–organic frameworks (MOFs) are some of the most
recent classes of microporous materials. By connecting metal–
ion clusters with multitopic ligands (for example, a di-, tri- or
tetracarboxylate ligand), a three-dimensional network is
formed with a molecular-defined porosity. MOFs are superior
to other microporous materials in terms of internal surface
area and micropore volume. Consequently, the suitability of
some MOFs as water sorption materials has been
investigated.5–7,15–17

However, with regard to the intended heat-transformation
application, two major challenges remain despite the high
total water uptake of some MOFs (e.g. >1.0 g g−1 for chromium(III)
terephthalate, MIL-1015,6 and modified MIL-10116): (i) an
increase of hydrophilicity. As MOFs inevitably contain organic
entities, their native hydrophilicity is low, compared to purely
inorganic sorption materials. This is especially true for MOFs
based on benzene-carboxylate ligands, and is seen in the water
adsorption isotherm, where adsorption takes place at high
relative pressures p/p0 > 0.4.5,16 It has been demonstrated that
this problem can be solved at least partly by introduction of
hydrophilic groups to the linker molecule, either by using a
modified linker acid or by post-synthetic modification.17–20 (ii)
An increase of hydrothermal stability. Most benchmark MOFs
like copper trimesate (HKUST-1) or zinc terephthalate (MOF-5)
are not water stable. Usually, the coordinative bond between a
linker molecule and a metal ion cluster is subject to a nucleo-
philic attack by H2O, which quickly leads to break-down of the
framework structure with loss of porosity.21,22

Apart from its application as a heat transformation adsor-
bent, water sorption analysis of MOFs is becoming more and
more widespread as a general analysis tool in fundamental
research, as it yields valuable information not only on the por-
osity, but also on the chemical nature of the inner surfaces,
e.g. the accessibility of open metal sites.16,19,20,23

Investigation of group 4 metal MOFs

A systematic investigation of group 4 metal (titanium and zir-
conium) MOFs for their use as heat-transformation materials
was undertaken in view of the given drawbacks of many state-
of-the-art sorption materials (including MOFs).

Since the development of the first Zr4+ based MOFs,
superior hydrothermal stability has been anticipated for this
class of materials because of the high charge and oxophilicity
of the cations. This leads to the formation of a very stable
Zr6O4(OH)4

12+ secondary building unit (SBU, cluster), as well
as strong cluster–linker bonds.24–28 It is also possible to
prepare isostructural MOFs with modified organic linkers,
which bear additional hydrophilic (e.g. H2N–) groups.

29,30 The
anticipated advantages of Zr4+-based MOFs can also be trans-
ferred to the materials based on the lighter homologue Ti4+.

Here we synthesized three Zr- and one Ti-MOF (cf. Table 1),
and compared their water sorption isotherms and, where
appropriate, differential adsorption enthalpies and hydro-
thermal cycle stress tests.31,32

Results and discussion

The Zr-MOF UiO-6625 (Fig. 2) with the 1,4-benzenedicarboxy-
late linker (BDC) was chosen as the benchmark,19,20,23 and was
compared with the isoreticular Zr-MOF UiO-6725 with 4,4′-
biphenyldicarboxylate (BPDC) as well as a modified
H2N-UiO-66 with aminoterephthalate (H2N-BDC) as a
linker.24,25,33 We also examined H2N-MIL-125(Ti) (Fig. 2),
which is based on Ti8O8(OH)4

12+ SBUs and aminoterephthalic
acid (H2N-BDC), while the preparation of unmodified MIL-125(Ti)
according to a literature procedure was not successful.33,34

Materials were synthesized according to literature pro-
cedures (see ESI† for details), and characterized by using
powder X-ray diffractometry (PXRD) and Brunauer–Emmett–
Teller (BET) surface area analysis. PXRD patterns of all four
MOFs match reasonably well with the simulated patterns for
UiO-66, UiO-67 and MIL-125, respectively (Fig. S1–S4 in ESI†).
This confirms that the original UiO-66 and MIL-125 framework
was retained for the amino-modified samples. The BET
surface areas and pore volumes of each sample were derived
from N2 sorption isotherms (Fig. S5–S8 in ESI,† Table 1, cf.
Fig. 7). The BET surface area of UiO-66 was less than that
reported in the literature, while the BET surface areas of
H2N-UiO-66, UiO-67 and H2N-MIL-125 exceeded the literature
values. H2N-UiO-66 has the highest BET surface area as well as
total and micropore volume among all four materials. MOFs
are microporous materials, so over 80–90% of the pore volume
can be present as micropore volume (V0.5/Vtot in Table 1).

Isothermal water sorption behavior

Water sorption isotherms (Fig. 3) of the four MOF samples
were measured volumetrically to verify the effect of the amino-
ligand functionality. The characteristics of the water adsorp-
tion isotherm of H2N-UiO-66 are in good agreement with pre-
viously reported results with a water uptake of 0.36 g g−1
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corresponding to 20 mol kg−1.20,23 The water uptake of UiO-66
is also similar to the values given in the literature, as is the
BET surface area.19,20,23,36 The start of the water uptake for
H2N-UiO-66 below p/p0 = 0.2 is due to the higher ligand hydro-
philicity from amine–water interactions,17 compared to UiO-66
which starts at about p/p0 = 0.3 and matches the behaviour
reported in the literature.19,20,23

It has to be noted that all of the measured H2O loadings
differ strongly from the micropore volumes determined from
N2 sorption experiments. Interestingly, this is especially true
for non-modified UiO-67, where only 21% of the theoretical

loadings are achieved. We suggest that, contrary to the water
cluster-formation effect proposed by Küsgens et al., hydro-
phobic domains within the pores will repel H2O molecules
and avoid complete pore-filling at p/p0 < 1.16 This behaviour
has also been predicted from GCMC simulations for
aluminium hydroxide 1,4-naphthalenedicarboxylate, a related
MOF.37 The water uptake usually does not directly correlate
with pore volume only. Instead water sorption is influenced by
interference, directing effects and hydrogen bonding capabili-
ties of functional groups, the hydrophobicity/hydrophilicity of
the ligand, possible MOF degradation, an open-metal site
affinity for water etc.17,19,20,23 For UiO-66 and H2N-UiO-66,
water uptakes less than the pore volumes (from N2 adsorption)
have been attributed to the rehydroxylation of these materials

Table 1 The examined materials, their building blocks, nitrogen sorption, porosity and water sorption characteristics before water sorption cycling

MOF
Metal cluster,
linker

Cage
sizesa/Å SBET

b/m2 g−1

Micropore
volume,
V0.5

c/cm3 g−1

Total pore
volume,
Vtot

d /cm3 g−1 V0.5/Vtot

Max. water
loadinge/
g g−1 at 20 °C

Average heat of
H2O adsorptionh /
kJ mol−1

UiO-66 f Zr6O4(OH)4
12+ 7.5, 12 1032 (880)31

(1160)23 (1105)20
0.52 0.77 (0.52)23

(0.55)20
0.67 0.40

(0.37)23,36
41.3

BDC2−

H2N-UiO-66
f Zr6O4(OH)4

12+ 7.5, 12 1328 (1040)23

(1206)31 (1120)20
0.59 0.70 (0.57)23

(0.52)20
0.84 0.38

(0.37)23
89.5

H2N-BDC
2−

UiO-67 f Zr6O4(OH)4
12+ 12, 16 2064 (1877)40 0.87 0.97 (0.95)40 0.90 0.18 51.7

BPDC2−

H2N-MIL-125g Ti8O8(OH)4
12+ 6, 12.5 1220 (1130)31 0.51 0.55 0.93 0.37 56.0

H2N-BDC
2−

a Cluster-to-cluster diameter. b BET surface area of activated material calculated at 0.05 < p/p0 < 0.2 from N2 sorption isotherm at 77 K (Fig. S5–S8,
cf. Fig. 7) with a standard deviation of ±50 m2 g−1 (literature values in parentheses). cCalculated from N2 sorption isotherm at 77 K (Fig. S5–S8, cf.
Fig. 7) at p/p0 = 0.5 for pores ≤2 nm. dCalculated from N2 sorption isotherm at 77 K (p/p0 = 0.95) for pores ≤20 nm (literature values in
parentheses). eGravimetric water uptake capacity calculated from water sorption isotherm at 293 K (Fig. 3) at p/p0 = 0.8 (condensation effects
possible at higher humidity levels) before water sorption cycles (literature values in cm3 g−1 in parentheses). f Empirical formula
[Zr6O4(OH)4(linker)6].

g Empirical formula [Ti8O8(OH)4(H2N-BDC)6].
h Average calculated from the area under the curve as

Qads;diff;AVERAGE ¼ 1
mads;high�mads;low

Ðmads;high

mads;low
Qads;diffðmadsÞdmads with mads,low = 0.05 g g−1 and mads,high = 0.3 g g−1 (0.169 g g−1 for UiO-67).

Fig. 2 (a) Structure of zirconium terephthalate UiO-66.25 The SBU is an octa-
hedral cluster of six vertex-sharing ZrO8 square-antiprism, which is connected to
12 neighboring SBUs in a face-centered cubic (fcc) packing arrangement. (b)
Structure of titanium terephthalate MIL-125.34 The SBU is an eight-membered
ring of edge- and vertex-sharing TiO6 octahedra, which is connected to 12
neighboring SBUs in a body-centered cubic packing arrangement. Structures are
drawn from the deposited cif files under CCDC 837796 (UiO-66)35 and CCDC
751157 (MIL-125).34

Fig. 3 Water adsorption/desorption isotherms of UiO-66 ( ), H2N-UiO-66
( ), UiO-67 ( ) and H2N-MIL-125 ( ), acquired at T = 25 °C. Adsorption:
filled symbols; desorption: empty symbols. Percentage of theoretical water
loading is given at p/p0 = 0.8 based on the calculated micropore volume (V0.5)
obtained from the Dubinin–Astakov model of N2 adsorption at 77 K and assum-
ing a density for condensed water of 1 g cm−3.
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upon water exposure.20 These MOFs have been reported to
undergo a transition from the as-synthesized 8-coordinated
state for Zr to 7-coordinated upon dehydroxylation.36

Benchmark MOF UiO-66 appears to be quite hydrophobic
and features a two-step isotherm, with the main loading step
taking place in a broad range from p/p0 = 0.2 to 0.4, and
another one in the range from p/p0 = 0.8 to 0.9. The first step
can be explained with the tetrahedral and octahedral voids in
the fcc packing of the octahedral clusters filling first, while the
last step (p/p0 > 0.8) is probably due to interparticle conden-
sation. N2 sorption measurements also hint at the presence of
considerable interparticle cavities (see ESI† for details).19

In comparison, H2N-UiO-66 proves to be more hydrophilic,
with an absorbed amount of 0.3 g g−1 at p/p0 = 0.4. This can be
explained by the fact that the H2N-group can serve as an
H-bond donor. In addition, pores are somewhat narrowed due
to the steric demand of the H2N functionality, which also
enhances the hydrophilicity. The hysteresis is very small.
However, such a small desorption hysteresis could also origi-
nate from (partial) decomposition of the structure during the
experiment. From our data and in agreement with the litera-
ture,31 the BET surface area, micropore volume and total water
uptake of H2N-UiO-66 are higher than that for the unmodified
compound UiO-66 (see Table 1). It is known that amino-modi-
fied linkers are often better suited for the creation of porous
MOFs than their unmodified counterparts.38,39

MOF UiO-67 is obviously the least hydrophilic compound,
with the main loading occurring at 0.50 < p/p0 < 0.65. This can
be explained both by the larger pores formed by the 4,4′-biphenyl-
dicarboxylate linker molecule, leading to pore condensation
occurring at higher p/p0 and by the larger fraction of hydro-
phobic benzene rings within the material.

Titanium aminoterephthalate H2N-MIL-125 is the most
hydrophilic of all compounds, showing the highest relative
total loading of the micropore volume of 73%, a steep rise of
the isotherm, and complete loading at a relative pressure as
low as p/p0 = 0.2 (Fig. 3). Most notably, it is also much more
hydrophilic than H2N-UiO-66, although pore sizes are similar
and the linker molecule is the same. The main reason for the
increased hydrophilicity of H2N-MIL-125(Ti) can be explained
by the structure of the SBU: compared to Zr6O4(OH)4

12+ (679 g
mol−1), the Ti8O8(OH)4

12+ cluster (579 g mol−1) has a lower
formula weight and contains more hydrophilic M4+ and O2−

ions. From these results, H2N-UiO-66 and H2N-MIL-125 were
of great interest for further examination concerning water
sorption for heat transformation.

Differential heat of adsorption

The specific heat of adsorption of a sorption material is a very
important figure of merit when it comes to the design of an
adsorption heat pump or chiller. Depending on the direction
of operation, it contributes to the useful heat, or must be dissi-
pated to the environment. In both cases, heat of desorption as
−Qads must be delivered to the adsorbate for every regeneration
cycle (cf. Fig. 1).

The differential heat of adsorption Qads,diff can be deter-
mined from two adsorption isotherms which are acquired at
different temperatures T1 and T2. For a given amount of
adsorbed substance, the related relative pressures p1 and p2
have to be put into a modified form of the Clausius–Clapeyron
eqn (1).41

Qads;diff ¼ �R ln
p2
p1

� �
T2T1

T2 � T1
ð1Þ

We acquired H2O adsorption isotherms at T1 = 25 and T2 =
40 °C in order to calculate the heat of adsorption over the full
p/p0 range.

For all MOFs, one can see in Fig. 4 that the adsorption
enthalpy is highest for small adsorbed amounts and then
drops to approach the molar evaporation enthalpy of water
(44 kJ mol−1 at 25 °C). This effect has been observed for other
MOFs,7 and is ascribed to the fact that water adsorption starts
at the most hydrophilic (metal) sites, where molecular inter-
action is strongest.7,42 Subsequently adsorption continues with
the formation of water clusters around the already adsorbed
water molecules. During cluster formation at higher vapor
pressure, interactions between H2O molecules are similar to
the liquid state.

The heat of adsorption for the amino-modified compounds
is considerably higher than for the non-modified compounds
and also higher than the molar evaporation enthalpy of water
up to a filling of 0.3 g g−1. This behavior is consistent with the
increased density of hydrophilic sites within the materials
(metal clusters and amino groups).

Cycle stabilities

Usually, a metal–organic framework compound is called
“water-stable” when the powder can be dispersed in water or

Fig. 4 Differential heat of adsorption of UiO-66 ( ), H2N-UiO-66 ( ), UiO-67
( ) and H2N-MIL-125 ( ), determined from H2O adsorption isotherms at
25 °C and 40 °C (cf. Fig. S9–S12 in ESI†). Errors have been calculated according
to the Gaussian law of error propagation, assuming the following errors for
each measured variable: ΔT1 = ΔT2 = 0.1 K, Δp1 = 1% of the measured value,
Δp2 = 1/2 of the interval between measured data points.7
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water–DMF mixtures and retrieved without structure altera-
tions.24,28,43,44 Due to the cyclic operational mode of sorption
heat transformation appliances, the sorption material is sub-
jected to numerous ad-/desorption cycles and concomitant
cyclic thermal stress. It is clear that under these conditions,
stability is a necessity and crucial aspect and, therefore, has to
be investigated separately.

Hence, multi-cycle ad-/desorption experiments were per-
formed as follows: a humidified argon gas flow (5.6 kPa H2O
vapor pressure) was conducted through a thermogravimetric
balance (see ESI† for technical details). The temperature of the
sample chamber was varied between 40 °C and 140 °C with a
cycle time of 5 h. The initial or average water loading lift
under the cycling conditions is 0.45 g g−1 for H2N-UiO-66 and
0.40 g g−1 for H2N-MIL-125. Under the cycling conditions heat
transfer to and from the sample is limited. The thermodynamic
water sorption equilibrium is not completely reached within the
individual cycles. Consequently, a 20 h thermodynamic analysis
cycle was interposed before the cycling experiment, after 20 and
40 cycles each, where the still present H2O uptake capacity of
the material was determined with slower kinetics.

While H2N-UiO-66 shows a substantial and continuous loss
of water capacity, the sorption behavior of H2N-MIL-125
remains virtually unaltered during the short, non-equilibrium
cycles (see Fig. 5). The dry weight of the sample decays during
the measurement by 2.7% for H2N-UiO-66 and by 1.8% for
H2N-MIL-125. Walton et al. noted for H2N-UiO-66 that
2.8 mmol g−1 of adsorbed H2O is generally not removed under
dry-gas non-vacuum conditions, and so we suggest that the
loss of dry mass in our experiment is due to structural altera-
tions which slowly release these previously firmly bound H2O
molecules.23

Fig. 5 Hydrothermal cycle stress tests with temperature profile and load signal
of (a) H2N-UiO-66 and (b) H2N-MIL-125. The high uptake curves before the first
cycle (before day 1), after the 20th cycle (at day 4) and after the 40th cycle (day
7) are 20 h water sorption cycles to assess the water uptake capacity with
slower kinetics.

Fig. 6 Powder X-ray diffractograms (Cu-Kα radiation) of H2N-UiO-66 (top, red)
and H2N-MIL-125 (bottom, blue) as simulated* (a, d), before (b, e) and after
(c, f ) 40 water ad-/desorption cycles (cf. Fig. 5). *Simulations (a, d) are from CIF-
files for parent UiO-66 and MIL-125 compounds, respectively, due to not-exist-
ing X-ray structures for the H2N-modified materials; therefore, simulations differ
from the measured diffractograms.

Fig. 7 N2 ad-/desorption isotherms of H2N-UiO-66 before ( ) and after ( )
the cycling procedure, and of H2N-MIL-25 before ( ) and after ( ) the
cycling procedure. Adsorption is depicted with filled and desorption with empty
symbols.
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Although sorption kinetics cannot be examined quantita-
tively under the given conditions, it has to be noted that
adsorption kinetics of H2N-UiO-66 are extraordinarily slow, so
that even during the 20 h cycles, equilibrium is hardly
reached. Water sorption kinetics for H2N-MIL-125 are substan-
tially faster. The loading lift and sorption kinetics during the
short, non-equilibrium cycles do not change for H2N-MIL-125
throughout the hydrothermal cycle stress test; this material
does not age substantially upon water sorption cycling (Fig. 5).

Powder X-ray diffractograms of the cycled materials prove
the retention of crystallinity and structural identity. No sub-
stantial network breakdown can be observed (Fig. 6). Peaks
corresponding to newly emerged phases (e.g. thermodynami-
cally favorable ZrO2 or TiO2, respectively) cannot be observed.

An evaluation of the N2 adsorption isotherms for changes
in pore volume after the water sorption cycles (Fig. 7, Table 2)
reveals that the loss of H2O uptake capacity is based on at least
two different structural phenomena. (i) Decrease of micropore
volume: for H2N-UiO-66 the decrease in water uptake capacity
parallels the decrease in BET surface and especially in micro-
pore volume (Table 2). (ii) Change of pore size distribution:
the appearance of an H4 type hysteresis loop in both N2 iso-
therms after the water cycling (Fig. 7) is often associated with
narrow slit-like pores. Also the Type I isotherm for micro-
porous H2N-MIL-125 assumes some Type II character for a
macroporous adsorbent. For H2N-MIL-125, the slope of the N2

adsorption isotherms increases after cycling. This indicates
broadening of the pore size distribution.45 Altogether this
points to an adjustment of the framework microstructure with
changes in pore size and size distribution. The fraction of
micropores decreases. In the case of H2N-MIL-125, the influ-
ence of the pore-size distribution on the water sorption behav-
ior is especially well visible, as the total pore volume remains
virtually unaltered. The mesopores which are formed are too
large or not hydrophilic enough to enable capillary conden-
sation of H2O vapour.45

Conclusions

The suitability of group 4 MOFs UiO-66 and MIL-125 and their
amino-modified analogues for chiller/heat pump applications
has been thoroughly investigated. The amino-modified

compounds H2N-UiO-66 and, especially, H2N-MIL-125 feature
a very promising H2O adsorption isotherm due to their
enhanced hydrophilicity. Their comparatively high heat of
adsorption also renders them interesting for high-temperature
driven applications, e.g. domestic heating. While H2N-UiO-66
appears to be of limited stability during a multi-cycle hydro-
thermal stress test, the water uptake of H2N-MIL-125 remains
unchanged during short, non-equilibrium cycles. The MOF
H2N-MIL-125 shows a hydrothermal stability comparable to
MOFs like MIL-100 or MIL-101.5,7,16,17 The very steep rise of
the H2O adsorption isotherm in the 0.1 < p/p0 < 0.2 region is
especially beneficial for the intended heat pump application.
Further research should investigate whether the loss of
capacity continues for H2N-UiO-66 and the capacity of
H2N-MIL-125 is indeed constant over a long-running multi-
cycle test.
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